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from the Dinarides - an evolutionary perspective
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Abstract. The fragmented population of alpine salamanders from the Dinaric Alps belongs to a distinct evolutionary line-
age known as Salamandra atra prenjensis. However, the phylogenetic relationships within this lineage are unknown since
previous studies did not comprehensively include Dinaric population fragments. In this study, we use six microsatellite
loci and two mtDNA markers to examine the evolutionary relationships and genetic structure in several isolated fragments
of alpine salamanders that are well spread along the Dinarides. We discovered that during Pleistocene glaciations, S. atra
persisted in at least two Dinaric refugia: an old one in the Prenj mountain, and a more recent one in Gorski Kotar, whereas
there is evidence of colonization for the populations of the Cvrsnica and Prokletije mountains. The results revealed that
mountain Prenj was probably the main diversification center of alpine salamanders in the Dinarides. In addition, to pro-
vide a state-of-the-art review of the evolutionary history of the species, we also included available sequences of S. atra from
the entire distribution range; we discuss the results from a conservation perspective.
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Introduction

In the current epoch of the sixth mass extinction, charac-
terized by a widespread and rapid decline of biodiversity
(RippLE et al. 2017), phylogenetic, phylogeographic and
population genetic studies are becoming increasingly im-
portant in the context of conservation biology and species
management (FRANKHAM et al. 2002).

The current geographical patterns of genetic variation
in many species are a result of climatic and geomorpho-
logical changes that happened throughout the Earth’s ev-
olution (LoMOLINO & HEANEY 2004). Probably the most
famous example of such events are the climatic oscillations
in the Pleistocene that caused a series of alternated con-
tractions and expansions of distributional ranges (HEWITT
1999, 2000, 2004). Traditionally, European species were
thought to have survived the Pleistocene glaciations in a

few large, continuous areas in the extreme south of Europe
- an idea largely bolstered by paleoclimatic reconstruc-
tions and palynological research (see OLALDE et al. 2002).
This explains why many studies (e.g. TABERLET et al. 1998,
PETIT et al. 2003) emphasized the role of glacial refugia in
the Iberian, Apennine and Balkan peninsulas on the cur-
rent distribution patterns of species. More recently, how-
ever, phylogeographic analyses have accumulated evidence
that many species may have found shelter in multiple
small, isolated patches with milder climatic conditions (so-
called ‘refugia within refugia, GOMEZ & LUNT 2007). This
scenario is more in line with the observed level of genetic
variation and population sub-structuring in a wide variety
of organisms, including amphibians, from the Apennine
(e.g., CANESTRELLI & NASCETTI 2008), the Iberian (e.g.,
MARTINEZ-SOLANO et al. 2006) and the Balkan Peninsula
(e.g., SOTIROPOULOS et al. 2007). Refugia are habitats with
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space and time dimensions that operate on evolutionary
time-scales and have facilitated the survival of species un-
der changing conditions for millennia (KEPPEL et al. 2012).
Consequently, identifying refugia, not only plays an im-
portant role in understanding the evolutionary history of
the world’s biota, but could even contribute to protecting it
against future climate change (KEPPEL et al. 2012). Further-
more, the high genetic diversity of populations that thrive
in areas that acted as refugia during environmental insta-
bilities, might represent the overall survival potential of a
species, hence these populations may be the key for long-
term species persistence (CONNER & HARTL 2004).

In this study, we focus on the alpine salamander, Sala-
mandra atra, a species endemic to the Alps, and the Di-
narides (Fig. 1). Four subspecies have been described:
(i) the completely melanistic (black) nominal subspecies,
S. a. atra LAURENTI, 1768 from the Alps; two subspecies
inhabiting the Italian Prealps, i.e. (ii) S. a. aurorae TRE-
VISIAN, 1982 and (iii) S. a. pasubiensis BONATO & STEIN-
FARTZ, 2005, that are differentiated by the amount and pat-
tern of yellow patches on the body (see BONATO et al. 2018);
and the fourth subspecies, also completely melanistic, (iv)
S. a. prenjensis MIKSIC, 1969, which consists of several iso-
lated population fragments in the Dinarides. However,
the validity of prenjensis has been debated for a long time
(KLEWEN 1988, GROSSENBACHER 1994, GUEX & GROS-
SENBACHER 2003, BONATO & STEINFARTZ 2005, DUBOIS
& RAFFAELLI 2009, SPEYBROECK et al. 2010), although
recent (evolutionary) studies support its separate taxo-

nomic status (HELFER 2010, RAZPET et al. 2016, BONATO
et al. 2018). Morphometric comparisons between selected
populations of alpine salamanders suggest that prenjensis
could have a larger head and jaws than the nominal sub-
species (SUNJE et al. 2019), and, allegedly, it has a different
arrangement of the palatal teeth (MIKSIC 1969, KrR1ZMANIC
1997). Although the contact zones between S. a. atra and
S. a. prenjensis have not been defined, both subspecies are
found in the Slovenian Alps (HELEER 2010, RAZPET et al.
2016). From there, population fragments of alpine sala-
manders are found across the Dinarides, more specifically
at (from north to south): the mountain group of Trnovski
gozd (Slovenia: Trnovski gozd, Hrusica, Menesija, Nanos)
and Sneznik (Slovenia, RAZPET et al. 2016), Gorski Kotar,
Zumberak, Istria and Plitvice (Croatia, JELIC et al. 2012),
the mountains Prenj and Cvrsnica (Bosnia and Herzegovi-
na, SUNJE & LELO 2010) and in the massive of Prokletije
(Montenegro/Kosovo/Albania, KrRizMANIC 1997). Very re-
cently, a new population fragment was discovered on Mt.
Orjen (Montenegro, CIKOVAC & LJUBISAVLJEVIC 2020,
Fig. 1).

Dinaric samples of S. atra have been included in pre-
vious phylogenetic studies on alpine salamanders: from
the initial works of RIBERON et al. (2001, 2004) and Bo-
NATO & STEINFARTZ (2005), up to the more recent studies
of HELFER (2010) and BoNATO et al. (2018). However, the
number of sampled specimens was invariably small and
sampling was restricted to one or two locations in the Di-
narides, hence the phylogenetic and phylogeographic rela-
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Figure 1. Distribution of Salamandra atra with sampling sites (modified from BoNaTo et al. 2018). Bordeaux polygons represent
the known occurrence areas of S. atra, and the light blue lines are margins of the glaciers at their maximum extent during the last
glacial period (Lgm, in the beggining of the Pleistocene, EHLERS & GIBBARD 2004); the grey color variation reflects altitude values,
with higher altitudes being darker; the curve represents the border between the Dinarides and the Alps. A - Alpine, Prealpine, and
North-Dinaric part of the distribution range. B — Distribution in the Central (Mt. Cvrsnica and Mt. Prenj) and Southern (Mt. Orjen
and Prokletije Mts.) Dinarides. Full symbols are sampling sites from this study; empty symbols respresent sequences retrieved from
public repositories (see text for details); code 22 (in grey) is both, sampled in this study and in BoNATO et al. 2018.
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tionships among population fragments remained obscure.
Hereby we present the first comprehensive study which
includes most of the known population fragments of al-
pine salamanders in the Dinarides. Using both microsat-
ellite and mitochondrial (mt) DNA markers, we describe
the evolutionary relationships, genetic structure and lev-
els of differentiation among and within these isolated pop-
ulation fragments. Further, as many taxa in the Balkans
evolved following a ‘refugia within refugia’ scenario (e.g.,
Ichtyosaura alpestris, SOTIROPOULOS et al. 2007; Dinaro-
mys bogdanovi, KRYSTUFEK et al. 2007; Vipera ammodytes,
URSENBACHER et al. 2008), and few experienced bottle-
necks (e.g., Pinus nigra, NAYDENOV et al. 2017), we explore
the possibility that such events occurred in the Dinaric
population of S. atra. Considering the ‘refugia within refu-
gia’ scenario, we expect a strong genetic subdivision among
population fragments due to their isolation in separate re-
fugia. This study contributes to a better understanding of
the effects of past climatic oscillations on species confined
to the mountainous habitats in the Dinarides, and provides
relevant inputs to identify conservation units within the
population of S. atra along the Dinaric arc.

Material and methods
Sampling

Samples were collected in July and August 2016. We
searched for individuals in suitable habitats focusing on
the mountain areas in the Dinarides where S. atra has been
confirmed: from north to south — Gorski Kotar (Samarske
stijene and Vihoraski put), Mt. Cvrsnica (Plo¢no), Mt.
Prenj (Podotis, Kopilice and Zakantar) and Mt. Prokletije
(Bogic¢evica and Gorazdevac). The sampling of individu-
als in Kredarica (Julian Alps, sampling site: Aljazev dom —
see Table 1) was done in 2010 and is included in this study
for comparative purposes (unpublished data). Individuals
were found on the soil or within shelters during favorable
weather conditions (late night, early-morning or after in-
tense rainfall). Small tail clips were taken from a total of 95
individuals (Table 1). Clips were preserved in 96% ethanol.

