N Naturalis

@ Biodiversity
@ Center

Naturalis Repository

Phylogeographic analysis reveals northerly refugia for the
riverine amphibian Triturus dobrogicus (Caudata: Salamandridae)

Judit Vérés, Peter Mikulicek, Agnes Major, Ernesto Recuero, Jan W. Arntzen

Downloaded from:
https://doi.org/10.1111/bij.12866

Article 25fa Dutch Copyright Act (DCA) - End User Rights

This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet)
with consent from the author. Dutch law entitles the maker of a short scientific work funded either wholly
or partially by Dutch public funds to make that work publicly available following a reasonable period after
the work was first published, provided that reference is made to the source of the first publication of the
work.

This publication is distributed under the Naturalis Biodiversity Center ‘Taverne implementation’
programme. In this programme, research output of Naturalis researchers and collection managers that
complies with the legal requirements of Article 25fa of the Dutch Copyright Act is distributed online and
free of barriers in the Naturalis institutional repository. Research output is distributed six months after its
first online publication in the original published version and with proper attribution to the source of the
original publication.

You are permitted to download and use the publication for personal purposes. All rights remain with the
author(s) and copyrights owner(s) of this work. Any use of the publication other than authorized under
this license or copyright law is prohibited.

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests,
please let the department of Collection Information know, stating your reasons. In case of a legitimate
complaint, Collection Information will make the material inaccessible. Please contact us through email:
collectie.informatie@naturalis.nl. We will contact you as soon as possible.



https://doi.org/10.1111/bij.12866
mailto:collectie.informatie@naturalis.nl

BIOLOGICAL §§\)

Journal 7 s

Biological Journal of the Linnean Society, 2016, 119, 974-991. With 6 figures.

Phylogeographic analysis reveals northerly refugia for
the riverine amphibian Triturus dobrogicus (Caudata:
Salamandridae)
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We investigated the recent evolutionary history of the Danube crested newt, Triturus dobrogicus through
reconstructions of: (1) the number and position of refugia at the last glacial maximum, (2) the role of major
central European rivers in pattern of post-glacial dispersal, and (3) the present-day distribution pattern. We
analysed sequences of mitochondrial DNA (ND2, 1065 bp) and six microsatellite loci in 363 7. dobrogicus
individuals from 58 populations covering the range of the species. Our analyses suggested that T. dobrogicus
survived the last glacial maximum in two separate refugia positioned in northwestern Pannonia and in Southern
Pannonia from where its range expanded along the Danube and Tisza Rivers. Our findings also confirmed that
rivers played an important role in shaping the evolutionary history of amphibian species in Central Europe. We
compared the T. dobrogicus range with another lowland amphibian, the fire-bellied toad Bombina bombina, using
species distribution modelling. In line with these models, the isolated mountains inside Pannonia are occupied
not by B. bombina, but by its mountain-dwelling sister-species B. variegata. However, in contrast to the model,
crested newts (including 7. dobrogicus) are absent from these mountains. We attribute this biogeographical
discrepancy to the positioning of the species’ refugia at the last glacial maximum. © 2016 The Linnean Society of
London, Biological Journal of the Linnean Society, 2016, 119, 974-991.

KEYWORDS: Danube River — microsatellites — mitochondrial DNA — newt — riverine barrier — riverine
dispersal — Sava River.

INTRODUCTION barriers to dispersal for terrestrial species, and as
dispersal corridors for riverine species, promoting or
counteracting geographical isolation and diversifica-
tion (Eriksson et al., 2004; Brandley et al., 2010;
Vernesi et al., 2015). For amphibians, rivers can be
both barriers and dispersal routes. The barrier effect
may be particularly pronounced for pond-dwelling
species (Martinez-Solano et al., 2004), and for
*Corresponding author. E-mail: jvoros@nhmus.hu species that typically inhabit small streams (Garcia-
"Deceased Paris & dJockusch, 1999; Alexandrino, Arntzen &

Rivers can play an active role in the evolutionary
history of species by influencing population dynamics
in different ways, depending on the lifestyle of the
organism involved (Robinson, Tockner & Ward, 2002;
Lyttle & Poff, 2004). Specifically, rivers can act as
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Ferrand, 2002). Evolutionary scenarios in which river
drainages support dispersal of amphibian species are
less frequently documented but some examples are
known for semi- or fully aquatic riverine salamanders
(Carstens et al., 2005; Jones et al., 2006).

In Europe, the Balkan Peninsula and the Black
Sea coast are thought to have been southern refugia
for a wide variety of animal and plant species during
the Pleistocene glaciations (Hewitt, 1999). From
these refugia the species could disperse northwards
e.g. following the Danube Basin, eventually reaching
their present-day positions (Varga, 2010). The
Danube River has been an important factor in the
biogeographic history of Europe affecting the distri-
bution patterns and evolutionary histories of many
taxa ever since its formation at 5 Mya (Englbrecht
et al., 2000; Nagy et al., 2010). Genetic data, how-
ever, mostly reflect Holocene events, because the
Pleistocene glaciations caused southwards range
shifts that were followed by northerly recoloniza-
tions, thereby erasing the older phylogeographic
information (Hewitt, 1999). For example the Euro-
pean pond turtle (Emys orbicularis) colonized parts
of Northern and Central Europe via the Danube
River from a refugium in the Balkan Peninsula
(Fritz et al., 2005). Part of the western lineage of the
spadefoot toad (Pelobates fuscus) expanded from a
glacial refugium located in the Lower Danube sys-
tem, colonizing the Upper-Danube plain while utiliz-
ing the river as a riparian corridor (Crottini et al.,
2007). In the northern Pannonian Basin the Danube
separates two divergent lineages of Bombina varie-
gata (Voros et al., 2006), while in the Southern
Carpathians a Triturus cristatus mtDNA clade is
restricted to the south of the Danube suggesting
long-term isolation by the river (Wielstra, Babik &
Arntzen, 2015).

To further investigate the importance of rivers in
shaping the evolutionary history of European
amphibians we here focus on the Danube crested
newt, Triturus dobrogicus (Kiritzescu, 1903). Tritu-
rus dobrogicus inhabits vegetated and unspoiled
stagnant waters, ponds, lakes, floodplains and
marshes, and may also be present in rivers and their
associated oxbows (Arntzen et al., 1997) and is the
most aquatic and most riverine member of its genus
(Arntzen, 2003). Triturus dobrogicus has a range
restricted to the floodplains of the Danube, Tisza,
Drava and Sava rivers on the Pannonian and Dobro-
gean plains, from the Vienna basin to the Black Sea.
The distribution is narrowed or interrupted at the
Iron Gate where the Danube runs through the south-
ern Carpathians. It also has an isolated population
in the Dnepr Delta at the northern coast of the Black
Sea (see insert on Fig. 1) (Arntzen et al., 1997; Lit-
vinchuk, 2005), and at Lake Durankulak in

Bulgaria, where the existence of a past population is
supported by a few museum specimens with
unknown collection date (Ghergehel & Iftime, 2009).

The evolutionary history of 7. dobrogicus has pre-
viously been discussed in several contexts. Arntzen,
Themudo & Wielstra (2007) identified the vicariant
events that differentiated 7. dobrogicus from other
crested newt species. Voros & Arntzen (2010) used
40 enzyme loci to study the genetic differentiation of
T. dobrogicus populations along the Sava, Tisza and
Danube rivers. They hypothesized that southern
Pannonia was a refugium for the 7. dobrogicus dur-
ing the last glacial maximum. Wielstra et al. (2013a)
applied mtDNA phylogeography and species distribu-
tion modelling to reconstruct the position of glacial
refugia and post-glacial dispersal of the species, but
failed to reconstruct suitable conditions during the
last glacial maximum for 7. dobrogicus.

We here use mitochondrial and nuclear microsatel-
lite genetic markers, plus species distribution models
to set a scenario for the recent historical biogeogra-
phy of a riverine species, T. dobrogicus. In particular
we aim to:

1. Reconstruct the position of one or more refugia
at the last glacial maximum (LGM). We specifi-
cally tested for the presence of refugia (1) previ-
ously hypothesized in southern Pannonia along
the Sava River (Voros & Arntzen (2010), (2) at
the north- and northwestern shores of the Black
Sea region, which long have been recognized as
glacial refugia for a variety of plant and animal
species (Hewitt, 1999) and (3) the Middle- and
Upper-Danube section in the Pannonian plains,
where several northerly refugia have recently
been identified (Schmitt & Varga, 2012).

2.  Understand the patterns of dispersal from the
LGM refugia to form the present-day range. We
hypothesized that the T. dobrogicus used the
major central European rivers and associated
lowlands as dispersal corridors.

