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Abstract

Species with wide-range distributions usually display high genetic variation. This
variation can be partly explained by historical lineages that were temporally isolated
from each other and are back into secondary reproductive contact, and partly by
local adaptations. The smooth newt (Lissotriton vulgaris) is one of the most widely
distributed amphibians species across Eurasia and forms a species complex with a par-
tially overlapping distribution and morphology. In the present study, we explored the
population genomic structure of smooth newt lineages in the Carpathian Basin (CB)
relying on single-nucleotide polymorphisms. Our dataset included new and previously
published data to study the secondary contact zone between lineages in the CB and
also tested for the barrier effect of rivers to gene flow between these lineages. We
confirmed the presence of the South L.v.vulgaris Lineage distributed in Transdanubia
and we provided new distribution records of L.v.ampelensis inhabiting the eastern ter-
ritories of the CB. High genetic diversity of smooth newts was observed, especially in
the North Hungarian Mountains and at the interfluves of the main rivers in the South
with four distinct lineages of L.v.vulgaris and one lineage of L.v.ampelensis showing a
low level of admixture with the spatially closest L. v. vulgaris lineage. Moreover, admix-
ture detected at the interfluve of the main rivers (i.e. Danube and Tisza) suggested a
secondary contact zone in the area. Finally, we found that the river Danube has a very
weak effect on population divergence, while the river Tisza is a geographical barrier
limiting gene flow between smooth newt lineages. As the range boundaries of L. v. vul-
garis and L.v.ampelensis in the CB coincide with the river Tisza, our study underpins

the influence of rivers in lineage diversification.
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1 | INTRODUCTION

Generally, species distributions are relatively close to equilibrium
with the present climate; however, animals with varying dispersal
abilities suggests some degree of discrepancy from that equilib-
rium (Aratjo & Pearson, 2005). In Europe, the current distributions
of the herpetofauna are determined more by their proximity to the
three major glacial refugial areas, that is, the Iberian, Appenin and
Balkan peninsulas (Hewitt, 2004; Taberlet et al., 1998), than by
present climate gradients (Aradjo & Pearson, 2005). Europe's her-
petofauna is considered well-explored (Speybroeck et al., 2020).
Nevertheless, with the advance of molecular research, coupled
with the application of genomic technologies, substantial cryp-
tic diversity has been unveiled—particularly evident in the three
above mentioned regions (Velo-Antén et al., 2023). Multiple lines
of fossil evidence suggested that the three major refugial areas
must have been complemented with several extra-Mediterranean
refugia, for example, in Central Europe including the Carpathian
Basin (CB) and the Dordogne in south-western France
(Sommer & Benecke, 2005; Sommer & Nadachowski, 2006).
Furthermore, increasing evidence confirms that the European
southern and eastern refugia were supplemented by multiple
cryptic refugia in northern Europe during the Late Pleistocene
(Rowe et al., 2006; Stewart & Lister, 2001; Tzedakis et al., 2013).
The discovery of these cryptic refugia entailed growing interest
and extensive research of Central European fauna leading to the
detection of unexpected cryptic diversity, particularly along the
southern borders with the Balkan Peninsula (Varga, 2019).

The CB is a complex transitional zoogeographic and climatic area
between the Carpathian Mountains and the western Alpine do-
main. Due to its unique geographical characteristics, microclimate
and hydrological conditions, the CB provided extra-Mediterranean
glacial refugia for many temperate species during the cold periods
of the last glaciation (Schmitt, 2007; Schmitt & Varga, 2012; Som-
mer & Nadachowski, 2006; Varga, 2010; Vo6ros et al., 2021). In the
case of amphibians, cryptic diversity and the evidence of Central
European refugia were supported by inferences based on genetic
data from Bombina toads (Fijarczyk et al., 2011; Hofman et al., 2007,
Spolsky et al., 2006; Vo6ros et al., 2006), the moor frog, Rana arvalis
(Babik et al., 2004), the Triturus newts (Vords et al., 2016; Wielstra
et al., 2013), the Carpathian newt, Lissotriton montandoni (Wielstra
et al., 2017), and alpine newts (Robbemont et al., 2023).