DNA extraction

Total genomic DNA was extracted using the NucleoSpin®
Tissue kit (Macherey-Nagel, Diiren, Germany). DNA ex-
traction from the samples of Kredarica was done in 2010
using the protocol from TAGGART et al. (1992). All samples
were brought to working concentrations by making 10-fold
dilutions.

mtDNA markers amplification and sequencing
Two mitochondrial (mt) DNA markers were analyzed: the

control region (D-loop) and cytochrome b gene (cob). Both
regions were amplified and sequenced in two parts, using

the Saat-H339-dloop/Saat-LPro-short (340 bp amplicon
size) and L-Pro-ML/H-12S1-ML (820 bp) primers for D-
loop, and the Sa_Cytb_12F/ Saat-Hss50 (560 bp) and Saat-
L129/SaatCytb1046R (920 bp) primers for cob. All prim-
ers were designed by BoNato et al. (2018), except for L-
Pro-ML/H-1281-ML primer pair which was designed by
STEINFARTZ et al. (2000). PCRs were performed in 25 pl
volumes, following the protocols of BONATO et al. (2018).
The PCR products were sent to Macrogen Europe (Amster-
dam, The Netherlands) for Sanger sequencing (using the
forward PCR primers).

The sequences were inspected in Jalview 2.9.0b2 (Wa-
TERHOUSE et al. 2009) and manually corrected when
needed; sequences were concatenated in Notepad (Micro-
soft), aligned using ClustalW (THOMSON et al. 1994) and
trimmed in Bioedit v5.09 (HALL 1999) to harmonize their
length across the alignment. The protein-coding cob frag-
ment was translated using the Translate tool on the ExPASy
server (GASTEIGER et al. 2003) to check for open reading
frames. The obtained sequences were submitted to Gen-
Bank under the accession numbers (Acc. No.) MN255339
- MN255350 and MN255326 — MN255337 (cob and D-loop
respectively). Haplotype combinations (concatenated cob
and D-loop) are given in Supplementary Table St.

Microsatellites genotyping

Six nuclear microsatellite loci were amplified: SalE6, SalE7,
SalE8, SalE12, SalE14 and SalE23 (STEINFARTZ et al. 2004)
in two multiplex and one single reactions (Supplemen-
tary Table S2). Each PCR reaction (total volume 10 pl)
contained optimized concentrations of each primer pair
(Supplementary Table S2), 1 x PCR buffer (20 mM Tris-
HCI (pH 8.0), 100 mM KCl, 0.1 mM EDTA, 1 mM DTT,
0.5% (v/v) Nonidet P40, 0.5% (v/v) Tween 20, 50% (v/v)
glycerol), 2 mM MgCl , 0.25 mM dNTPs, 1 U TagNovaHS
Polymerase (Blirt, DNA Gdansk, Poland) and 1 ul of DNA.
All PCR reactions were done in Veriti Thermocycler (Ap-
plied Biosystems) following the thermal protocols given in
Supplementary Table S2. Genotyping was performed on
the Genetic Analyzer 3500 Series (Applied Biosystems).
PCR products from Mix 2 and the single reaction (SalE14)
were pooled (1 pl each) and jointly genotyped. Allele scor-
ing was done in GeneMapper v.5 using L1z 500 Size Stand-
ard (Applied Biosystems).

Phylogenetic and phylogeographic analysis

DnaSP 6.0 (Rozas et al. 2017) was used to access the con-
catenated mitochondrial sequence haplotypes (cob and D-
loop). These haplotypes were analyzed together with 24
other haplotypes (concatenated cob + D-loop) retrieved
from published sequences (mainly BonaTo et al. 2018,
but also VENCES et al. 2014, and STEINFARTZ et al. 2000
for some cob sequences; see Supplementary Table S1) from
118 individuals distributed over 19 sites across the species
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Table 1. Dataset details and detected haplotypes (Hap) — Codes are as in Figure 1; codes from 17 to 27 are located in the Dinarides;
bold codes are samples from this study, others are retrieved from public repositories (see text for details); code 22 is both: * - sampled
in this study, and also ° - taken from Bonarto et al. (2018). The number of S. atra individuals included in the analyses of microsatellites
(ps) and concatenated — cob + D-loop — dataset (mt) is given in the respective columns; “/” - no data. Hap codes are as in Figure 2. At
code 23, heteroplasmy (H6 + H12) was detected in one sample, hence four sequences were generated although only three individuals
were sequenced. B&H - Bosnia and Herzegovina.

Code Country/ Sampling area Sampling site us  mt Hap (number of individuals) Lineage

1 TItaly / Breonie Pflerschtal / 6  HI18 (1), H19 (1), H20 (4) S.a.atra

2 Ttaly / Breonie Ridnauntal / 6  HI19 (5), H20 (1) S.a.atra

3 TItaly / Dolomites Valle Fiscalina / 1 H25() H25

4  Ttaly / Orobie Val Tronella / 1 H29(1) Orobie

5  Italy / Orobie Val Terzera / 8  H30 (4), H31 (4) Orobie

6  Italy / Orobie Laghi Gemelli / 8  H27 (6), H28 (1), H32 (1) Orobie

7 Italy / Orobie Pizzo della Presolana / 1 H27(1) Orobie

8  TItaly / Orobie Val di Scalve / 9  H26 (1), H27 (8) Orobie

9  TItaly / Pasubio Val Fontana d’Oro /13 H14 (9), H15 (4) S.a.pasubiensis
10  TItaly / Sette Comuni Bosco del Dosso / 16  H21 (15), H23 (1) S.a.aurorae
11 Italy / Sette Comuni Monte Fossetta / 1 H21 (1) S.a.aurorae
12 Ttaly / Sette Comuni Val di Nos /13 H21 (11), H22 (2) S.a.aurorae
13 Ttaly / Sette Comuni Val Postesina / 1 H21(1) S.a.aurorae
14  TItaly / Belluno Schiara-Val dellArdo /15  H24 (15) H24
15  TItaly / Cansiglio Pian di Landro-Baldassare / 3 H24(3) H24
16  Slovenia / Kredarica Aljazev dom 8 8 Hie6 (1), H17 (7) S.a.atra
17 Slovenia / Trnovski Gozd Trnovski Gozd / 1 HI2(1) S.a.prenjensis
18  Croatia / Gorski Kotar ~ Samarske stijene 7 4  HI1(1),H2 (1), H3 (1), H4 (1) S.a.prenjensis
19  Croatia / Gorski Kotar ~ Vihoraski put 10 5 H4 (4), H5 (1) S.a.prenjensis
20 B&H / Cvrsnica Plo¢no 20 9 HS8(8),H12 (1) S.a.prenjensis
21  B&H/ Prenj Soplje / 7  HI11 (2), H12 (4), H13 (1) S.a.prenjensis
22 B&H/ Prenj Zakantar 7 3*+3° H9 (1°), H10 (1°) H12 (2*), H13 (1°+1*) S.a.prenjensis
23  B&H / Prenj Kopilice 7 3 H6(1),H12 (3) S.a.prenjensis
24  B&H/ Prenj Podotis 11 4 HI11 (1), H13 (3) S.a.prenjensis
25  B&H/ Prenj Sedlo / 5  HII (1), H12 (3), H13 (1) S.a.prenjensis
26  Montenegro / Prokletije Bogicevica 22 9 H7(9) S.a.prenjensis
27  Montenegro / Prokletije ~Gorazdevac 3 1 H7(1) S.a.prenjensis

distribution range (Fig. 1, Table 1; the haplotypes of these
individuals were provided by B. CRESTANELLO — Table S1).
In total, 164 individuals were included in the phylogenetic
and phylogeographic analysis (Table 1).

To test for phylogenetic congruence, we performed
a partition homogeneity test (FARRIS et al. 1995) in Paup
4.0a (SWOFFORD 2002) with 1,000 replicates and heuristic
search using the TBR branch swapping algorithm. Parti-
tioning of the cob gene fragment (on 1%, 2™ and 3™ codon
position) was done in DAMBE (X1a & XIE 2001), where-
as the non-protein coding D-loop fragment was not par-
titioned. DAMBE was also used to conduct a substitution
saturation test (X1A et al. 2003) on the two mtDNA gene
fragments.

To build phylogenetic trees, sequences of D-loop and cob
from Salamandra corsica Savi, 1838 (Acc. No.: MF043388)
and S. lanzai NASCETTI, ANDREONE, CAPULA & BULLINI,
1988 (Acc. No.: MFo43391) were used as outgroups (follow-
ing BoNaTO et al. 2018). Phylogenetic relationships were
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estimated using maximum likelihood (ML) and Bayesian
inference (BI). ML analyses were conducted in RAXML v.
8.2 (STAMATAKIS 2014) accessed through the CIPRES Sci-
ence Getaway (MILLER et al. 2010) using the GTRGAM-
MA model with 1,000 bootstraps. BI analyses were done
in MrBayes v. 3.1.2 (RONQUIST & HUELSENBECK 2003) us-
ing the best-fit nucleotide substitution model that was se-
lected on the partitioned datasets and D-loop by the cor-
rected Akaike Information Criterion (AICc) implemented
in JModeltest 2.1.7 (DARRIBA et al. 2012) as suggested by
BURNHAM & ANDERSON (2004). The analysis was run twice
for 2 x 10° generations, with four parallel chains and sam-
pled every 500 generations.

The MCMC convergence was checked every 1,000 gen-
erations by the output of standard deviation of split fre-
quencies. The resulting tree was constructed from 6,000
trees sampled from the posterior distribution, once the first
2000 trees were excluded as burn-in (25%). Trees were vis-
ualized and edited with FigTree v. 1.3.1 (RAMBAUT 2009).
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Sequence divergence and geographical distribution of
the concatenated haplotypes (invariable sites removed)
were analyzed using unrooted median-joining networks
(BANDELT et al. 1999) constructed with PoparT (http://
popart.otago.ac.nz).