3. Further deepen the understanding of recent evo-
lutionary history of 7. dobrogicus by comparing
our results with published phylogeographic data
for the fire-bellied toad, Bombina bombina, a spe-
cies with similar ecological characteristics and
distribution in Central Europe and the north-
ern Balkans. While both 7. dobrogicus and
B. bombina occupy the lowlands associated to the
Danube River and its tributaries, their parapatric
congeners (7. carnifex, T. cristatus, T. ivanbu-
reschi and T. macedonicus and B. variegata) live
in the more mountainous areas. We compare pre-
sent-day distribution of both species with current
potential distribution models and seek to link
these with the observed patterns of genetic

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 119, 974-991
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Figure 1. Distribution of the Danube crested newt, Triturus dobrogicus, over Central Europe, shown by dotted line
(schematic). Note that the species’ range is composed of a western, Pannonian part and an eastern, Lower Danube Plain
part that are connected by the Danube River through the southern Carpathian Mountains at the Iron Gate. The isolated
population at the Dnepr Delta is not shown. Numbered dots represent sampled populations in line with Table 1. The
insert shows distribution of the five congeneric Triturus species, following Wielstra et al. (2013b).

variation and with the phylogeographic interpre-
tations that are either our own (7. dobrogicus,
present paper) or published [B. bombina (Fijar-
czyk et al., 2011; Pabijan et al., 2013)].

MATERIAL AND METHODS

SAMPLING, MTDNA SEQUENCING AND GENOTYPING
OF MICROSATELLITES

We collected tissue samples from 363 individuals in
58 populations covering the documented range of
T. dobrogicus (Fig. 1 and Table 1). Total genomic
DNA was extracted from ethanol preserved and frozen
tissues using Qiagen DNeasy Blood and Tissue kit.
We amplified a 1065 base pair (bp) stretch of which
43 bp correspond to the tRNA-Met and the remainder
to the NADH dehydrogenase subunit 2 gene (ND2),
using the primer pair L3780/H5018 (Babik et al.,
2005). PCR reactions were performed as per se meth-
ods described by Babik et al. (2005). The amplified
fragments were sequenced on an Applied Biosystem/
Hitachi 3130 Genetic Analyzer. Consensus sequences

were compiled using BioEdit version 7.0.9.0 (Hall,
1999) and aligned manually. Sequence data for the
outgroup taxa (T. pygmaeus, T. marmoratus, T. kare-
linii, T. macedonicus, T. carnifex, T. cristatus) were
obtained from GenBank (accession numbers
HQ697280, GQ258948, GU982516, GU982461,
GU982459, GQ258949, respectively).

We analyzed six microsatellite loci that were origi-
nally developed for T. cristatus (Krupa et al., 2002).
PCR reactions were performed following Voros &
Major (2007). Fragment length analysis was run on
an Applied Biosystem/Hitachi 3130 Genetic Analyzer
under the FragmentAnalysis 36_POP7 protocol. Data
collection and scoring were performed with the Soft-
ware GeneMapper v4.0 (Applied Biosystems).

ANALYSIS OF MITOCHONDRIAL DNA

Estimates of mean nucleotide and haplotype diversi-
ties within 7. dobrogicus, within the two main lin-
eages found and within the four main river sections
(Upper-Middle Danube section, Tisza, Sava and
Lower Danube) were calculated with DNASP 4.0
(Rozas and Rozas, 1999).

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 119, 974-991
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Table 1. Population numbers, locality names, countries, geographic coordinates, sample sizes, haplotype numbers and
GenBank accession numbers for mitochondrial DNA along with sample sizes for microsatellite analyses

MtDNA Genbank Nr.
Longitude Latitude sample mtDNA accession individuals
Population Locality Country east north size haplotypes codes msats
1 Nové Mlyny Czech 16.73 48.85 1 H2 JN831518 -
Republic
2 Lanzhot Czech 16.97 48.72 3 H2, H7 JN831511- 5
Republic JN831513
3 Tadten Austria 17.00 47.77 2 He6, H2 JN831543- 5
JN831544
4 Droésing Austria 16.92 48.55 3 H2, H7 JN831547— 6
JN831549
5 Devinske Slovakia 16.95 48.28 4 H2, H7 JN831490- 21
Jazero JN831493
6 Bratislava- Slovakia 17.15 48.05 2 H2, H8 JN831525- 23
Rusovce JN831526
7 Bratislava- Slovakia 17.20 48.02 2 H2, H14 JN831467— -
Cunovo JN831468
8 Torozlin Slovakia 18.20 48.15 1 H2 JN831536 -
9 Maly Kiarov Slovakia 19.43 48.10 3 H2, H21 JN831533—- -
JN831553
10 Vel’ky Blh Slovakia 20.10 48.43 1 H24 JN831537 -
11 Domica Slovakia 20.47 48.47 1 H2 JN831492 -
12 Svata Maria Slovakia 21.82 48.45 3 H28 JN831527— -
JN831529
13 Besa Slovakia 21.95 48.53 1 H29 JN831466 -
14 Veskovce Slovakia 22.10 48.55 2 H28 JN831538- -
JN831539
15 Aggtelek, Hungary 20.54 48.47 3 H23, H20 JN831462- -
Voros-to JN831463
16 Satoraljaujhely Hungary 21.64 48.43 3 H28 JN831540- -
JN831542
17 Egyhézasradoc Hungary 16.62 47.10 2 H13 JN831486, -
JN831524
18 Kormend Hungary 16.60 47.02 1 H27 JN831550 -
19 Drava, Hungary 17.06 46.23 3 H35, H2 JN831494— 8
Lankéci-erdo JN831496
20 Letenye, Hungary 16.62 46.43 3 H34, H33, H35 JN831514- 8
Murecsak, JN831516
Mura
21 Kis-Balaton Hungary 17.16 46.65 3 H35, H2 JN831500- 10
JN831502
22 Ocs, Nagy-t6 Hungary 17.61 46.90 2 H12, H3 JN831519, 4
JN83152
23 Tihany, Hungary 17.86 46.91 2 H2 JN831509, 6
Kiilso-to JN831510
24 Baracska Hungary 18.73 47.27 1 H2 JN831465 -
25 Tolna, Hungary 18.76 46.40 3 H9, H2, H17 JN831530- 8
Kapszeg-to JN831532
26 Matild-to, Hungary 18.54 46.64 1 H2 JN831517 -
Dunafoldvar
27 Fels6-Babad Hungary 19.23 47.30 3 H2 JN831521- 9
JN831523
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Table 1. Continued

MtDNA Genbank Nr.
Longitude Latitude sample mtDNA accession individuals
Population Locality Country east north size haplotypes codes msats
28 Kunpeszér Hungary 19.29 47.07 4 H4, H2 JN831503- 17
JN831506
29 Filophaza Hungary 19.40 46.88 3 H2 JN831497- 18
JN831499
30 Ocsod Hungary 20.38 46.93 1 H25 JN831546 6
31 Kardoskt, Hungary 20.62 46.47 2 H27 JN831507- 14
Fehér-to JN831508
32 Dugo Selo Croatia 16.25 45.82 1 H18 JN831580 -
33 Podgorac Croatia 18.20 45.48 2 H23, H35 JN831560, -
JN831563
34 Zupanja Croatia 18.70 45.08 3 H35 JN831565— 5
JN831567
35 Jamena Serbia 19.03 44.90 4 H18, H19 JN831574, 6
JN831576—
JN831578
36 Vrsani Bosnia- 19.02 44.83 3 H28, H35 JN831545, -
Hercegovina JN831561-
JN831562
37 Donja Bosnia- 19.03 44.80 5 H35 JN831570- -
Cadjavica Hercegovina JN831573,
JN831575
38 Glusci Serbia 19.53 44.88 3 H36, H35 JN831555- 6
JN831557
39 Debre Serbia 19.87 44.60 2 H35 JN831558- -
JN831559
40 Senta Serbia 20.10 45.92 3 H27, H22, JN831551- 7
H23 JN831552,
JN831568
41 Ecka Serbia 20.45 45.30 3 H23, H3, JN831457— 6
H27 JN831459
42 Opovo Serbia 20.43 45.03 2 H1, H26 JN831453, 6
JN831454
43 Beograd Serbia 20.50 44.83 3 H5, H2 JN831453- 4
JN831455
44 Piscolt Romania 22.30 47.58 - - - -
45 Babesti Romania 23.10 47.97 2 H27 JN831584—
JN831585
46 Virfuri Romania 22.47 46.28 1 H2 JN831564 -
47 Zimnicea Romania 25.35 43.65 2 H27 JN831456- 2
JN831561
48 Svistov Romania 25.35 43.62 2 H27, H1 JN831460- 2
JN831469
49 Giurgheni Romania 27.87 44.75 4 H2, H1, JN831586— -
H31 JN831589
50 Island Romania 27.98 45.23 1 H23 JN831559 10
S of Braila
51 Macin - Romania 28.12 45.25 8 H23, H2, JN831590- -
Braila H27, H30 JN831597
52 Danube Romania 29.01 45.25 3 H31, H22, JN831470- 12
Delta, H27 JN831472
Sontea
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Table 1. Continued