The smooth newt, L.vulgaris, sensu lato has a parapatric distri-
bution with a large range across Eurasia (Arntzen, Kuzmin, Beebee,
et al., 2009). At the intraspecific level, L.vulgaris is differentiated
into at least seven subspecies and forms a speciation continuum of
evolutionary lineages with partially overlapping geographical ranges
and morphology (Raxworthy, 1990). The northern part of this distri-
bution is inhabited by the wide-ranging L. v. vulgaris subspecies which
was recently separated, using multilocus data, into North L. v. vulgaris
Lineage and South L.v.vulgaris Lineage (Pabijan et al., 2017). The
morphologically well-characterized L.v.graecus inhabits the south-
ern Balkan Peninsula, L.v. kossingwi is restricted to a small area along

the Black Sea coast east of Istanbul, L.v.schmidtlerorum dominating
western Anatolia and the coast of the Marmara Sea, while L. v.lantzi
is limited to the northern Caucasus and parts of Transcaucasia.
Recently, the aforementioned four southern subspecies were ele-
vated up to the species level, that is, L.graecus, L.kosswigi, L.lantzi
and L.schmidtleri according to Pabijan et al. (2017). Furthermore, the
Apennine Peninsula and adjacent territories are inhabited by L.v. me-
ridionalis, and ultimately L.v.ampelensis has a broader distribution
in Transylvania reaching the Carpathians and the Harghita Upland
on the east but its presence has never been confirmed in the east-
ern part of the CB. For the visual presentation of the distribution of
the morphological species and subspecies see Figure 1 in Pabijan
et al. (2017). The parapatric distribution of Central European lin-
eages supports a relatively high level of gene flow among them. The
genetic cluster of L.v.ampelensis contains two distinct morphological
forms and extensive genetic exchange with the North L.v.vulgaris
Lineage and L. montandoni was confirmed (Pabijan et al., 2017; Ziel-
inski et al., 2016, 2019). Gene flow between the South L.v.vulgaris
Lineage and the neighbouring geographical lineage of L.v.ampelen-
sis, and between the North L.v.vulgaris Lineage and L.v.meridionalis
was also detected (Pabijan et al., 2017). In this study, we focus on the
fine-scale distribution and population structure of two evolution-
ary lineages, the South L.v.vulgaris Lineage and the L.v.ampelensis
of smooth newts in the CB, where we suspect a secondary contact
zone between them (Pabijan et al., 2017).

Landscape features are crucial determinants of population struc-
turing because they may shape the dispersal of species, influencing
gene flow leading to a divergence between their populations, and
ultimately driving speciation events (Manel et al., 2003). Rivers can
act as boundaries for terrestrial (Figueiredo-Vazquez et al., 2021,
Moraes et al., 2016; Vorés et al., 2006; Wang et al., 2015) and semi-
aquatic amphibians (Figueiredo-Vazquez et al., 2021), and as disper-
sal corridors for fully aquatic species (Burbrink et al., 1998; Vorés
etal., 2016).

The Balkan Peninsula was proposed as the primary source of ge-
netic diversity of the L.vulgaris complex and served as a refugium
for consequent recolonization of central and northern Europe during
the last glacial period (Babik et al., 2005; Pabijan et al., 2015). None-
theless, the existence of multiple, spatially distinct refugia was sug-
gested north and east of the Balkans, which may have conserved
some fraction of the Pleistocene genetic diversity of smooth newts
(Babik et al., 2005). For instance, the distribution of mitochondrial
DNA (mtDNA) clades in L.vulgaris and L. montandoni, and gene flow
between the South L.v.vulgaris Lineage and L.kosswigi suggests
that the CB and Turkey were probably among these refugia (Babik
et al., 2005; Nadachowska & Babik, 2009). It was presumed that the
secondary contact between the evolutionary lineages of smooth
newts is situated in the eastern part of the CB (Pabijan et al., 2017).
Therefore, we use population genomics to (i) investigate the current
distribution and population structure of L. vulgaris lineages in the CB,
(i) explore the putative contact zone between the South L. v.vulgaris
Lineage and L.v.ampelensis in the eastern part of CB and (iii) deter-
mine the effect of the geographical boundaries (i.e. the river Danube
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FIGURE 1 Sampling of Lissotriton vulgaris vulgaris and L.v.ampelensis in the Carpathian Basin. White dots represent localities sampled for

this study, while black dots represent localities added from Wielstra et al. (2018). Serbian samples originated from the Institute for Biological
Research ‘Sinisa Stankovi¢’ University of Belgrade (DZuki¢ et al., 2015). Locality IDs correspond with Population IDs in Table S1. Sample size

is indicated in Table S1. The top left insert shows the location of the study area within Europe (black frame) and the distribution of L. vulgaris
in Europe (dark grey shading; modified from AmphibiaWeb, 2021). Drawings of L.v.vulgaris male and female, courtesy of Marton Zsoldos.

and the river Tisza) potentially shaping the population structure of
smooth newts in the study area.