Genetic distances among lineages

Arlequin 3.5 (EXCOFFIER & LISCHER 2010) was used to cal-
culate the uncorrected pairwise genetic distances (pi; sim-
ple p distances) for the concatenated mtDNA sequences
among the lineages of S. atra inferred from the phyloge-
netic analysis (see previously). The analysis was done un-
der 10,000 permutations and a significance level of 0.05.

Inferring the number of populations

Using STRUCTURE 2.3.4 (PRITCHARD et al. 2010), the mi-
crosatellites were analyzed to group the sampled individu-
als of S. atra in clusters (K) which we define as populations.
Following BoNATO et al. (2018), exploratory analyses, with K
values between two and nine (the total number of sampling
sites) were conducted with five simulations (100,000 iter-
ations, 25,000 burn-in) implementing different combina-
tions of ancestry models (admixture vs. no admixture) and
allele frequency models (correlated vs. independent). The fi-
nal analysis was performed under the admixture model and
assuming correlated allele frequencies among populations
(following RAZPET et al. 2016). The admixture model was
chosen due to its flexibility (PRITCHARD et al. 2010), while
the correlated allele frequency model was chosen because
previous results showed genetic similarity between Dinar-
ic population fragments (HELFER 2010, RAZPET et al. 2016,
BoNATO et al. 2018). The analyses were run without using
the information on sampling sites, and for K values from 2
to 10, running 20 simulations (500,000 iterations, 125,000
burn-in). The most likely number of clusters was estimat-
ed by means of likelihood ratios (EvaNNO et al. 2005) in
STRUCTURE Harvester (EARL & VON HOLDT 2012).

Using Genetix 4.05 (BELKHIR et al. 1996-2004), we per-
formed a factorial correspondence analysis (FCA) on sam-
pled individuals also to reveal potential population clusters
and their genetic variation.

Genetic variation within populations

Microsatellite data were were checked for genotyping er-
rors with Micro-checker 2.2.3 (VAN OOSTERHOUT et al.
2004). Further analyses were performed in Arlequin. Devi-
ation from Hardy-Weinberg equilibrium (HWE) was test-
ed using the exact test (Guo & THOMPSON 1992). A link-
age disequilibrium test was run between pairs of micro-
satellite loci for each population with a likelihood-ratio test
(EXCOFFIER & SLATKIN, 1998; with 10,000 permutations).
Levels of significance (alpha = 0.01, see WIGGINTON et al.

2005), were adjusted using the standard Bonferroni cor-
rection. For each population we estimated the observed
and expected heterozygosity, the mean number of alleles
per locus and the inbreeding coefficient (Fis; tested using
10,000 permutations of alleles between individuals with-
in each population). The PopGenReport R package (ApA-
MACK & GRUBER 2014) was used to assess the mean allelic
richness of each population adjusted for sample size (us-
ing a rarefaction procedure). The number of private alleles
per population was obtained using the StrataG R package
(ARCHER et al. 2016).

mtDNA data: For the concatenated mtDNA sequenc-
es, the number of (private) haplotypes, haplotype diversi-
ty, number of polymorphic sites, and nucleotide diversity
were computed in Arlequin.

Genetic differentiation among populations

The overall genetic variation was partitioned into within
and among population components with an analysis of
molecular variance (AMOVA, EXCOFFIER et al. 1992) us-
ing Arlequin 3.5 (EXCOFFIER & LISCHER 2010); populations
(as after STRUCTURE) were treated as one single group of
data (one species, i.e. S. atra). The degree of among pop-
ulation divergence was estimated by pairwise Fst (micro-
satellite data, WEIR & COCKERHIAM 1984). Differentiation
among mtDNA sequences was estimated by correcting for
multiple hits with the method of TAMURA & NEI (1993) be-
cause this is the alternative for the HKY + I best fit evo-
lutionary model (unavailable in Arlequin) that is detected
within the cob gene (also following BoNaTO et al. 2018).
The significance of the differentiation values was assessed
after 10,000 random permutations (EXCOFFIER et al. 1992)
in Arlequin.

A Mantel test was conducted using ade4 R package
(DrAY & DUFOUR 2007) with 9,999 permutations to evalu-
ate whether the level of genetic differentiation among pop-
ulations is correlated with their geographic distance.

Demographic tests and bottleneck

DnaSP 6.0 (Rozas et al. 2017) was used to compute
StrobecK’s S, Fu and Li’s statistics and Tajima D test, for
which we specified the coding (cob) and non-coding (D-
loop) part of the sequence. The Tajima D test, combined
with Fu and Lis statistics, tests the hypothesis of range ex-
pansions, while StrobecK’s statistics is relevant for the esti-
mation of the number of existing haplotypes in relation to
the number of recorded ones.

The bottleneck hypothesis was tested for the inferred
populations, using the one-tailed Wilcoxon test for hetero-
zygosity excess implemented in Bottleneck 1.2.02 (PIRY et
al. 1999) under different mutation models (infinite allele —
IAM, two-phased — TPM, stepwise mutation - SMM). The
TPM model was tested with a variance of 14 and a propor-
tion of SMM between 70 and 95% (PIRY et al. 1999).
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Results
Phylogenetic and phylogeographic relationships

To obtain a final consensus sequence including outgroups,
we had to trim our concatenated sequences by 10 bp (the
first two of cob and the last eight from the D-loop). The
final sequence included 1,657 bp (cob = 962 bp, D-loop =
695 bp). To achieve the same length, sequences of BoNaTO
et al. (2018) had to be also trimmed, which caused sev-
eral of their haplotypes to collapse with ours (Supplemen-
tary Table S1). Finally, 32 distinct haplotypes were gener-
ated (Supplementary Table S1). The partition homogene-
ity test revealed no significant incongruence between cob
and D-loop (p =1). The substitution saturation test showed
that cob partitions and D-loop are suitable for phylogenet-
ic analysis. jModelTest revealed that cob evolution is best
described under the models TPM2, HKY, HKY+I (1%, 2™
and 3™ position respectively), while the D-loop evolution
is under the TPM2UF + G model. The standard deviation
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of the split frequencies after 2 x 10° generations was 0.009
which is a good indication of convergence (RONQUIST et
al. 2011).

The clusters in the phylogenetic trees follow the ones in
the haplotype network (Fig. 2) corresponding to those pre-
viously revealed by BoNaTo et al. (2018). The BI and ML
revealed the same tree topology, suggesting a basal split
between the Orobie population and all the others, and an
unresolved polytomy between individuals from the Dolo-
mites (Hz25), the populations in the Venetian Prealps (H24
- Belluno and Cansiglio) and the clade uniting the pop-
ulations assigned to the four subspecies (Fig. 2). The lat-
ter clade separated populations from the Pasubio and Di-
narides on one side, and the populations of Sette Comuni
and the Alps on the other, although the monophyly of the
first group is not well supported (branch values 0.84/49 -
Fig. 2). In conclusion, the phylogenetic analysis revealed
seven lineages, two of them being represented by single
haplotypes (H24 and H25 respectively; Table 1, Fig. 2).

Figure 2. Phylogenetic tree and Median-joining (M]) network of the 32 haplotypes (H) based on the concatenated cob and D-loop
markers in 164 individuals of Salamandra atra (46 samples from this study, and 118 from public repositories) from 27 sampling sites
across the species range. Bayesian posterior probabilities (PP) and ML bootstrap values (in percentages from 1000 replications) are
shown on the tree nodes separated by a slash (“/”); PP = 0.90 and ML values > 0.70 are bolded (considered high support values). In
the M]J, the size of the haplotype (pie chart) is proportional to the number of samples in which it was found (as in the figure legend).
The colors of haplotypes represent the sampling areas as in Table 1. The analysis revealed seven lineages : 1 - S. a. prenjensis (Dinaric
clade, from north to south: black — Trnovski Gozd, yellow - Gorski Kotar, red - Cvrsnica, green — Prenj, pink — Prokletije); 2 - S. a.
pasubiensis (Pasubio clade); 3 - S. a. atra (Alpine clade); 4 - S. a. aurorae (Sette Comuni clade); 5 — the Orobie clade potentially
belonging to a new, yet undescribed subspecies; two lineages are represented by a single haplotype (H24 - brown, H25 - turquoise).
The dashes along the branches of the MJ network represent the minimum number of substitutions between haplotypes that is also
indicated by a (grey) number if different from one. Black circles in the MJ network represent missing haplotypes.
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Table 2. Uncorrected p distances (pi) among Salamandra atra lineages; H24 — Venetian Prealps (Belluno and Cansiglio), H25 - Do-
lomites, as in Table 1. Above diagonal: average pi between lineages; diagonal elements: average pi within lineages; below the diagonal
are the p — values for estimates between the lineages (significant ones are in bold).