MtDNA Genbank Nr.
Longitude Latitude sample mtDNA accession individuals

Population Locality Country east north size haplotypes codes msats

53 Danube Romania 28.79 45.20 2 H30, H31 JN831473— -
Delta, JN831474
Mila23

54 Danube Romania 29.17 45.22 3 H11, H31 JN831475- 19
Delta, JN831477
Razboinita

55 Danube Romania 29.17 45.12 3 H35, H15, JN831478- 9
Delta, H18 JN831480
Mahmudia

56 Danube Romania 29.37 45.13 2 H10, H11 JN831481- 18
Delta, JN831482
Caraormanl

57 Danube Romania 29.32 45.14 3 H37, H16, JN831483- 18
Delta, H23 JNB831485
Caraorman2

58 Danube Romania 29.26 45.22 3 H11, H38 JN831487- 15
Delta, JN831489
Olguta

We used PartitionFinder v1.1.1 (Lanfear et al.,
2012) to determine the optimal partitioning strategy
and models of nucleotide substitution for the mtDNA
sequences, which resulted in three partitions: the
tRNA-Met fragment plus second codon positions
(HKY + 1), first codon positions (HKY + G) and third
codon positions (TrN + G). A gene tree was built
from mtDNA haplotypes with BEAST v1.8.1 (Drum-
mond et al., 2012), under the uncorrelated lognormal
relaxed clock model and a Birth and Death tree
prior, with 200 million generations, sampling every
20 000 generations and discarding the initial 25% of
trees as burn-in. The analyses were time-calibrated
with reference to the fossil record, setting a lognor-
mal prior at the root of the tree, considering 24 Myr
as the minimum age of the most recent common
ancestor of Triturus (Arntzen et al., 2015), and by
setting a prior distribution with a lognormal distri-
bution and a standard deviation of 1 Myr (Wiens,
Sparreboom & Arntzen, 2011). Parameter estimates
were inspected to check for convergence and ade-
quate Effective Sample Sizes (ESSs, larger than 200)
in Tracer v1.6 (Rambaut et al., 2014). All parameters
in the analysis reached stable results and ESSs val-
ues larger than 200.

Secondly, a haplotype network was built using the
median-joining algorithm implemented in the soft-
ware PopArt (French et al., 2014). We arranged the
haplotypes in the network using the information
gained by the individual-based, spatially explicit
model of BAPS 6.0 (Corander, Siren & Arjas, 2008;

Cheng et al., 2013) in five independent runs with K
varying from 1 to 57 (the number of populations
studied).

To learn about the recent demographic history of
T. dobrogicus lineages, mismatch distribution and
raggedness index (r) (Harpending, 1994) were calcu-
lated under a model of sudden expansion with 1000
bootstrap replicates using Arlequin 3.5 (Excoffier &
Lischer, 2010). This analysis compares the frequency
distribution of pairwise differences between haplo-
types in a population with that expected by simu-
lated models fitted to the data. The distribution is
unimodal when a lineage has undergone recent pop-
ulation expansion and multimodal in case of constant
population size or geographical subdivision during
its evolution (Marjoram & Donnelly, 1994). Addition-
ally Fu’s Fy test (Fu, 1997) and Tajima’s D statistic
(Tajima, 1989) were used to test for the possibility of
recent population size changes. Significant negative
values of these tests can indicate signature of popu-
lation expansion. Both tests were performed with
Arlequin 3.5 (Excoffier & Lischer, 2010) using 10 000
simulations.

ANALYSIS OF MICROSATELLITES

Because initial results indicated the potential for
interspecific hybridization affecting the results with
nuclear markers, populations situated along the
northern and north-eastern fringe of the 7. dobrogi-
cus range were omitted and analyses of
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microsatellites were run with 31 populations
(Table 1). To calculate the total number of alleles,
number of private alleles (per population), inbreed-
ing coefficient (Fig) and expected (Hg) and observed
(Ho) heterozygosity, we used the software GenAlEx
6 (Peakall & Smouse, 2006) and included only the 28
populations with at least five individuals. Allelic
richness (AR), which enables a direct comparison of
populations with unequal sample sizes, was calcu-
lated using FStat 2.9.3 (Goudet, 2001). Null alleles
and scoring errors were estimated with Micro-
Checker 2.2.3 (Van Oosterhout et al., 2004) in 15
populations with N > 12. The 95% confidence inter-
vals with Bonferroni correction were used to calcu-
late the expected frequency of homozygotes.
Deviations from the Hardy-Weinberg equilibrium for
each population and locus and across all loci per pop-
ulation were tested by the score test (U-test for
heterozygote deficiency) using the software GenePop
3.3 (Raymond & Rousset, 1995). The same software
was used to estimate linkage disequilibria (LD) over
all samples. LD within populations was not calcu-
lated because of small sample sizes. Population dif-
ferentiation was measured using Fgr statistics (Weir
& Cockerham, 1984), corrected for the presence of
null alleles with the program FreeNA (Chapuis &
Estoup, 2007). The 95% confidence intervals for the
global (over all loci and populations) and interpopu-
lation Fgr values were estimated using 10 000 repli-
cates.

The level of genetic structure of the 7. dobrogicus
populations was estimated wusing a Bayesian
approach implemented in the program Structure
2.3.3 (Pritchard, Stephens & Donnelly, 2000). Poste-
rior probabilities for K were estimated using the ad
hoc statistic AK (Evanno, Regnaut & Goudet, 2005),
assuming uniform prior values and K ranging from 1
to 32. Admixture and uncorrelated allele models
were applied. We chose these models because we
assumed that there was gene flow among 7. dobrogi-
cus populations, and we expected allele frequencies
to vary among populations across the species range.
The analyses were based on five runs of 10° itera-
tions, following a burn-in of 10° iterations.

As the presence of null alleles — through the excess
of perceived homozygotes — can lead to deviations
from Hardy—Weinberg expectations (Pemberton
et al., 1995), in addition we used the software Gene-
land (Guillot, Mortier & Estoup, 2005), which offers
the option to account for the presence of null alleles,
to infer spatial genetic structure of our populations.
Ten independent runs of 10° iterations (thinning
every 100 simulations) were conducted and the first
10% discarded as burn-in. The spatially explicit
model was run assuming uncorrelated allele
frequencies.

We applied approximate bayesian computation
(ABC) using microsatellite data from the 11 selected
populations (populations 5, 6, 21, 28, 29, 31, 52, 54, 56,
57, 60) with sample sizes of ten or more to estimate
the relative likelihood of possible scenarios for the
T. dobrogicus population histories. We used software
diyABC v2.0.4 (Cornuet et al., 2008), which compares
observed values with simulated datasets in reference
tables associated with predetermined scenarios. We
grouped populations according to Geneland results
plus the geographic isolation of Pannonia and Dobro-
gea (i.e. two genetic groups, one of them further
divided in two geographic groups, for a total of three
groups). We first generated six different scenarios con-
sidering alternative split options between the three a
priori defined population groups (Fig. 2): (1) single
refugium; (2) two refugia, one for each geographic
group (Pannonia and Dobrogea); (3) two refugia, one
for each genetic group (western and eastern) as
inferred by Geneland; (4) three refugia for the genetic
plus geographic groups; (5) up to three refugia, one for
each genetic group (western and eastern), plus one
more recent split event between both geographic areas
(Pannonia and Dobrogea) within the eastern genetic
group, keeping southern Pannonia as ancestral; and
(6) same as the previous scenario with the Danube
Delta as the ancestral population (Fig. 2). As sug-
gested in the diyABC software manual we performed
some preliminary runs in order to adjust some of the

Figure 2. Spatio-temporal representation of six scenarios
for T. dobrogicus refugia. Note the additional temporal
detail of split events in scenarios 5. Scenario numbers are
shown in the top left corner of each of the panels. Scenar-
ios 5b and 5c are equal to scenario 5a, but with a more
compressed temporal scale. Time events marked with *
correspond to the Last Glacial Maximum. Background
map corresponds to map in Figure 1.
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prior values and then generated a 6 x 10° simulated
data set. The scenario with the highest likelihood (sce-
nario 5) was selected to further test the temporal
framework of the different split events. To do this we
constrained coalescence time to not exceed the start of
the last glacial maximum, for three different scenar-
ios: (ha) the split between both genetic groups
occurred no later than the start of the last glacial max-
imum; (5b) the split between geographic groups within
the eastern genetic group occurred no later than the
start of the last glacial maximum; (5¢) the split within
each of the three defined groups occurred no later
than the start of the last glacial maximum (Fig. 2).
We assessed the fit of the model to the data using prin-
cipal components analysis (PCA) and compared the
relative likelihoods of the scenarios by the logistic
regression approach, with a 5% subset of the closest
simulated data.

PRESENT-DAY DISTRIBUTION MODELLING

The ranges of T. dobrogicus and B. bombina in Cen-
tral Europe and the northern Balkans are bounded
by mountains that are occupied by closely related
congeners (T. carnifex, T. cristatus, T. ivanbureschi
and T. macedonicus for the newt, and Bombina var-
iegata for the toad). In both systems the ranges are
essentially parapatric (Pabijan et al., 2013; Arntzen,
Wielstra & Wallis, 2014), and we modelled the spe-
cies distributions by contrasting congeners with pres-
ence-only data as the dependent variable, and
altitude and relief as explanatory variables. We
refrained from reconstructing the distribution models
of the past, because we have no data to support the
past parapatry of species ranges.