2 | MATERIALS AND METHODS

2.1 | Sample collection, DNA extraction and SNP
library preparation

In total, 98 L. vulgaris tail clips from 17 localities (each locality repre-
sents one distinct population) were collected in Hungary during the
spring of 2020 (Table S1, Figure 1). Additionally, 41 DNA sequences
from 41 localities (each locality represents a distinct population)
previously published by Wielstra et al. (2018) complemented our
dataset to get a fine-scale coverage of the contact zone between
the South L.v.vulgaris Lineage and L.v.ampelensis in the CB (Table S1,
Figure 1). In the following, we use the term population to refer both
individuals (in case of additional samples) and localities (in case of
fresh sampling) because in this case, they are identical. DNA from

tail clip tissues was extracted with the Wizard Genomic DNA Puri-
fication Kit according to the manufacturer's instructions (Promega).
Fragments of 1233 genes were amplified using Molecular Inversion
Probes (MIPs) following the protocol from Niedzicka et al. (2016).
MIPs are single-stranded DNA molecules containing on their ends
sequences complementary to two regions flanking the target (i.e. the
arms), which is around 100 bp. The description of the MIP is detailed
in Zielinski et al. (2019). MIPs were pooled equimolarly and hybrid-
ized to the genomic DNA. Following the gap-filling and the ligation,
resulting circular DNA molecules were used as template for the PCR.
After sequencing in an lllumina MiSeq platform and considering that
the same laboratory protocol was used to develop both datasets
(i.e. our dataset and data of Wielstra et al., 2018), both sequenc-
ing data were joint. Then, all fragments were mapped to references
(Zielinski et al., 2019) and the arms were trimmed. Single-nucleotide
polymorphism (SNP) calling was performed with UnifiedGenotyper
of GATK 3.6 (DePristo et al., 2011; McKenna et al., 2010). Individual
genotypes with sequencing depth <8 and genotype quality below 20
were treated as missing. Only biallelic SNPs with <50% of missing
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data and minor allele frequency 22% were used in the downstream
analyses. Furthermore, three samples (LvP72, LvP06 and LvP98)
were discarded from the analysis due to an excess of missing data,
thus further analyses were conducted with 136 individuals from 58
populations in total.

2.2 | Population structure

Principal component analysis (PCA) was performed in Plink 1.9
(Chang et al., 2015) to investigate the structure of the genetic vari-
ation of the data. In addition, ADMIXTURE software (Alexander
et al., 2009) was applied to estimate the genetic ancestry of each
sample. ADMIXTURE's cross-validation procedure (Alexander &
Lange, 2011) was performed to distinguish between the number of
ancestral populations in the dataset. This method also provided the
estimates of pairwise F between ancestral populations. The mean
value of the genetic ancestry per population was used to construct
pie charts. All maps were created in QGIS 3.16 (QGIS, 2021). Ex-
pected heterozygosity (HE) was computed in Arlequin 3.5 (Excoffier
& Lischer, 2010). We visualized the geographical distribution of HE
using heatmap render implemented in QGIS. We performed this
analysis both with the whole dataset and with a single SNP per ran-
dom locus and the outcome was similar (99% correlation between
the two analyses), therefore we kept a heatmap showing the distri-
bution of HE for the whole dataset. The layer with water bodies was
downloaded from the European Environment Agency (www.eea.
europa.eu/data-and-maps/data/wise-large-rivers-and-large-lakes).
Finally, an unrooted phylogenetic tree was reconstructed based on
the genetic distance matrix (F ) and neighbour-joining method im-
plemented in MEGA software (Tamura et al., 2021) to visualize the

relationships among lineages.

2.3 | Testing the effect of rivers as barriers to
gene flow

To explore whether the data showed signs of a barrier to gene flow
posed by the Danube and Tisza rivers, we first visualized the rela-
tionship between F_, and geographical distance in relation to the side
of the Danube and the Tisza, by using pairwise geographical and F_,
distances. We then coloured the pairwise comparisons between
populations on the same or different sides of the Danube and Tisza
(Figure 6), following Bradburd et al. (2013).