Orobie  S. atra prenjensis S. atra atra S. atra aurorae  S. atra pasubiensis ~ H25 H24
Orobie 1.28 27.29 23.05 20.45 22.20 22.00 25.00
S. atra prenjensis 0.00 3.03 15.53 16.19 14.53 16.22 16.44
S. atra atra 0.00 0.00 1.18 6.50 9.36 9.05 13.05
S. atra aurorae 0.00 0.00 0.00 0.90 11.76 11.45 15.45
S. atra pasubiensis 0.00 0.00 0.00 0.00 0.46 10.31 14.31
H25 0.03 1.00 1.00 0.06 0.08 0.00 12.00
H24 0.00 0.00 0.00 0.00 0.00 1.00 0.00

Genetic distances among lineages

According to the detected lineages from the previous
analysis, we merged the sequences from the Dinarides
(Trnovski Gozd, Gorski Kotar, Cvrsnica, Prenj and Prok-
letije — sampling areas as in Table 1) in a single group
named S. atra prenjensis; the sequences from Kredarica
(Julian Alps, code 16 in Fig. 1) were merged with the se-
quences from Breonie (codes 1 and 2 in Fig. 1) as these
are part of the same lineage (S. a. atra, Table 1). Following
the same principle we defined the other groups represent-
ing the inferred lineages (S. a. aurorae, S. a. pasubiensis,
Venetian Prealps - H24, Dolomites - H2s, Orobie, Ta-
ble 1). The analysis of p-distances showed that all lineages
are significantly distant among each other (Table 2) ex-
cept H2s which differs significantly only from the Oro-
bian lineage (p = 0.03, Table 2). However, taking into con-
sideration that only one individual represents lineage H2s
in the Dolomites (code 3, Table 1) the estimated distance
between this and other lineages (Table 2) must be taken
with precaution.

Summary statistics for samples originating
from this study

A total of 95 individuals of S. atra were typed for six mi-
crosatellite loci (Table 1). All loci were polymorphic, with
seven to 12 alleles per locus (mean = 8.7, Supplementary
Table S2). No null alleles, allelic dropout, or stuttering were
detected for any locus. Raw microsatellite data are given in
Supplementary Table S3.

The alignment of the concatenated (consensus) mtDNA
sequences had a length of 1667 bp (964 bp cob + 703 bp
D-loop) and comprised 46 individuals from nine sampling
sites (Table 1). Within the D-loop, heteroplasmy was ob-
served (506 bp, C-T) in one individual from Prenj (sam-
pled in Kopilice), therefore the two alternative copies of
this sequence were kept (Accession numbers: MN255332
and MN255334). The Dinaric samples involved 13 haplo-
types (Fig. 2), with 28 polymorphic nucleotide positions
(1.6%; including nine transitions, four transversions, one
indel and 14 substitutions [0.8%]).

Inferring the number of populations

All exploratory model combinations performed in STRUC-
TURE proposed five clusters (Fig. 3, Supplementary Fig. S1).
Although each cluster (population) mainly corresponds to a
separate mountain area (from north to south: Kredarica (Ju-
lian Alps), Gorski Kotar, Mt. Cvrsnica, Mt. Prenj, Mt. Prok-
letije), the clusters are not completely differentiated because
some individuals in each population, resemble individu-
als from others with a high probability (especially noted in
Gorski Kotar, Cvrsnica [1% sample] and Prokletije, Fig. 3).

The first FCA axis revealed two main groups: the first
is more variable and contains only the samples from the
Julian Alps (Kredarica), and the second groups all the Di-
naric samples. Within the second group, four fairly distinct
clusters can be recognized, each corresponding to a sepa-
rate mountain area (Fig. 4). The combination of the three
FCA axes accounted for 24.02% of the total variation. No
clear substructure was detected among individuals of the
same mountain area (clustering of individuals from differ-
ent sampling sites within the same mountain area, Supple-
mentary Fig. S2).

Genetic variation within populations

Estimated diversity indices for both microsatellites and
mtDNA are shown in Table 3. Only the population of Prok-
letije deviated from HWE for the locus SalE7 (p = 0.0001,
after Bonferroni correction). No deviations from linkage
equilibrium were detected.

The observed microsatellite heterozygosity for Dinar-
ic specimens varied between 0.31 and 0.39, but was nearly
twice as high in the Alpine population (Kredarica; Table 3).
The highest and only significant inbreeding coefficient (Fis)
was recorded in Gorski Kotar (0.19, p = 0.009, Table 3).

The mtDNA diversity (pS, Hap, pHap, Hd in Table 3)
was higher in Prenj and Gorski Kotar, and lower in Prok-
letije, Cvrsnica and Kredarica. Only one (private) haplo-
type was found in the population of Prokletije. The high-
est number of haplotypes (N = 5, all private) was observed
in Gorski Kotar, but the highest nucleotide diversity - in
Prenj (Nd = 0.18, Table 3).
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Table 3. Genetic diversity from microsatellite data (ps — in grey) and mtDNA haplotypes (concatenated cob and D-loop - in white) in
the populations (Pop) of Salamandra atra from this study; N — number of individuals (total microsatellites - N = 95, total mtDNA -
N =46), Ho - observed heterozygosity, He — expected heterozygosity, mA — mean number of alleles, R - allelic richness, pA - number
of private alleles, Fis — inbreeding coefficient (bold if significant); pS — number of polymorphic sites, Hap — number of haplotypes,
pHap - number of private haplotypes, Hd - haplotype diversity, Nd - nucleotide diversity (averaged over the two gene fragments).
Numbers in brackets are standard deviations.

Pop N Ho He mA R pA Fis N pS Hap pHap Hd Nd (%)
Kredarica 8 0.58(0.25) 0.58 (0.19) 3.83 (0.98) 3.60 10  -0.002 8 1 2 2 0.25 (0.18) 0.02 (0.02)

Gorski Kotar 17 0.31 (0.21) 0.39 (0.26) 3.83 (1.47) 2.93 7 0.19 9 5 5 5 0.72 (0.16) 0.05 (0.05)

Prenj
) 25 0.39 (0.28) 0.36 (0.28) 3.50 (2.81) 2.78 4 -0.07 10 7 4 3 0.71 (0.10) 0.18 (0.11)
Cvrsnica
20 0.31 (0.32) 0.30 (0.27) 3.33 (1.75) 2.40 3 -0.03 9 2 2 1 0.22 (0.17) 0.03 (0.03)
Prokletije 25 0.33 (0.35) 0.37 (0.28) 3.83(1.72) 2.72 5 0.09 10 0 1 1 0 0
4 5

1.00 ~
0.80-
0.60 =
0.40 =
0.20 -

0.00 -

Figure 3. Results of the STRUCTURE assignment of 95 individuals of Salamandra atra (from this study) based on six microsatellite
loci; clusters (populations) are divided by tick black lines as follows: 1 - Kredarica, 2 — Gorski Kotar (. - Vihoraski put, .. - Samarske
stijene), 3 - Cvrsnica, 4 — Prenj (. - Kopilice, .. - Podotis, ... - Zakantar), 5 - Prokletije (no dot — Bogicevica, . - Gorazdevac,). Com-
pared to the Kredarica population (population 1 - in the Julian Alps), the Dinaric ones (populations — 2-5) are less differentiated, as
some individuals in each population resemble individuals from others.
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Figure 4. Factorial Correspondence Analysis (FCA) ordination along the first three axes of 95 individuals of Salamandra atra from four
sampling areas in the Dinarides (following Table 1) and one in the Julian Alps (Kredarica), based on six microsatellite loci. Each label
corresponds to a sampling area (from north to south): blue — Kredarica, yellow — Gorski Kotar, red - Cvrsnica, green - Prenj, pink -
Prokletije. Axis 1 separates the Dinaric individuals on one side, and the ones from Kredarica on the other; Axis 3 separates Gorski
Kotar (Northern Dinarides) from the other sampling areas in the Dinarides (Central and Southern - see also Supplementary Fig. S2).
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Genetic differentiation among populations

With the microsatellite data, the among-population dif-
ferentiation accounted for a significant 35.09% of the total
variation (Amova, p < 0.001). Pairwise Fst values ranged
from 0.28 (between Gorski Kotar and Prenj) to 0.46 (be-
tween Prokletije and Cvrsnica) and were all significant
(p < 0.001, Table 4).

With the mtDNA data, the among-population differen-
tiation accounted for a significant 87% of the total varia-
tion (AMOVA, p < 0.001). Pairwise mtDNA values (¢ val-
ues — TAMURA & NEI 1993) between populations ranged
from 0.43 to 0.99, and were all significant (p < 0.001, Ta-
ble 4). The strongest differentiation was observed between
Kredarica and all other populations; within the Dinar-
ides, mtDNA showed the highest differentiation between
Cvrsnica and Prokletije (0.94) and the lowest between
Prenj and Gorski Kotar (0.43; Table 4) which is concordant
to previously reported pairwise Fst values.

The Mantel tests revealed no correlation between genet-
ic differentiations and geographic distances (p

0.9, P, .pns = 0-6).

microsatellites

Demographic tests and bottleneck

The Tajima D test could not reject neutral mtDNA se-
quence evolution (coding region: D = -0.65, p > 0.10; syn-
onymous sites: D = -0.16, p > 0.10; nonsynonymous sites:
D = -0.24, p > 0.10; silent sites: D = -0.24, p > 0.10), and
thus did not provide evidence of range expansions. The
results of the Tajima D test were in line with those of Fu
and Li’s statistic, which neither could reject neutrality (D =
-1.27, p > 0.10; F = -1.24, p > 0.10). StrobecK’s S statistic pre-
dicted a higher number of haplotypes than it has been ob-
served (S =1, p = 0.00).

The bottleneck tests were unable to demonstrate that
such events occurred in our populations (IAM: p > o.50,
Smm: p = 0.96, Tpm: p = 0.44).