For the area of interest, 2000 locality data points
were available for Triturus and 4342 for Bombina
(Sillero et al., 2014; Wielstra et al., 2014). Records
duplicated in 30 arc-second grid cells were removed.
We retained 1463 records for Triturus of which 470
(32.1%) referred to T. dobrogicus, and we retained
3109 records for Bombina of which 1513 (48.7%)
referred to B. bombina. In a logistic regression anal-
ysis a weight factor was then applied such that the
number of records for both groups were equal, with-
out affecting total sample size. Altitude data were
obtained from the WorldClim version 1.4 database at
30 arc-seconds (c. 1 km) resolution (Hijmans et al.,
2005). We calculated the parameter relief from alti-
tude through a set of filter operations in ILWIS 3.8
(ILWIS, 2008). Both variables were standardized to a
mean of zero and standard deviation of unity, to
facilitate the interpretation of the results. The accu-
racy of the species distribution models was assessed
with the Area Under the Curve statistic (AUC) (Gui-
san & Zimmermann, 2000).

RESULTS
MITOCHONDRIAL GENETIC MARKERS

The ND2 mtDNA fragment contained 44 nucleotide
positions that were variable, of which 20 were parsi-
mony informative. We observed 38 different haplo-
types of which 13 were shared across populations and
25 were found only once. Haplotypes potentially rep-
resenting other crested newt species were not found.
Ten haplotypes were exclusive to Dobrogean popula-
tions, 21 haplotypes were exclusive to Pannonian pop-
ulations, and seven were found in both areas. The
most common haplotype (H2) was found in 35 individ-
uals and has a wide distribution (insert to Fig. 3 and
Table 1). Overall haplotype diversity (Hq) was
0.896 + 0.016 (SD) and overall nucleotide diversity
(m) was 0.003 + 0.000 (SD). Haplotype and nucleotide
diversity was the highest within the Lower Danube
(Hq = 0.927 + 0.020, == 0.003 £ 0.002), slightly
lower along the Sava River (Hg = 0.709 + 0.090,
n=0.002 + 0.001) and lowest for the Tisza River
(Hq=0.831 + 0.044, = = 0.001 + 0.001) and Upper—
Middle Danube (Hq = 0.647 £+ 0.075,
n = 0.001 + 0.000). When analysing the two mtDNA
lineages, populations associated with the Tisza and
Sava River had higher haplotype and nucleotide
diversity (Hg = 0.875 4+ 0.029, = =0.003 + 0.001)
than populations associated to the Pannonian Danube
section (Hgq = 0.770 + 0.044, = = 0.002 + 0.001).

The phylogenetic reconstruction yielded no con-
vincing evidence for geographically bounded mono-
phyletic units within 7. dobrogicus, other than for
T. dobrogicus as a whole (Supporting Information,
Fig. S1). Age estimates of the most recent ancestor
for the extant 7. dobrogicus mtDNA lineages dates
to the Late Pleistocene, with a mean estimated value
of 0.99 Ma (highest posterior density distribution,
95% confidence interval 1.44-0.59).

BAPS identified two haplotype groups, one con-
taining populations from the northern Pannonian
Danube section (H1-H17), and another including
populations from Sava and Tisza regions (H18-H38).
The haplotype network constructed with PopArt was
more structured in the Sava-Drava, Tisza and Lower
Danube region than in the northern Pannonian
Danube section (Fig. 3).

The mismatch distributions for both lineages are
presented in Figure 3. The model for population
expansion was not rejected in any of the lineages
(northern Pannonian Danube section, SSD = 0.30,
Raggedness index = 0.43; Sava and Tisza regions,
SSD = 0.47, Raggedness index = 0.78). Both Tajima’s
D statistic and Fu’s Fy resulted in negative values,
and according to Fu’s F statistic there were signifi-
cant departures from equilibrium in both lineages
(northern Pannonian Danube section, F' = —6.970,
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Figure 3. Median-joining haplotype network of 142 mitochondrial DNA sequences. The size of the circles represents
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P =0.014; Sava and Tisza regions,
P =0.002) (P < 0.001).

F = -8.504,

MICROSATELLITE MARKERS

The six microsatellite loci employed were all highly
polymorphic. The total number of alleles was 274, of
which 55 were private. The average number of alleles
per locus and population was 9.5 (range = 2.8-16.8).
Mean allelic richness per population (based on the
minimum sample size of one individual) was 1.85
(range = 1.56-1.94). The observed heterozygosity was
slightly lower (average Hp = 0.67, range = 0.41-0.85)
than the expected heterozygosity (Hg = 0.80,
range = 0.50-0.89) (Table 2). Pairwise LD values esti-
mated between the six loci were not significant and

indicated that the studied microsatellite loci recom-
bine freely (Supporting Information, Table S1). Signif-
icant  deviations from the Hardy-Weinberg
equilibrium were found in 16 out of 28 analyzed popu-
lations in locus Tecril3 (two populations), Tcri27 (five
populations), Tcri35 (nine populations), Tcri36 (two
populations) and Tcri46 (12 populations). Inbreeding
coefficient (Fig) ranged from —0.2 to 0.3 (Table 2).
Negative Fig values were found only in one population
(population 50). Null alleles were inferred in five loci
(all but Tri13) and in all ten analyzed populations.
The highest frequency of null alleles was found in the
locus Tcri46 (in ten populations), followed by loci
Teri35 (six populations), Tcri27 (five populations),
Tcri36 (one populations) and Tcri29 (one population).
Global Fgp with the 95% confidence intervals using
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Table 2. Average number of alleles (IVA), allelic richness
(AR, calculated based on the minimum sample size of
one individual), observed (Hp) and expected (Hg)
heterozygosity and inbreeding coefficient (Fig) for 28 T.
dobrogicus populations

Population NA AR Ho Hyg Fis
2 2.8 1.6 0.4 0.5 0.2
3 4.0 1.7 0.6 0.6 0.0
4 5.0 1.8 0.7 0.7 0.1
5 10.2 1.8 0.5 0.8 0.3
6 9.0 1.8 0.5 0.8 0.3
19 8.2 1.9 0.7 0.8 0.2
20 6.8 1.8 0.6 0.7 0.2
21 8.5 1.9 0.6 0.8 0.3
23 6.0 1.8 0.7 0.8 0.1
25 9.2 1.9 0.8 0.8 0.1
27 9.7 1.9 0.7 0.8 0.2
28 15.0 1.9 0.7 0.9 0.2
29 13.7 1.9 0.7 0.9 0.2
30 7.8 1.9 0.8 0.8 0.0
31 11.0 1.9 0.7 0.8 0.2
35 7.3 1.9 0.7 0.8 0.1
38 6.3 1.8 0.5 0.7 N.A.
40 7.8 1.9 0.6 0.8 0.2
41 8.7 1.9 0.7 0.8 0.1
42 8.7 1.9 0.8 0.9 0.1
47 6.8 1.9 0.7 0.8 0.1
50 5.7 1.9 0.9 0.8 -0.2
52 14.0 1.9 0.8 0.9 0.1
54 16.8 1.9 0.7 0.9 0.2
55 10.0 1.9 0.7 0.8 0.1
56 16.5 1.9 0.7 0.9 0.1
57 16.8 1.9 0.7 0.9 0.2
58 14.7 1.9 0.7 0.9 0.1
Average 9.5 1.9 0.7 0.8 0.1

N.A., not analyzed.

the ENA correction revealed the value 0.058 (0.031-
0.096), showing low population differentiation. Inter-
population Fgr values ranged from 0 to 0.289 (popula-
tions 2 and 35) (results not shown).

The Structure analysis yielded K = 2 as the opti-
mal number of groups. Individuals of populations 2—
6 in northwest Pannonia grouped together, while all
other populations were more or less strongly
admixed (Fig. 4). [Correction added on 5th August,
2016 after first online publication: In the preceding
sentence, the Pannonia’s region was wrongly identi-
fied as ‘northeast’ and has been corrected in this ver-
sion]. In accordance with Structure results, the
number of clusters simulated from posterior distribu-
tion by Geneland displayed a clear mode at K =2
[Ln P(D) = —10 730], clustering populations from
northwestern Pannonia (populations 2-6, populations

19-23) and a second group encompassing the remain-
der of populations (Fig. 5).

When comparing scenarios including different split
histories with diyABC we found highest probability
(0.5-0.9) for scenario 5 (Fig. 2). Probability for other
scenarios were the followings: s1 =0, s2 =0, s3 =0,
s4 = 0-0.1, s6 = 0.1-0.3. When constraining coales-
cent times on scenario 5, the highest probability
(pp = 1.0) is found for scenario 5a (Fig. 2) and alter-
native scenarios considering older times had negligi-
ble probabilities.

SPECIES DISTRIBUTION MODELLING

Species distribution models for the Triturus and
Bombina species groups are described by the follow-
ing logistic equations, in which P is the probability
that a particular spatial unit would be occupied by
T. dobrogicus (Pp) or by B. bombina (Pp):

Pr =(1/(1 + exp(4.284 « Altitude + 1.625 * Relief
+2.602))) and

Pp =(1/(1 + exp(4.900 = Altitude — 0.119 * Relief
+1.459))).