To further understand the effect of the rivers on genetic dis-
tance between L.vulgaris populations, we performed a Bayesian Es-
timation of Differentiation in Alleles by Spatial Structure and Local
Ecology (i.e. BEDASSLE) analysis with the ‘BEDASSLE’ package in R
(Bradburd et al., 2013). BEDASSLE can be used to fit effect sizes for
each environmental predictor (i.e. the Danube and Tisza rivers) and
geographical distance, based on the matrices of dissimilarity for ge-
ography and ecology, genetic data (in our case a random selection of
one SNP per MIP fragment to ensure independence between SNPs)

and sample sizes. The BEDASSLE model assumes that populations
are at migration-drift equilibrium such that the allele presence/ab-
sence can be modelled based on the geographical distance between
populations (Bradburd et al., 2013). Geographical distance was nor-
malized. We ran BEDASSLE with the beta-binomial mode, which pre-
vents outlier populations from having an inappropriate influence on
the effect size estimates of the predictor variables, adapting a script
available from GitHub (Grieneisen et al., 2019). The final model was
run with two million generations, samples recorded every 1000 gen-
erations, and a 200 sample burn-in was removed (based on initial
trace plots). Trace plots without burn-in (Figure S2A) were assessed
for appropriate mixing of the model. We ran 1000 posterior predic-
tive samples to determine that the model was a good fit for the data
(Figure S2B).

3 | RESULTS

After filtering, a total of 4124 SNPs from 1065 genes were used for
the analysis. The mean percentage of missing data was 6.6% and the

average coverage depth was around 63 reads per sample per locality.

3.1 | Population structure

The distribution of the samples along the principal component (PC)
1 (explaining 26% of the variance), 2 (8%) and 3 (6%) is presented
in Figure 2. ADMIXTURE's cross-validation procedure supported
four ancestral clusters (CV error=0.352); however, the difference
from two to five ancestral clusters was minimal (0.352-0.368). The
two clusters found corresponded to the South L.v.vulgaris Linage
and L.v.ampelensis. With increasing the number of ancestral clus-
ters, L.v.ampelensis remained stable while the South L.v.vulgaris
Lineage were divided into two to four (Lvv1-4) additional clusters
(Figure 3a-c). This was also supported by the distribution of sam-
ples within PC1-PC3 (Figure 2). While PC1 showed the difference
between lineages, PC3 demonstrated the differences among the
South L.v.vulgaris clusters (Figure 2). An admixture between the
South L.v.vulgaris Lineage and L.v.ampelensis and also clusters
found among the South L.v.vulgaris Lineage was detected (Figures 2
and 3b,c).

The F, statistics showed high differentiation (0.266) between
L.v.ampelensis and the South L.v.vulgaris Lineage, and also between
L.v.ampelensis and all the four South L.v.vulgaris Lineage (Lvv1-4)
clusters (0.266-0.31). Lower differentiation was found among the
South L.v.vulgaris Lineage clusters (0.103-0.157), cluster Lvv1 being
the most differentiated from the others (0.133-0.157; see Table 1).
The HE ranged from 0.04 (Locality 21, Lva) to 0.17 (Locality 35, Lva)
with a mean of 0.13 (SD=0.02) and median of 0.14 (Figure 4, Fig-
ure S1). Lowest HE in Locality 21 was most probably due to the high
number of missing genotypes (52%) in this sample. The differences
between populations in HE were low (Figure S1). However, there
was a clear geographical pattern of its distribution as evidenced by
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FIGURE 2 Scatterplot based on PCA with pie charts showing the admixture in each individual. The left plot is PC1 versus PC2, while the
right plot is PC1 versus PC3. Lva, Lissotriton vulgaris ampelensis; Lvv1-Lvv4, L.v.vulgaris cluster 1-4.

the heat map (Figure 4). The genetic distance between the four clus-
ters of the South L.v.vulgaris Lineage shows that cluster Lvv1 might
represent the most distantly related population within the lineage
and that clusters Lvv2, Lvv3 and Lvv4 might have differentiated ap-
proximately at the same time, being now separated by rivers and
lakes (Figure 5).

3.2 | Testing the effect of rivers (i.e. the
Danube and the Tisza) as barriers to gene flow

Overall, the pairwise F_ in relation to the geographical distance of
populations on the same side of the river Danube is comparable to
the pairwise F, in relation to the geographical distance of popula-
tions on the opposite sides of the river Danube (Figure 6a). However,
it seems that the geographical distance in combination with being
on the opposite sides of the river Danube results in relatively-high
pairwise F, (there are more turquoise dots on the right top hand of
the plot than pink dots; Figure 6a). This effect appears to be stronger
for the river Tisza (Figure 6b), as populations on the same side of the

river Tisza (pink) have relatively-low F_,, while there are also popula-

st?
tions on the same side of the river Tisza which have high pairwise
Fst’
quoise) (Figure 6b).