Discussion
Phylogenetic and phylogeographic relationships —
taxonomic implications

All studied populations in the Dinarides belong to a
unique evolutionary lineage (Fig. 2). Individuals from the
Julian Alps (Kredarica) belong to S. a. atra (Table 1, Fig. 2)
as it could have been anticipated from the high differen-
tiation values between this and all the Dinaric populations
(mtDNA, Table 4), and its high heterozygosity (Table 3)
that are characteristic to this lineage when compared to
all the others (HELFER 2010, RAZPET et al. 2016, BONATO
et al. 2018). This study confirmed already observed trends
considering the evolutionary separation of the Dinaric
population and the delineation of the commonly accept-
ed subspecies: S. a. aurorae, S. a. pasubiensis and S. a. atra
(HELFER 2010, BONATO et al, 2018). Moreover, the study

Table 4. Pairwise divergence between populations of S. atra from
this study; pairwise Fst for microsatellite loci is above the di-
agonal, and differentiation among mtDNA loci (cob + D-loop)
is below the diagonal (¢ values - TAMURA & NEI 1993, see text
for details); all values (for both microsatellite and mtDNA) were
significant (p < 0.001).

Kredarica CI}<orsk1 Prenj Cvrsnica Prokletije
otar
Kredarica / 0.30 0.36 0.33 0.33
Gorski Kotar 0.96 / 0.28 0.41 0.30
Prenj 0.88 0.43 / 0.35 0.35
Cvrsnica 0.98 0.78 0.53 / 0.46
Prokletije 0.99 0.88 0.61 0.94 /

also confirmed the evolutionary separation of the Orobi-
an population of alpine salamanders and the populations
from the Venetian Prealps and Dolomites (H24 and H2s
respectively, Table 1, see also HELFER 2010, HELFER et al.
2011 and BoNaTO et al. 2018). However, as our phylogenetic
results were inferred from mtDNA data, conclusions need
further corroboration, since in S. atra, nuclear markers
may generate different tree topologies (see BoNaTO et al.
2018, RIBERON et al. 2004 vs. HELFER 2010). By reconfirm-
ing the separate evolutionary history of our Dinaric speci-
mens and by presenting their significant genetic distance
from other lineages (Table 2), we justify the subspecific
taxon S. a. prenjensis MIKSIC, 1969 as already proposed by
previous authors (HELEER 2010, RAZPET et al. 2016, BONA-
TO et al. 2018, SUNJE et al. 2019).

In order to fill the remaining gaps in our knowledge
about the complex evolutionary history of S. atra, we high-
light the importance to study other population fragments
that are not included in this study; primarily the ones in
the Prealps and Dinarides (Fig. 1, see also HELFER 2010).

Inference of populations

Both STRUCTURE and FCA showed that the specimens
from this study belong to five populations that mainly cor-
respond to the sampled mountain areas. Populations are
well differentiated but not completely, which is especially
visible within the Dinaric clusters where in nearly all popu-
lations some individuals are genetically more similar to in-
dividuals from other populations than to members of their
own population (Fig. 3). Considering the large geographic
distance among the population fragments and the strong
geographic barriers between them (Fig. 1), it is improba-
ble that the incomplete population differentiation is due to
current gene flow. Indeed, a lack of gene flow is confirmed
by the high and significant differentiation values (Ta-
ble 4 and Amova). Instead, the incomplete differentiation
among the Dinaric specimens may be due to a past con-
nection between the populations and/or a common origin.

The population of Kredarica was the most homogenous
(Fig. 3) and most distantly related (Fig. 4) compared to all
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Dinaric specimens (S. a. prenjensis lineage — Table 1, Fig. 2)
which is explained by the fact that it belongs to another lin-
eage (S. a. atra - Table 1, Fig. 2).

Distribution of genetic diversity

The observed heterozygosity of the Prokletije population
(Ho = 0.33) is twice as high as the Ho reported by Raz-
PET et al. (2016; Ho = 0.17) probably because the latter
study involved a smaller number of individuals from this
location, two of which were intrauterine larvae related to
a third sample (mother). The observed heterozygosity in
Prenj was in line with previous observations (RAZPET et al.
2016, BONATO et al. 2018: Ho = 0.36 and 0.37 vs. Ho = 0.39
in Table 3). The microsatellite genetic diversity indices were
similar in all the Dinaric populations, whereas for mtDNA,
the levels of genetic diversity are higher in Gorski Kotar
and Prenj, and lower in Cvrsnica and Prokletije (Table 2).
On the other hand, the heterozygosity indices for Kredari-
ca, were almost twice as high as in the Dinaric populations
(despite a considerably smaller sample size) but, the mt-
DNA diversity was lower than in Cvrsnica and Prokletije
(probably due to a considerable smaller sample size — Ta-
bles 1 and 3). A high heterozygosity in Kredarica (both ob-
served and expected) suggests gene flow that may be a con-
sequence of a “leading edge” range expansion characteris-
tic for other populations of S. atra atra across the north-
ern and central Alps (HELFER 2010). Just like RAZPET et al.
(2016) we were unable to detect any signs of bottlenecks.

‘Refugia within refugia’
a plausible historical scenario for the prenjensis lineage

The ‘refugia within refugia’ hypothesis describes survival
patterns in multiple glacial refugia, each within a larger
refugial area (GOMEZ & LUNT 2007). The Balkan refugi-
al area was mostly free of ice during the last glacial maxi-
ma (LGM, Fig. 1) but many glaciers persisted during oth-
er phases of the Pleistocene at higher altitudes (generally
above 1,300 m a.s.l., Cviji¢ 1899, HUGHES et al. 2011, LEPI-
RICA 2013, ZEBRE & STEPISNIK 2015), which explains why
multiple refugia must have characterized the Balkans. Our
results suggest that during the Pleistocene, Dinaric popu-
lations of alpine salamanders thrived in at least two refu-
gia: an ancestral in Mt. Prenj and, a more recent, in Gor-
ski Kotar. The diversity pattern in Prenj (the highest Nd,
high Hd with many pHap, Table 3) and its central position
in the MJ network (Fig. 2), suggest that it represented the
main diversification center of alpine salamanders (follow-
ing AVISE 2000). The fact that the lowest mtDNA differen-
tiation is found between Prenj and all other populations
(Table 4) supports this idea. Moreover, RAZPET et al. (2016)
showed that Mt. Prenj is home to the oldest populations of
alpine salamanders in the Dinarides (according the esti-
mated time since decline). Gorski Kotar was another di-
versification center of alpine salamanders in the Dinarides,
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as is suggested by its high mtDNA diversity, which resem-
blances the pattern found at Prenj (Table 3). However, the
diversification at Gorski Kotar appears to have a more re-
cent origin given its low nucleotide diversity and its star-
like network of very similar haplotypes (Fig. 2, following
AVISE 2000). Hence, Prenj and Gorski Kotar, interpreted
as alpine salamander refugia, might not have co-existed.
Furthermore, the central haplotype in Prenj (Hi2) is the
most frequent in the ‘prenjensis’ clade (Fig. 2, Table 1), sug-
gesting that it is a very old haplotype that was probably dis-
tributed over the entire Dinaric range and persisted in big
populations but was lost in others during fragmentations.
This ancestral haplotype is separated by only one single
mutational step from the central haplotype in Gorski Kotar
(Hg, Fig. 2), suggesting that alpine salamanders at Gorski
Kotar originate from Prenj. Nevertheless, the many private
haplotypes found in Prenj and Gorski Kotar are also evi-
dence of a long-term population establishment (see Hay-
DAR 2011), which supports our conclusion that these areas
acted as refugia for S. atra.

In contrast, the lower mtDNA diversity and fewer pri-
vate haplotypes in Cvrsnica and Prokletije (Table 3), sug-
gest that these populations were established more recently
(following AUSTERLITZ et al. 1997 and EXCOFFIER & PETIT
2009). Considering Cvrsnica, these results are rather un-
expected, as this mountain is neighboring Prenj. Although
several areas of both mountains were glaciated in the mid-
dle Pleistocene (after the LGM; Mt. Cvrsnica — above
1,200 m a.s.l. [STEPISNIK et al. 2016], Mt. Prenj - above
1,500 m [LEPIRICA 2008]) the population of Prenj has a
considerably higher mtDNA diversity than Cvrsnica. We
suspect that the relatively larger glacier on Cvrsnica (ca.
200 km?, see also MILICEVIC 2013) hindered the popula-
tion stability more than did the glacier on Mt. Prenj. This
is especially plausible given that the survival of individuals
on Mt. Cvrsnica was thwarted by several barriers: on the
east, by the deep canyon of the river Neretva (at the foothill
of Mt. Cvrsnica), on the west - by the glaciers Svinja¢a and
Dugo polje (also on Mt. Cvrsnica, STEPISNIK et al. 2016),
and on the south by the glacier of Mt. Cabulja (south bor-
der of Mt. Cvrsnica, see PRSKALO 2008). Moreover, the
highest differentiation (both Fst and mtDNA) found be-
tween Cvrsnica and Prokletije (the southernmost popula-
tion; Table 4) confirms that there is no dispersal from Mt.
Cvrsnica southwards. The missing haplotype link between
Cvrsnica and both, Gorski Kotar and Prenj (separated by a
single mutational step, Fig. 4) suggests that the stabilization
of Cvrsnica occurred from another population (not sam-
pled/not existing) from which dispersal was probably bi-
directional, i.e from north (Gorski Kotar) to south (Prenj)
and vice versa (Fig. 2). Although speculative, the HWE de-
viation at SalE7 may be a hint that this area was colonized,
as founding events are likely to create persistent non-equi-
librium structures (BOILEAU & HEBERT 1991). Individuals
that were part of this founding event likely originated from
Prenj since the only haplotype registered in Prokletije (Hy,
Fig. 4) is separated from the Prenj haplotype by only one
mutational step (H6, Fig. 2 and Table 1). We conclude that
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our results are in line with the ‘refugia within refugia’ hy-
pothesis that was suggested for several other species in the
Balkans (KRYSTUFEK et al. 2007, SOTIROPOULOS et al. 2007,
URSENBACHER et al. 2008, SURINA et al. 2011).