For a spatial representation of these models (see
Fig. 6). AUC values were 0.906 (P < 0.0001) for the
Triturus model and 0.937 (P < 0.0001) for the Bom-
bina model. Ignoring the parameter relief, the mod-
els correspond to a lowland/upland transition point
at 156 m above sea level (a.s.l.) in Triturus and at
269 m a.s.l. in Bombina. As suggested by this differ-
ence, the distribution of B. bombina in Central Eur-
ope and the northern Balkans is wider than that of
T. dobrogicus. Both models indicate the presence of
suitable habitat for congeneric species inside Pan-
nonia, at mountain ranges such as the Bakony
Mountains, the Northern Mountain Range, Mecsek
Mountains and Fruska Gora. The actual distribution
data indicate that these mountains are occupied by
B. variegata, and are unoccupied by (non-dobrogicus)
crested newts (Trécsanyi, Schéaffer & Korsds, 2007;
Gubanyi et al., 2010; Vukov et al., 2013).

DISCUSSION

A comprehensive investigation with molecular data
enabled us to test hypothesized locations of glacial
refugia of T. dobrogicus. Our findings indicate that
the phylogeographic pattern observed is more com-
plex than previously recognized. With our mitochon-
drial DNA data two haplogroups are identified, one
in the Pannonian Danube region and one along the
Tisza and Sava Rivers, while the Lower Danube
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Figure 4. Population structure of 313 7. dobrogicus individuals from 32 populations, based on the Bayesian clustering
of six microsatellites analyzed with Structure. Bar plots and pie charts represent the assignment probability at the level
of the individual and the population, respectively. For sampling details see Table 1. Newt drawing courtesy of Marton

Zsoldos.

seems to be admixed. The highest haplotype diver-
sity was found in the Danube Delta and along the
Sava River (around and after the confluence of
Danube-Sava-Tisza). Increased genetic variation
downstream of the confluence of headwaters in den-
dritic systems have been reported earlier (Selkoe,
Scribner & Galindo, 2015) and, moreover, a slightly
asymmetric (passive) migration induced by elevation
of the landscape, can have a marked influence on the
genetic structure of riverine organisms (Morrissey &
de Kerckhove, 2009).

Although we did not analyze samples from the two
isolated T. dobrogicus populations known from the
Black Sea coast north and south of the main Danube
Delta range of the species, considering the genetic
homogeneity all along the Middle and Lower Danube
sections and because of their proximity to the sampled
locations we presume them to be genetically sub-
merged into the Delta population. This theory is sup-
ported by another study which based on large scale
nuclear DNA data has shown that the Dnepr Delta

population is not separated genetically from the Lower
Danube (Wielstra, Voros & Arntzen, 2016).

The combined molecular genetic data suggest a
genetic split between populations in northwestern
Pannonia and the remainder of range. The diyABC
analyses indicates an additional split between south-
ern Pannonia and Danube Delta at a younger age
(Fig. 2, scenario 5a).

The molecular genetic data also suggest that
T. dobrogicus survived the LGM in two separate
refugia, positioned in northwestern Pannonia and in
Southern Pannonia from where the range pockets
expanded along the Danube and Tisza Rivers. Demo-
graphic expansion is confirmed by the mismatch dis-
tribution analysis and by Fu’s Fy and Tajima’s D
tests for the two mtDNA lineages (Upper-Middle
Danube and Sava-Tisza River). The highly signifi-
cant Fu’s F, value suggests that the population
group presently distributed along the Sava-Tisza-
Lower Danube regions might have experienced a
rapid growth from a small ancestral population.
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Figure 5. Maps of Geneland individual assignments to clusters for K = 2. The two plots represent the assignment to
each cluster: Northwest Pannonia (yellow) and South Pannonia and Dobrogea (blue) cluster. Black dots represent locali-
ties analysed in this study. The greatest probability of inclusion are indicated in dark blue and yellow and the level
curves illustrate the spatial changes in assignment values. (Original figures obtained with Geneland are attached as

Supporting Information, Fig. S2.)

The Balkan Peninsula and the Black Sea coast have
long been recognized as refugia for a wide variety of
animal and plant species during the Wiirm glaciation.
From these refugia the northern regions of Europe and
western Asia were recolonized following the retreat of
the ice sheets (Taberlet et al., 1998; Hewitt, 1999). For
riverine and lowland species the Danube River and the
Danube Basin are obvious routes along which north-
ward dispersal into Central Europe probably took place
(Varga, 1995). No potential refugium areas could be
resolved by modelling the range of T. dobrogicus spe-
cies at LGM conditions (Wielstra et al., 2013a: fig. 7.).
However in addition to long-recognized biogeographical
arguments, recent genetic data suggest the presence of
northerly refugia for some species, especially in the
Carpathian Mountains and within Pannonia (Babik
et al., 2005; Varga, 2010; Schmitt & Varga, 2012; Ruiz-
Gonzalez et al., 2013). This appears to apply to 7. do-
brogicus also. Being a highly aquatic organism, its per-
sistence in seemingly inhospitable regions extending
over glacial maxima may have been attributed to a
more stable aquatic microhabitat (Seifertova et al.,
2012; Parvulescu et al., 2013).

However, it seems that persistence of T. dobrogi-
cus in separate refugia and rapid population expan-
sions did not affect nuclear genetic diversity of newts
since the microsatellite loci yielded a large number

of alleles, a high level of polymorphism, and a high
overall genetic variability across the range of 7. do-
brogicus. A high level of nuclear genetic diversity
was also found with allozymes (Voros & Arntzen,
2010), and for seven microsatellite loci in the north-
ern part of the Pannonian Basin (Mikulicek,
Crnobrnja-Isailovic & Pialek, 2007). In contrast, Wal-
lis & Arntzen (1989) observed low diversity of mito-
chondrial DNA across the range of T. dobrogicus,
explaining the inferred high dispersal by the regular
flooding conditions of lowland rivers.

What caused population groups of T. dobrogicus to
become genetically differentiated over Northwest
Pannonia? As pointed out by Gabris & Mari (2007),
some 140 000 ybp the direction of flow of rivers in
this area changed from north to south, which sepa-
rated the North and Middle Danubian regions. With
the formation of Lake Balaton at the end of the
Pleistocene the rivers turned northwards again to
form ‘intra-valley drainage divides’ to the west and
the south of the lake (Simegi, Gulyas & Jakab,
2008). This scenario seems to hold for the stream-
dwelling gudgeons (Gobio spp.) (Takacs et al., 2014)
and may apply to 7. dobrogicus also.

The significant deficit of heterozygotes and positive
Fig values in some populations and loci may have
been caused by the presence of null alleles. While

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 119, 974-991



986 J. VOROS ET AL.

Latitude North
50

Probability of occurence
T dobrogicus

15 25 30 35

Longitude East
Latitude North

50

45

15 20 25 30 35
Longitude East

Figure 6. Maps showing the species distribution mod-
elling for (top panel) T. dobrogicus and (bottom panel)
B. bombina. Red areas show the target species distribu-
tions, blue areas represent the distribution of congeneric
parapatric species (A) T. carnifex, T. cristatus, T. ivanbu-
reschi and T. macedonicus and (B) B. variegata.

the presence of null alleles will affect population
genetic analyses that rely on Hardy—Weinberg expec-
tations, they have only a moderate effect on model-
based clustering and Bayesian assignment methods
such as Structure analyses (Carlsson, 2008).

SPECIES DISTRIBUTIONS AND COMPARISON WITH
BOMBINA

Modelling the present-day distribution of 7. dobrogi-
cus is based upon the essentially parapatric relation-
ship of this species with each of four neighbouring
congeners (Arntzen et al., 2014: fig. 1). Indeed, the
modelled outer range border of T. dobrogicus with
its congeners is sharp and without large areas of
sympatry (Fig. 6A). The parallel distribution pattern
of the newts and two Bombina species is striking
(Fig. 6B), with the fire-bellied toad B. bombina in
the lowlands (along with 7. dobrogicus) and the yel-
low-bellied toad B. variegata in the more mountain-
ous areas (along with the newts T. carnifex,
T. cristatus, T. ivanbureschi and T. macedonicus).
An important difference between the Bombina and
Triturus distribution models and their actual

distributions is the presence of Bombina variegata in
the isolated mountain ranges of the Pannonia, such
as the Bakony Mountains, the Northern Mountain
Range, Mecsek Mountains and Fruska Gora;
whereas — although predicted to occur there by the
distribution models — non-dobrogicus crested newts
are not known from these areas. This is surprising
as the modelled range of T. dobrogicus is smaller
than that of B. bombina (Fig. 6A, B), with predicted
enclaves larger for mountain Triturus than for
mountain Bombina. We suggest that the reason for
this biogeographical discrepancy lies in the different
positions of refugia at the LGM, and the subsequent
species dispersal histories.

As one of us pointed out (Arntzen, 1978), the pres-
ence of the Pannonian enclaves of B. variegata can-
not be explained by recent B. variegata dispersal, as
the species would have had to cross terrain that is
occupied by B. bombina, and, as suggested by field
observations, these are ecologically incompatible spe-
cies with mutually exclusive, parapatric ranges.
Moreover, B. bombina and B. variegata form a
hybrid zone of considerable length across Central
Europe, inside as well as outside Pannonia. Detailed
genetic studies have shown that this hybrid zone is
at its centre composed of a variety of hybrid classes
with few individuals of either parental species (Szy-
mura & Barton, 1986, 1991; Harrison, 1993; MacCal-
lum et al., 1998; Kruuk, Gilchrist & Barton, 1999;
Vines et al., 2003). Extensive interspecific hybridiza-
tion makes it unlikely that B. variegata would have
reached the Pannonian isolated mountains geneti-
cally uncompromised, yet no B. bombina-specific alle-
les are found in the enclaves (Gollmann, 1987;
Gollmann, Roth & Hodl, 1988).

A more probable scenario is the relatively recent
arrival of B. bombina in Pannonia that displaced
B. variegata from the low lying areas via competition
and hybridization (Arntzen, 1978; Voros et al., 2006).
While the concept of moving hybrid zones has been
supported by theoretical and empirical data (Barton
& Hewitt, 1985; Buggs, 2007), the presence of
enclaves as crucial support for moving hybrid zones,
is limited [e.g. Limnodynastes frogs in Australia (Lit-
tlejohn & Roberts, 1975) and Triturus newts in
France (Arntzen & Wallis, 1991), Portugal (Themudo
& Arntzen, 2007) and in the Balkans (Wielstra &
Arntzen, 2012)]. Following the moving hybrid zone
and enclave formation argument we suggest that
T. dobrogicus, with a refugium at the Sava region in
southern Pannonia, spread over the lowland portions
of the entire lowland prior to the post-glacial arrival
of any of its congeners, so that these could not reach
the isolated mountains of Pannonia. Conversely, in
Bombina the LGM refugium of the lowland species
(B. bombina) was at a considerable distance in the
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Black Sea coastal area (c. 600 km) (Fijarczyk et al.,
2011). Pannonia was reached by B. variegata first,
which colonized the area including the mountains,
and was replaced by B. bombina in the surrounding
lowlands.

CONCLUSIONS

Using mitochondrial and nuclear markers and apply-
ing distribution modelling we were able to recon-
struct the recent evolutionary history of the riverine
newt species Triturus dobrogicus. We identified two
main Pleistocene refugia: one in the northwestern
and another one in the southwestern regions of Pan-
nonia along the Danube and Sava rivers. The posi-
tion of refugia could explain the current
distributions of the lowland species but shed light
also on the dispersion history of now parapatric spe-
cies present in the neighboring mountains. The phy-
logeographical analyses suggested that newts could
use the central European rivers and their tributaries
as dispersal corridors to form their present-day dis-
tribution pattern, highlighting the potential role of
rivers as important geographical elements shaping
evolutionary history of amphibians.

ACKNOWLEDGEMENTS

We thank M. Aliczki, G. Babocsay, D. Cogalnic¢eanu,
Zs. Csaba, R. Dankovics, M. Garcia-Paris, B. Hal-
pern, M. Horvath, D. Jandzik, I. Kiss, J. B. Kiss, Z.
Korsos, E. Kovacs, T. Kovacs, A. Maté, O. Merkl, J.
Nédli, L. Somai, G. Szovényi, Zs. Torok, J. Vers, E.
Voros and L. Voros for tissue samples and assistance
in the field, M. Tuschek and G. Themudo for help in
the laboratory, A. Darvas for assistance in program-
ming, T. Németh for his help with the figures, A.
Baldi, I. Martinez-Solano, D. Buckley, and N. Cle-
mann for discussions and corrections and those
authors in the Sillero et al. (2014) publication that
provided additional precision to the Bombina distri-
bution data. Special thanks to B. Wielstra and four
anonymous reviewers for their valuable comments
on the manuscript. The Amphibian and Reptilian
Conservation Group of the MME Birdlife Hungary
provided significant 7. dobrogicus distribution data
from the Herpetofauna Mapping project. JV was sup-
ported by the project Faunagenezis of the National
Office for Research and Technology, Hungary (NKFP
3B-02304), the Hungarian Scientific Research Fund
(OTKA KB84071), and the Bolyai Janos Research
Scholarship of the Hungarian Academy of Sciences.
ER was supported by a DGAPA-UNAM postdoctoral
fellowship. A research permit was provided by the

Ministry of Environment and Water, Hungary

(KJHF-848/3/2005).

REFERENCES

Alexandrino J, Arntzen JW, Ferrand N. 2002. Nested
clade analysis and the genetic evidence for population
expansion in the phylogeography of the golden-striped sala-
mander, Chioglossa lusitanica (Amphibia: Urodela). Hered-
ity (Edinb) 88: 66-74.

Arntzen JW. 1978. Some hypotheses on postglacial migra-
tions of the fire-bellied toad Bombina bombina (Linnaeus)
and the yellow-bellied toad, Bombina variegata (Linnaeus).
Journal of Biogeography 5: 339-345.

Arntzen JW. 2003. Triturus cristatus Superspezies -
Kammolch-Artenkreis. In: Thiesmeier KGB, ed. Handbuch
der Reptilien und Amphibien Europas. Wiebelsheim: AULA-
Verlag. 421-51.

Arntzen JW, Wallis GP. 1991. Restricted gene flow in a
moving hybrid zone of the newts Triturus cristatus and
T. marmoratus in western France. Evolution 45: 805-826.

Arntzen JW, Bugter RJF, Cogilniceanu D, Wallis GP.
1997. The distribution and conservation status of the
Danube crested newt, Triturus dobrogicus. Amphibia Rep-
tilia 18: 133-142.

Arntzen JW, Themudo EG, Wielstra B. 2007. The phy-
logeny of crested newts (Triturus cristatus superspecies):
nuclear and mitochondrial genetic characters suggest a
hard polytomy, in line with the paleogeography of the cen-
tre of origin. Contributions to Zoology 76: 261-278.

Arntzen JW, Wielstra B, Wallis GP. 2014. The modality of
nine Triturus newt hybrid zones assessed with nuclear,
mitochondrial and morphological data. Biological Journal
of the Linnean Society 113: 604-622.

Arntzen JW, Beukema W, Galis F, Ivanovic A. 2015. Ver-
tebral number is highly evolvable in salamanders and
newts (family Salamandridae) and variably associated with
climatic parameters. Contributions to Zoology 84: 85-113.

Babik W, Branicki W, Crnobrnja-Isailovi¢ J, Cogilni-
ceanu D, Sas I, Olgun K, Poyarkov NA, Garcia-Paris
M, Arntzen JW. 2005. Phylogeography of two European
newt species — discordance between mtDNA and morphol-
ogy. Molecular Ecology 14: 2475-2491.

Barton NH, Hewitt GM. 1985. Analysis of hybrid zones.
Annual Review of Ecology and Systematics 16: 113-148.

Brandley MC, Guiher TJ, Pyron RA, Winne CT, Bur-
brink FT. 2010. Does dispersal across an aquatic geo-
graphic barrier obscure phylogeographic structure in the
diamond-backed watersnake (Nerodia rhombifer)? Molecu-
lar Phylogenetics and Evolution 57: 552-560.

Buggs RJA. 2007. Empirical study of hybrid zone move-
ment. Heredity 99: 301-312.

Carlsson J. 2008. Effects of microsatellite null alleles on
assignment testing. Journal of Heredity 99: 616-623.

Carstens BC, Degenhardt JD, Stevenson AL, Sullivan
J. 2005. Accounting for coalescent stochasticity in testing
phylogeographical hypotheses: modelling Pleistocene

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 119, 974-991



988 J. VOROS ET AL.

population structure in the Idaho giant salamander
Dicamptodon aterrimus. Molecular Ecology 14: 255-265.

Chapuis MP, Estoup A. 2007. Microsatellite null alleles
and estimation of population differentiation. Molecular
Biology and Evolution 24: 621-631.

Cheng L, Connor TR, Siren J, Aanensen DM, Corander
J. 2013. Hierarchical and spatially explicit clustering of
DNA sequences with BAPS software. Molecular Biology
and Evolution 30: 1224-1228.

Corander J, Siren J, Arjas E. 2008. Bayesian spatial mod-
eling of genetic population structure. Computational Statis-
tics 23: 111-129.

Cornuet JM, Santos F, Beaumont MA, Robert CP,
Marin JM, Balding DJ, Guillemaud T, Estoup A. 2008.
Inferring population history with diy abc: a user-friendly
approach to approximate bayesian computation. Bioinfor-
matics 24: 2713-2719.

Crottini A, Andreone F, Kosuch J, Borkin LJ, Lit-
vinchuk SN, Eggert C, Veith M. 2007. Fossorial but
widespread: the phylogeography of the common spadefoot
toad (Pelobates fuscus), and the role of the Po Valley as a
major source of genetic variability. Molecular Ecology 16:
2734-2754.

Drummond AdJ, Suchard MA, Xie D, Rambaut A. 2012.
Bayesian phylogenetics with BEAUti and the BEAST 1.7.
Molecular Biology and Evolution 29: 1969-1973.

Englbrecht CC, Freyhof J, Nolte A, Rassmann K, Sch-
liewen U, Tautz D. 2000. Phylogeography of the bullhead
Cottus gobio (Pisces: Teleostei: Cottidae) suggests a pre-
Pleistocene origin of the major central European popula-
tions. Molecular Ecology 9: 709-722.