Conservation insights for the prenjensis lineage

A major conservation task is to define the proper distri-
bution range of premjensis. StrobecK’s S statistic and the
newly discovered population on Mt. Orjen (CIKOVAC &
LjUBISAVLJEVIC 2020) suggest that there are populations
of alpine salamanders in the Dinarides that are yet to be
discovered (see also KLEWEN 1988). Therefore, field inves-
tigations of potential occurrence areas (see in CIKOVAC &
LyuBIsavLJEVIC 2020) are needed to clarify the distribu-
tion range of prenjensis. The northernmost locations where
prenjensis is reported are in the Southern Prealps (Koba-
rid — Krn, HELFER 2010 and Loibl Pass, SUNJE et al. 2019).
Since these two areas are relatively close to our sampling
site of Kredarica (ca. 20 and 30 km of air distance respec-
tively), several contact zones between S. a. atra and S. a.
prenjensis may be present in the wider areas connecting the
three sites. The identification of contact zones is, not only
important from an evolutionary perspective and the study
of speciation processes (WOLLENBERG VALERO et al. 2019),
but it is relevant in a conservation context (ALLENDORF et
al. 2001), since conservation efforts should be preferably
oriented towards populations where there is no risk of ge-
netic swamping with other lineages. Genetic swamping
may cause outbreeding depression (FRANKHAM et al. 2011),
that, at it’s extreme form, could be detrimental for the pop-
ulation (RHYMER & SIMBERLOFF 1996). The levels of genet-
ic diversity of the Dinaric populations in this study suggest
that these are not of immediate conservation concern, al-
though the significant level of inbreeding in the population
of Gorski Kotar (Fis, Table 3), signals a potential threat to
its health and must be monitored. The significant differen-
tiation among populations, indicates that each should be
treated as a separate conservation unit. As the population
of Prenj harbors substantial genetic diversity and no signs
of inbreeding (Table 3), we believe that it is in conservation
interest to focus the efforts on its preservation on the long
term. Another reason to focus conservation efforts on the
Prenj population is that Prenj was a refugium for S. atra
during past environmental perturbances, so that it might
also offer the best chances for survival under upcoming cli-
matic change (for the rationale see KEPPEL et al. 2012).

Acknowledgements

This research was supported by the Federal Ministry of Environ-
mental Protection and Tourism in B&H (grant to ES, grant ID:
04-23-1105-1V/16-65-1) and the Rufford Foundation (grants to ES,
grant IDa: 17459-2, grant IDb: 12728-1). Sampling permits were
issued by the Federal Ministry of Environmental Protection and
Tourism in B&H (04-23-550/16 ZM), by the Ministry of Environ-
ment and Nature protection in Croatia (class: UP/I-612-07/16-

48/71, number of permission: 517-07-1-1-1-16-4) and by the Agen-
cy of Environmental protection in Montenegro (Podgorica: UPI -
790/4). For help in collecting samples, we thank the Herpetologi-
cal Association in B&H - BHHU: ATRA, the National Park Prok-
letije, GILLES DE MEESTER, ADI VESNIC, DRAGANA SEEPANOVIE,
and the biodiversity association Hyla (Zagreb, Croatia). A spe-
cial thanks to WoUTER BEUKEMA, who provided samples from
Gorazdevac, and to BARBARA CRESTANELLO, who provided the
concatenated mtDNA haplotypes from BoNaTo et al. (2018). Last
but not least, an enormous thank you goes to Lucio BoNaro,
PavLE Cikovac and ALEN LEPIRICA who contributed with fruit-
ful discussions on the interpretation of the results; we thank the
two anonymous reviewers for their comments that improved the
first version of the manuscript.

References

ApaMACK, A. T. & B. GRUBER (2014): PopGenReport: simplifying
basic population genetic analyses in R. - Methods in Ecology
and Evolution, 5: 384-387.

ALLENDORF, E W,, R. E LEARY, P. SPRUELL & ]. K. WENBURG
(2001): The problems with hybrids: Setting conservation
guidelines. — Trends in Ecology and Evolution, 16: 613-622.

ARCHER, E I, P. E. ADAMS & B. B. SCHNEIDERS (2016): strataG: An
R package for manipulating, summarizing and analysing pop-
ulation genetic data. — Molecular Ecology Resources, 17: 5-11.

AUSTERLITZ, E, B. JUNG-MULLER, B. GODELLE & P. H. GouvonN
(1997): Evolution of coalescence times, genetic diversity and
structure during colonization. - Theoretical Population Bio-
logy, 51: 148-164.

AVISE, J. C. (2000): Phylogeography: The history and formation
of species. - Harvard University Press, Cambridge, MA.

BANDELT, H. J., P. FORSTER & A. ROHL (1999): Median-joining
networks for inferring intraspecific phylogenies. — Molecular
Biology and Evolution, 16: 37-48.

BELKHIR, K., P. BOrsA, L. CHIKHI, N. RAUFASTE & F. BONHOMME
(1996-2004): Genetix 4.05, Windows™ Software for Popula-
tion Genetics. — Laboratoire Génome, Populations, Interac-
tions, Université de Montpellier I, Montpellier.

BoiLEAU, M. G. & P. D. N. HEBERT (1991): Genetic consequences
of passive dispersal in pond-dwelling copepods. — Evolution,
45: 721-733.

BoNATO L. & S. STEINFARTZ (2005): Evolution of the melanistic
colour in the alpine salamander Salamandra atra as revealed
by a new subspecies from the Venetian Prealps. - Italian Jour-
nal of Zoology, 72: 253-260.

BONATO, L., A. CORBETTA, G. GIOVINE, E. RomaNazzi, E. SUNJE,
V. CRISTIANO & B. CRESTANELLO (2018): Diversity among pe-
ripheral populations: genetic and evolutionary differentiation
of Salamandra atra at the southern edge of the Alps. - Jour-
nal of Zoological Systematics and Evolutionary Research, 56:
533-548.

BurnHAM, K. P. & D. R. ANDERSON (2004). Multimodel infer-
ence: Understanding AIC and BIC in model selection. - So-
ciological Methods & Research, 33: 261-304.

CANESTRELLIL, D. & G. NASCETTI (2008). Phylogeography of the
pool frog Rana (Pelophylax) lessonae in the Italian peninsula
and Sicily: multiple refugia, glacial expansions and nuclear-
mitochondrial discordance. - Journal of Biogeography, 3s:
1923-1936.

85



EMINA SUNJE et al.

CIKOVAC, P. & K. LyuBISAVLJEVIC (2020): Another isolated relic
population of the Alpine Salamander (Salamandra atra Lau-
renti, 1768) (Amphibia: Caudata: Salamandridae) in the Bal-
kans. - Russian Journal of Herpetology, 27:109-112.

CONNER, J. K. & D. L. HARTL (2004): A primer of ecological ge-
netics. — Sinauer Associates, Sunderland, MA.

Cvpid, J. (1899): Glacijalne i morfoloske studije o planinama
Bosne, Hercegovine i Crne Gore. - Glas - Srpska Kraljevska
Akademija, 57: 1-21.

DARRIBA, D., G. L. TABOADA, R. DOALLO & D. Posapa (2012):
jModelTest 2: more models, new heuristics and parallel com-
puting. — Nature Methods, 9: 772-772.

DRraY, S. & A. DUFOUR (2007): The ade4 Package: Implement-
ing the Duality Diagram for Ecologists. — Journal of Statistical
Software, 22: 1-20.

DusoIs, A. & J. RAFFAELLI (2009): A new ergotaxonomy of the
family Salamandridae Goldfuss, 1820 (Amphibia, Urodela). -
Alytes, 26: 1-85.

EAarL, D. A. & B. M. voN HoLDT (2012): Structure Harvester: A
website and program for visualizing Structure output and im-
plementing the Evanno method. - Conservation Genetics Re-
sources, 4: 359-361.

EHLERS, J. & P. L. GIBBARD (2004): Quaternary glaciations: Extent
and chronology. Part I: Europe. - Elsevier, London.

EvanNo, G., S. REGNAUT, S. & GOUDET, J. (2005). Detecting the
number of clusters of individuals using the software Structure:
A simulation study. - Molecular Ecology, 14: 2611-2620.

EXCOFFIER, L., P. E SMOUSE & J. M. QUATTRO (1992): Analysis
of molecular variance inferred from metric distances among
DNA haplotypes: Application to human mitochondrial DNA
restriction data. — Genetics, 131: 479-491.

EXCOFFIER, L. & M. SLATKIN (1998): Incorporating genotypes
of relatives into a test of linkage disequilibrium. - American
Journal of Human Genetics, 62: 171-180.