Eriksson J, Hohmann G, Boesch C, Vigilant L. 2004.
Rivers influence the population genetic structure of bonobos
(Pan paniscus). Molecular Ecology 13: 3425-3435.

Evanno G, 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, Lischer HEL. 2010. Arlequin suite ver 3.5: a
new series of programs to perform population genetics anal-
yses under Linux and Windows. Molecular Ecology
Resources 10: 564-5617.

Fijarczyk A, Nadachowska K, Hofman S, Litvinchuk
SN, Babik W, Stuglik M, Gollmann G, Choleva L,
Cogillniceanu D, Vukov T, Dzuki¢ G, Szymura JM.
2011. Nuclear and mitochondrial phylogeography of the
European fire-bellied toads Bombina bombina and Bombina
variegata supports their independent histories. Molecular
Ecology 20: 3381-3398.

French N, Yu S, Biggs P, Holland B, Fearnhead P, Bin-
ney B, Fox A, Grove-White D, Leigh JW, Miller W,
Muellner P, Carter P. 2014. Evolution of Campylobacter
species in New Zealand. In: Sheppard SK, Méric G, eds.
Campylobacter ecology and evolution. Norfolk, UK: Caister
Academic Press, 221-240.

Fritz U, Cadi A, Cheylan M, Coic C, Détaint M, Olivier
A, Rosecchi E, Guicking D, Lenk P, Joger U, Wink M.
2005. Distribution of mtDNA haplotypes (cyt b) of Emys

orbicularis in France and implications for postglacial recolo-
nization. Amphibia Reptilia 26: 231-238.

Fu YX. 1997. Statistical tests of neutrality of mutations
against population growth, hitchhiking and background
selection. Genetics 147: 915-925.

Gabris G, Mari L. 2007. The Pleistocene beheading of the
Zala River (West Hungary). Foldrajzi Ertesitd 56: 39-50.

Garcia-Paris M, Jockusch EL. 1999. A mitochondrial DNA
perspective on the evolution of Iberian Discoglossus
(Amphibia: Anura). Journal of Zoology 248: 209-218.

Ghergehel I, Iftime A. 2009. On the presence of the
Danube crested newt, Triturus dobrogicus, at Durankulak
Lake, Bulgaria. North-Western Journal of Zoology 5: 209—
213.

Gollmann G. 1987. Bombina bombina and Bombina varie-
gata in the Matra mountains: new data on distribution and
hybridization. Amphibia Reptilia 8: 213-224.

Gollmann G, Roth P, Hodl W. 1988. Hybridization between
the fire-bellied toads Bombina bombina and Bombina varie-
gata in the Karst Regions of Slovakia and Hungary — mor-
phological and allozyme evidence. Journal of Evolutionary
Biology 1: 3-14.

Goudet J. 2001. FSTAT, a program to estimate and test gene
diversities and fixation indices (version 2.9.3). Available at:
http://www2.unil.ch/popgen/softwares/fstat.htm

Gubanyi A, Voros J, Kiss I, Babocsay G, Dankovics R,
Kovacs T, Molnar P, Somlai T. 2010. Contribution to
knowledge of the distribution of Italian Crested Newt (Trit-
urus carnifex), Danube Crested Newt (Triturus dobrogicus)
and European Fire-bellied Toad (Bombina bombina) in
Hungary. Allattani Kozlemenyek 95: 253-279.

Guillot G, Mortier F, Estoup A. 2005. Geneland: a com-
puter package for landscape genetics. Molecular Ecology
Notes 5: 712-715.

Guisan A, Zimmermann NE. 2000. Predictive habitat dis-
tribution models in ecology. Ecological Modelling 135: 147—
186.

Hall TA. 1999. BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/
NT. Nucleic Acids Symposium Series 41: 95-98.

Harpending HC. 1994. Signature of ancient population
growth in a low-resolution mitochondrial DNA mismatch
distribution. Human Biology 66: 591-600.

Harrison RG. 1993. Hybrids and hybrid zones: historical
perspective. In: Harrison RG, ed. Hybrid zones and the
evolutionary process. Oxford, NY: Oxford University Press,
3-12.

Hewitt GM. 1999. Post-glacial re-colonization of European
biota. Biological Journal of the Linnean Society 68: 87-112.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis
A. 2005. Very high resolution interpolated climate surfaces
for global land areas. International Journal of Climatology
25: 1965-1978.

ILWIS. 2008. ILWIS - Integrated land and water information
system. Remote sensing and GIS software. Enschede, the
Netherlands: ITC.

Jones MT, Voss SR, Ptacek MB, Weisrock DW, Tonkyn
DW. 2006. River drainages and phylogeography: an

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 119, 974-991


http://www2.unil.ch/popgen/softwares/fstat.htm

PHYLOGEOGRAPHY OF THE DANUBE CRESTED NEWT 989

evolutionary significant lineage of shovel-nosed salamander
(Desmognathus marmoratus) in the southern Appalachians.
Molecular Phylogenetics and Evolution 38: 280-287.

Krupa AP, Jehle R, Dawson DA, Gentle LK, Gibbs M,
Arntzen JW, Burke T. 2002. Microsatellite loci in the
crested newt (Triturus cristatus) and their utility in other
newt taxa. Conservation Genetics 3: 87-89.

Kruuk LEB, Gilchrist JS, Barton NH. 1999. Hybrid dys-
function in fire-bellied toads (Bombina). Evolution 53:
1611-1616.

Lanfear R, Calcott B, Ho SYW, Guindon S. 2012. Parti-
tionFinder: combined selection of partitioning schemes and
substitution models for phylogenetic analyses. Molecular
Biology and Evolution 29: 1695-1701.

Littlejohn MdJ, Roberts JD. 1975. Acoustic analysis of an
intergrade zone between two call races of the Limnody-
nastes tasmaniensis complex (Anura: Leptodactylidae) in
south-eastern Australia. Australian Journal of Zoology 23:
113-122.

Litvinchuk SN. 2005. A record of the Danube newt, Tritu-
rus dobrogicus, from the Dnepr River delta (Ukraine). Rus-
sian Journal of Herpetology 12: 69-72.

Lyttle DA, Poff NL. 2004. Adaptation to natural flow
regimes. Trends in Ecology and Evolution 12: 94-100.

MacCallum CJ, Nurnberger B, Barton NH, Szymura
JM. 1998. Habitat preference in the Bombina hybrid zone
in Croatia. Evolution 52: 227-239.

Marjoram P, Donnelly P. 1994. Pairwise comparisons of
mitochondrial DNA sequences in subdivided populations
and implications for early human evolution. Genetics 136:
673-683.

Martinez-Solano I, Gonc¢alves HA, Arntzen JW, Garcia-
Paris M. 2004. Phylogenetic relationships and biogeogra-
phy of midwife toads (Discoglossidae: Alytes). Journal of
Biogeography 31: 603-618.

Mikulicek P, Crnobrnja-Isailovic J, Pialek J. 2007. Can
microsatellite markers resolve phylogenetic relationships
between closely related crested newt species (Triturus
cristatus superspecies)? Amphibia Reptilia 28: 467-474.

Morrissey MB, de Kerckhove DT. 2009. The maintenance
of genetic variation due to asymmetric gene flow in den-
dritic metapopulations. American Naturalist 174: 875-889.

Nagy ZT, Bellaagh M, Wink M, Paunovi¢ A, Korsos Z.
2010. Phylogeography of the Caspian whipsnake in Europe
with emphasis on the westernmost populations. Amphibia
Reptilia 31: 455-461.

Pabijan M, Wandycz A, Hofman S, Wecek K, Piwc-
zynski M, Szymura JM. 2013. Complete mitochondrial
genomes resolve phylogenetic relationships within Bombina
(Anura: Bombinatoridae). Molecular Phylogenetics and Evo-
lution 69: 63-74.

Parvulescu L, Zaharia C, Satmari A, Dragut L. 2013. Is
the distribution pattern of the stone crayfish in the
Carpathians related to karstic refugia from Pleistocene
glaciations? Freshwater Science 32: 1410-1419.

Peakall ROD, Smouse PE. 2006. Genalex 6: genetic analy-
sis in Excel. Population genetic software for teaching and
research. Molecular Ecology Notes 6: 288-295.

Pemberton JM, Slate J, Bancroft DR, Barrett JA. 1995.
Nonamplifying alleles at microsatellite loci: a caution for
parentage and population studies. Molecular Ecology 4:
249-252.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference
of population structure using multilocus genotype data.
Genetics 155: 945-959.

Rambaut A, Suchard MA, Xie D, Drummond AJ. 2014.
Tracer v1.6. Available at: http://beast.bio.ed.ac.uk/Tracer

Raymond M, Rousset F. 1995. GENEPOP (version 1.2):
population genetics software for exact tests and ecumeni-
cism. Journal of Heredity 86: 248-249.

Robinson CT, Tockner K, Ward JV. 2002. The fauna of
dynamic riverine landscapes. Freshwater Biology 47: 661-
6717.