EXCOFFIER, L., M. FoLL & R. J. PETIT (2009): Genetic conse-
quences of range expansions. — Annual Review of Ecology,
Evolution, and Systematics, 40: 481-501.

EXCOFFIER, L. & H. E. LISCHER (2010): Arlequin suite ver 3.5: a
new series of programs to perform population genetics analy-
ses under Linux and Windows. - Molecular Ecology Resourc-
es, 10: 564-567.

FARRIS, J. S., M. KALLERSJO, A. G. KLUGE & C. BULT (1995): Test-
ing significance of incongruence. — Cladistics, 10: 315.319.

FRANKHAM, R., J. D. BALLOU & D. A BRrISCOE (2002): Introduc-
tion to conservation genetics - Cambridge University Press,
Cambridge, UK.

FRANKHAM, R,, ]. D. BALLoU, M. D. B. ELDRIDGE, R. C. LAcy, K.
RALLS, M. R. DUDASH, & C. B. FENSTER (2011): Predicting the
probability of outbreeding depression. - Conservation Biolo-
gV, 25: 465-475.

GASTEIGER, E., A. GATTIKER, C. HooGLAND, I. IvanyL, R. D. Ap-
PEL & A. BAIROCH, A. (2003): EXPASy - the proteomics server
for in-depth protein knowledge and analysis. - Nucleic Acids
Research, 31: 3784-3788.

GOMEz, A. & D. H. LUNT (2007): Refugia within refugia: Pat-
terns of phylogeographic concordance in the Iberian Penin-
sula. — pp. 155-88 in: WEIss, S. & N. FERRAND (eds): Phylo-
geography of Southern European refugia. — Springer, Dord-
recht.

86

GROSSENBACHER, K. (1994). Distribution et systématique des
salamandres noires. — Bulletin de la Société Herpétologique
de France, 71/72: 5-12.

GUEX, G. D. & K. GROSSENBACHER (2003): Salamandra atra.
- pp. 975-1028 in: GROSSENBACHER, K. & B. THIESMEIER
(eds): Handbuch der Reptilien und Amphibien Europas,
Band 4/1IB: Schwanzlurche (Urodela). - Aula-Verlag, Wies-
baden.

Guo, S. W. & E. A. THOMPSON (1992): Performing the exact test
of Hardy-Weinberg proportion for multiple alleles. — Biomet-
rics, 48: 361-372.

Harr, T.A. (1999): BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/
NT. - Nucleic Acids Symposium Series, 41: 95-98.

Haypar, D., G. Hoarau, J. L. Orusen, W. T. Stam & W. J.
WOoLEF (2011): Introduced or glacial relict? Phylogeography
of the cryptogenic tunicate Molgula manhattensis (Ascidiacea,
Pleurogona). — Diversity and Distributions, 17: 68-80.

HELEFER, V. (2010): Conservation genetics and population mon-
itoring of the Alpine salamander (Salamandra atra). - PhD
thesis, Faculté de biologie et de médecine de I'Université de
Lausanne, Lausanne.

HELFER, V., A. GIMENO, L. BALZARINI, R. SCHWARZENBACHER &
V. FERRI (2011): Genetic characterization of alpine salamander
populations in Valtellina (Lombardia, Italy): Preliminary re-
sults. — Pianura, 27: 91-94.

HewITT, G. M. (1999): Post-glacial re-colonization of European
biota. — Biological Journal of the Linnean Society, 68: 87-112.

HEwITT, G. M. (2000): The genetic legacy of the Quaternary ice
ages. — Nature, 405: 907-913.

HEwITT, G. M. (2004): Genetic consequences of climatic oscilla-
tions in the Quaternary. — Philosophical Transactions of the
Royal Society B, Biological Sciences, 359: 183-195.

HuaHes, P. D, J. C. WoopwaRD, P.C. VAN CALSTEREN & L. E.
THOMAS (2011): The glacial history of the Dinaric Alps, Mon-
tenegro. — Quaternary Science Reviews, 30: 393-412.

JELIG, D., M. KuLJErIG, T. KOrEN, D. TREER, D. SALAMON, M.
LoNCAR, M. PODNAR-LESIC, J. B. HUTINEC, T. BOGDANOVIC,
S. MExINIC & K. JELIC (2012): Crvena knjiga vodozemaca
i gmazova Hrvatske. Ministarstvo zastite okolifa i prirode,
Drzavni zavod za za$titu prirode, Hrvatsko herpetolosko
drustvo. - HYLA, Zagreb.

KEepPPEL, G., K. P. VAN NIEL, G. W. WARDELL-JOHNSON, J. C. YATES,
M. BYRNE, L. MuciNa, A. G. T. Scuur, D. S. HOPPER & S. E.
FRANKLIN (2012): Refugia: identifying and understanding safe
havens for biodiversity under climate change. - Global Ecolo-
gy and Biogeography, 21: 393-404.

KLEWEN, R. (1988): Die Landsalamander Europas. Teil 1: Die Gat-
tungen Salamandra und Mertensiella. Die Neue Brehm-Bii-
cherei. - Ziemsen, Wittenberg Lutherstadt.

Kr1zMANIC, L. (1997): New discovery of the species Salamandra
atra (Laurenti 1768; Salamandridae: Caudata) in the area of
Prokletije. - University Thought. Natural Sciences, 3: 57-59.

KRYSTUFEK, B., E. V. BuzaN, W. E. HUTCHINSON & B. HANFLING
(2007): Phylogeography of the rare Balkan endemic Marti-
no’s vole, Dinaromys bogdanovi, reveals strong differentiation
within the western Balkan Peninsula. — Molecular Ecology, 16:
1221-1232.

LEPIRICA, A. (2008): Geomorphological characteristics of the
Massif Prenj. — Acta Carsologica, 37: 307-329.



Genetic diversity and differentiation of alpine salamanders from the Dinarides

LEPIRICA, A. (2013): Geomorfologija Bosne i Hercegovine. - Sara-
jevo Publishing, Sarajevo.

LomoLINO, V. M. & L. R. HEANEY (2004): Frontiers of biogeog-
raphy: New directions in the geography of nature. — Sinauer,
Sunderland, MA.

MARTINEZ-SOLANO, 1., J. TEIXEIRAM, D. BUCKLEY & M. GARCIA-
PARIs (2006): Mitochondrial DNA phylogeography of Lisso-
triton boscai (Caudata, Salamandridae): evidence for old, mul-
tiple refugia in an Iberian endemic. - Molecular Ecology, 15:
3375-3388.

MIKSIG, S. (1969): Nova podvrsta alpskog dazdevnjaka (Salaman-
dra atra prenjensis nov.). — Glasnik Zemaljskog Muzeja, 8: 83—
86.

MILICEVIC, M. (2013): Geomorfoloski tragovi pleistocenske gla-
cijacije masiva Cvrsnice i hrpta Cabulje (BiH). - PhD thesis,
Faculty of Science (Department of Geography), University of
Zagreb, Zagreb.

MILLER, M. A., W. PFEIFFER & T. SCHWARTZ (2010): Creating the
CIPRES Science Gateway for inference of large phylogenetic
trees. — pp. 1-8 in: Anonymous (ed.): 2010 Gateway Comput-
ing Environments Workshop (GCE). - Ieee, New Orleans.

NayYDENOV, K. D., M. K. NAYDENOV, A. ALEXANDROV, K. VAsI-
LEVSKI, G. HINKOV, V. MATEVSKI, B. NIkoLIC, V. GOUDIABY,
F. Boguni¢, D. Partaripou, A. CHRISTOU, 1. Go1a, C. CAR-
CAILLET, A. E. ALCANTARA, C. TURE, S. GuLrcu, L. PEruzzZL, S.
KAMARY, S. Bojovi¢, G. HINKOV, A. TSAREV (2017): Ancient
genetic bottleneck and Plio-Pleistocene climatic changes im-
printed the phylobiogeography of European black pine popu-
lations. — European Journal of Forest Research, 136: 767-786.

OLALDE, M., A. HERRAN, S. ESPINEL & P. G. GOICOECHEA (2002):
White oaks phylogeography in the Iberian Peninsula. — Forest
Ecology and Management, 156: 89-102.

PETIT, R. ]., I. AGUINAGALDE, J. L. DE BEAULIEU, C. BITTKAU, S.
BREWER, R. CHEDDAD], R. ENNOS, S. FINESCHI, D. GRIVET, M.
Lascoux, A. MOHANTY, G. MULLER-STARCK, B. DEMESURE-
MuscH, A. PaLME, J.P. MARTIN, S. RENDELL, G. G. VEN-
DRAMIN (2003): Glacial refugia: Hotspots but not melting pots
of genetic diversity. — Science, 300: 1563-1565.

PIRrY, S., G. LUIKART & J. M. CORNUET (1999): Bottleneck: A com-
puter program for detecting recent reductions in the effective
population size using allele frequency data. — Journal of He-
redity, 90: 502-503.

PRITCHARD, J. K., X. WEN & D. FALUSH (2010): Documentation
for structure software. Version 2.3. — University of Chicago,
Chicago. Available at https://www.ccg.unam.mx/~vinuesa/
tlemog/docs/structure_doc.pdf

PRrskALO, M. (2008): Geomehanicke odlike blidinjske sinklinale
u funkciji geoloskog nastanka prostora. — PhD thesis, Faculty
of Civil Engineering, University of Mostar, Mostar.

RAMBAUT, A. (2009): FigTree, version 1.3. 1. Computer program
distributed by the author. - University of Edinburgh, Scotland.
Available at: http://tree.bio.ed.ac.uk/

RazPET, A, E. SUuNJE, B. KaLamuji¢, B, U. TuLi¢, N. Poyskié,
D. StankoviIé, I. KRiZMANIC & S. MARIC (2016): Genetic dif-
ferentiation and population dynamics of alpine salamanders
(Salamandra atra LAURENTI, 1768) in southeastern Alps and
Dinarides. - Journal of Herpetology, 26: 111-119.

RHYMER, J. M. & D. SIMBERLOFF (1996): Extinction by hybridiza-
tion and introgression. — Annual Review of Ecology, Evolu-
tion, and Systematics, 27: 83-109.

RIBERON, A., C. M1auD, K. GROSSENBACHER & P. TABERLET
(2001): Phylogeography of the Alpine salamander, Salaman-
dra atra (Salamandridae) and the influence of the Pleistocene
climatic oscillations on population divergence. — Molecular
Ecology, 10: 2555-2560.

RIBERON, A., C. MIAUD, R. GUYETANT & P. TABERLET (2004): Ge-
netic variation in an endemic salamander, Salamandra atra,
using amplified fragment length polymorphism. - Molecular
Phylogenetics and Evolution, 31: 910-914.

RippLE, W. ], C. WOLFE, T. M. NEWSOME, M. GALETTI, M. ALAM-
GIR, E. CrisT, M. I. MAHMOUD & W. F. LAURANCE (2017):
World scientists’ warning to humanity: A second notice. -
Bioscience, 67: 1026-1028.

RoNQUIST, E. & J. P. HUELSENBECK (2003): MRBAYES 3: Bayesian
phylogenetic inference under mixed models. — Bioinformat-
ics, 19: 1572-1574.

RoNQuisT, E, J. HUELSENBECK & M. TESLENKO (2011): Mr. Bayes
version 3.2 manual: Tutorials and model summaries. - The
National Bioinformatics Infrastructure, Sweden. Available at
http://mrbayes.sourceforge.net/mb3.2_manual.pdf.

Rozas, J., A. FERRER-MATA, J. C. SANCHEZ-DELBARRIO, S. GUI-
RAO-RiIco, P. LIBRADO, S. E. RAMOS-ONSINS & A. SANCHEZ-
GRACIA (2017): DnaSP 6: DNA sequence polymorphism anal-
ysis of large datasets. — Molecular Biology and Evolution, 34:
3299-3302.

SotroprouLros, K., K. ELerTHERAKOS, G. Dzukic, M. L.
KALEZIC, A. LEGAKIS & R. M. POLYMENTI (2007): Phylogeny
and biogeography of the alpine newt Mesotriton alpestris
(Salamandridae, Caudata), inferred from mtDNA sequences.
- Molecular Phylogenetics and Evolution, 45: 211-226.

SPEYBROECK, J., W. BEUKEMA & A. C. PIERRE (2010): A tentative
species list of the European herpetofauna (Amphibia and Rep-
tilia) - an update. - Zootaxa, 2492: 1-27.

STAMATAKIS, A. (2014): RAXML version 8: a tool for phylogenetic
analysis and postanalysis of large phylogenies. — Bioinformat-
ics, 30: 1312—1313.

STEINFARTZ, S., M. VEITH & D. TAUTZ (2000): Mitochondrial se-
quence analysis of Salamandra taxa suggests old splits of ma-
jor lineages and postglacial recolonizations of central Europe
from distinct source populations of Salamandra salamandra.
- Molecular Ecology, 9: 397-410.

STEINFARTZ, S., D. KUSTERS & D. TauTz (2004): Isolation and
characterization of polymorphic tetranucleotide microsatel-
lite loci in the fire salamander Salamandra salamandra (Am-
phibia: Caudata). - Molecular Ecology Resources, 4: 626-628.

STEPISNIK, U, A. GrL], D. RADOS & M. ZEBRE (2016): Geomor-
phology of Blidinje, Dinaric Alps (Bosnia and Herzegovina).
- Journal of Maps, 12: 163-171.

SURINA, B., P. SCHONSWETTER & G. M. SCHNEEWEISS (2011):
Quaternary range dynamics of ecologically divergent species
(Edraianthus serpyllifolius and E. tenuifolius Campanulaceae)
within the Balkan refugium. - Journal of Biogeography, 38:
1381-1393.

SWOEFORD, D. L. (2002). Paup*: Phylogenetic Analysis Using Par-
simony (*and other methods), 4.0b4a. — Sinauer Associates,
Sunderland, MA.

SunjE, E. & S. LELO (2010): Prilog poznavanju rasprostranjen-
ja alpskog dazdevnjaka, Salamandra atra prenjensis MIKSIC,
1969 (Amphibia, Salamandridae), u Bosni i Hercegovini. -
Prilozi fauni Bosne i Hercegovine, 6: 34-41.

87



EMINA SUNJE et al.

SUNJE, E., R. VAN DAMME, D. JEL1¢, M. MUELLER, R. SKRI]EL]
& V. HELFER (2019): Morphometric characteristics of Alpine
salamanders: a support for subspecies validation and conser-
vation? - Amphibia-Reptilia, 40: 79-91.

TABERLET, P, L. FumaGaLLL L., A. G. WusT-SAucy & J. E Cos-
SON (1998): Comparative phylogeography and postglacial col-
onization routes in Europe. — Molecular Ecology, 7: 453-464.

TAGGART, ]. B., R. A. Hyngs, P. A PRODOHL & A. FERGUSON
(1992): A simplified protocol for routine total DNA isolation
from salmonid fishes. - Journal of Fish Biology, 40: 963-965.

TAMURA, K. & M. NEI (1993): Estimation of the number of nu-
cleotide substitutions in the control region of mitochondrial
DNA in humans and chimpanzees. - Molecular Biology and
Evolution, 10: 512-526.

THOMSON, J. D., D. G. HiGGINs & T. J. GIBSON (1994): CLUSTAL
W: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. - Nucleic Acids Research,
22: 4673-4680.

URSENBACHER, S., S. SCHWEIGER, L. TomovI¢, J. CRNOBRNJA-
IsatLoviC, L. FUMAGALLT & W. MAYER (2008): Molecular
phylogeography of the nose-horned viper (Vipera ammodytes,
Linnaeus (1758)): Evidence for high genetic diversity and mul-
tiple refugia in the Balkan Peninsula. - Molecular Phylogenet-
ics and Evolution, 46: 1116-1128.

VAN OosTerHOUT, C., W. E. D. HuTCHINSON, P. M. WILLS & P.
SHIPLEY (2004): Micro-checker, software for identifying and
correcting genotyping errors in microsatellite data. - Molecu-
lar Ecology Notes, 4: 535-538.

VENCES, M., E. SANCHEZ, ]. S. HAUSWALDT, D. EIKELMANN, A.
RODRIGUEZ, S. CARRANZA, D. DONAIRE, M. GEHARA, V.
HELFER, S. LOTTERS, P. WERNER, S. SCHULZ, S. STEINFARTZ
(2014): Nuclear and mitochondrial multilocus phylogeny and
survey of alkaloid content in true salamanders of the genus
Salamandra (Salamandridae). - Molecular Phylogenetics and
Evolution, 73: 208-216.

WATERHOUSE, A. M., ]. B. PROCTER, D. M. A. MARTIN, M. CLAMP
& G. J. BARTON (2009): Jalview Version 2 - a multiple se-
quence alignment editor and analysis workbench. — Bioinfor-
matics, 25: 1189-1191.

WEIR, B. S. & C. C. CoCcKERHAM (1984): Estimating F-statistics for
the analysis of population-structure. — Evolution, 38: 1358-1370.

WIGGINTON, J. E., D. J. CUTLER, & A. R. GONCALO (2005): A note
on exact tests of Hardy-Weinberg equilibrium. - American
Journal of Human Genetics, 76: 887-893.

WOLLENBERG VALERO, K. C., ]J. C. MARSHALL, E. BASTIAANS, A.
CACCONE, A. CAMARGO, M. MORANDO, M. L. NIEMILLER, M.
PaByjaN, M. A. RUSSELLO, B. SINERvO, E P. WERNECK, ]. W.
SITES JR, J. J. WIENS & S. STEINFARTZ (2019): Patterns, mecha-
nisms and genetics of speciation in reptiles and amphibians.
— Genes, 10: 646.

X1, X. & Z. XI1E (2001): DAMBE: software package for data analy-
sis in molecular biology and evolution. - Journal of Heredity,
92:371-373.

Xi1a, X., Z. X1E, M. SALEMI, L. CHEN & Y. WANG (2003): An in-
dex of substitution saturation and its application. - Molecular
Phylogenetics and Evolution, 26: 1-7.

ZEBRE, M. & U. STEPISNIK (2015): Glaciokarst geomorphology of
the Northern Dinaric Alps: Sneznik (Slovenia) and Gorski Ko-
tar (Croatia). - Journal of Maps, 12: 873-881.

88

Supplementary data

The following data are available online:

Supplementary Figure S1. STRUCTURE exploratory analysis
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models
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(FCA) ordination along the first three axes of 67 individuals of
Salamandra atra from the Dinarides based on six microsatellite
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Supplementary Table S1. Accession numbers (Acc. No) of the
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