Rozas J, Rozas R. 1999. DnaSP version 3: an integrated
program for molecular population genetics and molecular
evolution analysis. Bioinformatics 15: 174-175.

Ruiz-Gonzalez A, Madeira MdJ, Randi E, Abramov AV,
Davoli F, Gomez-Moliner BJ. 2013. Phylogeography of
the forest-dwelling European pine marten (Martes martes):
new insights into cryptic northern glacial refugia. Biologi-
cal Journal of the Linnean Society 109: 1-18.

Schmitt T, Varga Z. 2012. Extra-Mediterranean refugia:
the rule and not the exception? Frontiers in Zoology 9: 22.
Seifertova M, Bryja J, Vyskoc¢ilova M, Martinkova N,
Simkova A. 2012. Multiple Pleistocene refugia and post-
glacial colonization in the European chub (Squalius cepha-
lus) revealed by combined use of nuclear and mitochondrial

markers. Journal of Biogeography 39: 1024-1040.

Selkoe KA, Scribner KT, Galindo HM. 2015. Waterscape
genetics — applications of landscape genetics to rivers,
lakes, and seas. In: Balkenhol N, Cushman SA, Storfer AT,
Waits LP, eds. Landscape genetics: concepts, methods,
applications. Chichester: John Wiley & Sons Ltd., 220-246.

Sillero N, Campos J, Bonardi A, Corti C, Creemers R,
Crochet PA, Isailovic JC, Denoel M, Ficetola GF, Gon-
calves J, Kuzmin S, Lymberakis P, de Pous P, Rodri-
guez A, Sindaco R, Speybroeck J, Toxopeus B, Vieites
DR, Vences M. 2014. Updated distribution and biogeogra-
phy of amphibians and reptiles of Europe. Amphibia Reptil-
ia 35: 1-31.

Sumegi P, Gulyas S, Jakab G. 2008. Holocene paleocli-
matic and paleohydrological changes in Lake Balaton as
inferred from a complex quantitative environmental histori-
cal study of a lacustrine sequence of the Szigliget embay-
ment. Documentha Praehistorica 35: 33-43.

Szymura JM, Barton NH. 1986. Genetic Analysis of a
Hybrid Zone between the Fire-Bellied Toads, Bombina bom-
bina and Bombina variegata, near Cracow in Southern
Poland. Evolution 40: 1141-1159.

Szymura JM, Barton NH. 1991. The Genetic Structure of
the Hybrid Zone between the Fire-Bellied Toads Bombina
bombina and B. variegata — Comparisons between Tran-
sects and between Loci. Evolution 45: 237-261.

Taberlet P, Fumagalli L, Wust-Saucy AG, Cosson JF.
1998. Comparative phylogeography and postglacial colo-
nization routes in Europe. Molecular Ecology 7: 453-464.

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 119, 974-991


http://beast.bio.ed.ac.uk/Tracer

990 J. VOROS ET AL.

Tajima F. 1989. The effect of change in population size on
DNA polymorphism. Genetics 123: 597-601.

Takacs P, Bihari P, Erés T, Specziar A, Szivak I, Biro
P, Csoma E. 2014. Genetic heterogeneity reveals on-going
speciation and cryptic taxonomic diversity of stream-dwell-
ing gudgeons (Teleostei, Cyprinidae) in the middle danu-
bian hydrosystem (Hungary). PLoS ONE 9: 1-14.

Themudo GE, Arntzen JW. 2007. Newts under siege: range
expansion of Triturus pygmaeus isolates populations of its
sister species. Diversity and Distributions 13: 580-586.

Troécsanyi B, Schaffer D, Korsos Z. 2007. A review of the
amphibian and reptile fauna of Mecsek Mountains, with
new herpetofaunistic data (SW Hungary). Acta Naturalia
Pannonica 2: 189-206.

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley
P. 2004. MICRO-CHECKER: software for identifying and
correcting genotyping errors in microsatellite data. Molecu-
lar Ecology Notes 4: 535-538.

Varga Z. 1995. Geographic patterns of biological diversity in
the Palearctic region and the Carpathian Basin. Acta Zoo-
logica Academiae Scientiarum Hungaricae 41: 71-92.

Varga Z. 2010. Extra-mediterranean refugia, post-glacial
vegetation history and area dynamics in eastern central
Europe. In: Habel JC, Assmann T, eds. Relict species: phy-
logeography and conservation biology. Berlin: Springer-
Verlag, 57-87.

Vernesi C, Hoban SM, Pecchioli E, Crestanello B, Ber-
torelle G, Rosa R, Hauffe HC. 2015. Ecology, environ-
ment and evolutionary history influence genetic structure
in five mammal species from the Italian Alps. Biological
Journal of the Linnean Society 117: 428-446.

Vines TH, Kohler SC, Thiel M, Ghira I, Sands TR,
MacCallum CdJ, Barton NH, Nurnberger B. 2003. The
maintenance of reproductive isolation in a mosaic hybrid
zone between the fire-bellied toads Bombina bombina and
B. variegata. Evolution 57: 1876-1888.

Voros J, Arntzen JW. 2010. Weak population structuring
in the Danube crested newt, Triturus dobrogicus, inferred
from allozymes. Amphibia Reptilia 31: 339-346.

Voros J, Major A. 2007. Phylogeography and species compo-
sition of the two Bombina species and the Triturus cristatus
species complex in the Carpathian Basin. In: Forré L, ed.
The origin of the fauna of the Carpathian Basin. Hungarian
Natural History Museum: Budapest, 269-282.

Voros J, Alcobendas M, Martinez-Solano M, Garcia-
Paris M. 2006. Evolution of Bombina bombina and Bom-
bina variegata (Anura: Discoglossidae) in the Carpathian
Basin: a history of repeated mt-DNA introgression across

species. Molecular Phylogenetics and Evolution 38: 705-
718.

Voros J, Mikulicek P, Major A, Recuero E, Arntzen JW.
2016. Data from: Phylogeographic analysis reveals north-
erly refugia for the riverine amphibian Triturus dobrogicus
(Caudata: Salamandridae). Dryad Digital Repository.
doi:10.5061/dryad.n6g99.

Vukov T, Kalezi¢ ML, Tomovi¢ L, Krizmanic¢ I, Jovi¢ D,
Labus N, Dzuki¢ G. 2013. Amphibians in Serbia — distri-
bution and diversity patterns. Bulletin of the Natural His-
tory Museum 6: 90-112.

Wallis GP, Arntzen JW. 1989. Mitochondrial-DNA varia-
tion in the crested newt superspecies: limited cytoplasmic
gene flow among species. Evolution 43: 88-104.

Weir BS, Cockerham CC. 1984. Estimating F-statistics for
the analysis of population-structure. Evolution 38: 1358-
1370.

Wielstra B, Arntzen JW. 2012. Postglacial species displace-
ment in Triturus newts deduced from asymmetrically intro-
gressed mitochondrial DNA and ecological niche models.
BMC Evolutionary Biology 12: 161.

Wielstra B, Crnobrnja-Isailovic J, Litvinchuk SN, Reij-
nen BT, Skidmore AK, Sotiropoulos K, Toxopeus AG,
Tzankov N, Vukov T, Arntzen JW. 2013a. Tracing gla-
cial refugia of Triturus newts based on mitochondrial DNA
phylogeography and species distribution modeling. Fron-
tiers in Zoology 10: 13.

Wielstra B, Litvinchuk SN, Naumov B, Tzankov N,
Arntzen JW. 2013b. A revised taxonomy of crested newts
in the Triturus karelinii group (Amphibia: Caudata: Sala-
mandridae), with the description of a new species. Zootaxa
3682: 441-453.

Wielstra B, Sillero N, Voros J, Arntzen JW. 2014. The
distribution of the crested and marbled newt species
(Amphibia: Salamandridae: Triturus) — an addition to the
New Atlas of Amphibians and Reptiles of Europe. Amphibia
Reptilia 35: 376-381.

Wielstra B, Babik W, Arntzen JW. 2015. The crested newt
Triturus cristatus recolonized temperate Eurasia from an
extra-Mediterranean glacial refugium. Biological Journal of
the Linnean Society 114: 574-587.

Wielstra B, Voros J, Arntzen JW. 2016. Is the Danube
crested newt Triturus dobrogicus polytypic? A review
and new nuclear DNA data. Amphibia Reptilia 37: 167-177.

Wiens JJ, Sparreboom M, Arntzen JW. 2011. Crest evolu-
tion in newts: implications for reconstruction methods, sex-
ual selection, phenotypic plasticity and the origin of
novelties. Journal of Evolutionary Biology 24: 2073-2086.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the supporting information tab for this article:

Figure S1. Bayesian Maximum Clade Credibility phylogram for T. dobrogicus mtDNA haplotypes. The blue
bars at the nodes refer to the 95% HPD range for estimated divergence times. The bottom scale represents

time in millions of years (Myr).
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Figure S2. Original figures obtained by Geneland showing assignments to clusters for K = 2. Black dots
represent localities analysed in this study.
Table S1. Pairwise LD values estimated between the six loci.

SHARED DATA
Data available from the Dryad Digital Repository: doi:10.5061/dryad.n6g99 (Judit Voros et al., 2016)
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