The results of the BEDASSLE analysis show that the river Dan-

ube has a very weak effect on population divergence, while the river

comparable to populations on the opposite sides of the river (tur-

Tisza has a significant effect on population divergence. According to
the model results, being on the opposite sides of the river Tisza is
equivalent to being at a ~3000 km distance for L. vulgaris populations,

while the median geographical distance between populations in our
dataset is 279 km (Table 2).

4 | DISCUSSION
4.1 | Distribution and population structure of
smooth newt lineages in the Carpathian Basin

Smooth newts are one of the most common urodelans in low- and
high lands of the forest zone of the temperate belt (Arntzen, Kuzmin,
Beebee, et al., 2009; Wielstra et al., 2018). They inhabit a wide vari-
ety of freshwater wetland habitats where permanent or temporary
standing water is available for breeding (Ldhmus & Linnamagi, 2012;
Skorinov et al., 2008). In the present study, we explored the popula-
tion structure of smooth newts inhabiting the CB and investigated
the effect of large rivers (Danube and Tisza) in the diversification of
lineages.

Similar to Wielstra et al. (2018), we detected the South L.v.vul-
garis Lineage distributed in Transdanubia and between the rivers
Danube and Tisza, while newly confirming the presence of L.v.am-
pelensis inhabiting the eastern part of the CB. Along the edge of the
Carpathian Mountains from Romania to Slovakia, the distribution
of L.v.ampelensis overlaps with the closely related L. montandoni,
and their hybridization leads to the replacement of the original
mtDNA of L.montandoni by introgressed mtDNA of L.vulgaris lin-
eages (Babik et al., 2005; Zielinski et al., 2013). Furthermore, exten-
sive gene flow between L.v.ampelensis and the North L.v.vulgaris
Lineage and L.montandoni was confirmed (Pabijan et al., 2017,
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FIGURE 3 ADMIXTURE's cross-validation results for K=2 (a), K=4 (b) and K=5 (c). Each colour represents one cluster. The size of the
pie charts are corresponding to the sample size of each population. Lva, Lissotriton vulgaris ampelensis; Lvv1-Lvv4, L.v.vulgaris cluster 1-4.
Lineages and colours correspond with Figure 2.
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TABLE 1 Pairwise F values for two (A), four (B) and five (C)
genetic clusters defined by ADMIXTURE (Alexander et al., 2009).

A Lvvl Lva

Lvvl -

Lva 0.266 =

B Lvvl Lvv2 Lvv3 Lva

Lvvl -

Lvv2 0.133 =

Lvv3 0.140 0.103 -

Lva 0.266 0.311 0.285 -

© Lvvl Lvv2 Lvv3 Lvv4 Lva
Lvvl -

Lvv2 0.131 =

Lvv3 0.157 0.137 -

Lvv4 0.154 0.100 0.099 =

Lva 0.266 0.310 0.308 0.282 -

Abbreviations: Lva, Lissotriton vulgaris ampelensis lineage; Lvv1-Lvv4,
Clusters 1-4 of the South L.v.vulgaris Lineage.

Zielinski et al., 2016). We detected admixture between L.v.ampel-
ensis and the South L.v.vulgaris Lineage. This observation on the
one hand underlines the complex genetic structure of populations
in Central Europe, and on the other hand, raises the possibility of
gene flow between spatially distinct lineages.

Admixture analysis identified two to five distinct genetic clus-
ters of L.vulgaris in the study area. First, if we consider the two
clusters scenario, the genetic structure of populations shows a clear
separation of the two subspecies (L.v.vulgaris [South Lineage] and
L.v.ampelensis) towards the tributaries of the Danube to the tribu-
taries of the Tisza, with an admixture of lineages through the inter-
fluves of the rivers. Second, according to the fine-scale scenario, the
Transdanubian populations of L.v.vulgaris were clustering into four
different genetic clusters; in contrast, L.v.ampelensis populations re-
mained to be represented by a single cluster with some admixture
from the closest cluster of the South L.v.vulgaris Lineage (Figure 3c).
Thus, the admixed populations of the two subspecies in the inter-
fluves have promoted the existence of a secondary contact zone for
Central European smooth newt lineages in the CB. The presence of
the four different L.v.vulgaris clusters (Lvvi-Lvv4) adds L.vulgaris
to the list of amphibian species where pronounced genetic diver-
sity is present within the CB. The genetic distance between the four
clusters shows that cluster Lvv1 might represent the most distantly
related one and that clusters Lvv2-Lvv4 might have differentiated
approximately at the same time, being now separated by rivers and
lakes (Figures 2 and 5).

Smooth newt populations reached the highest genetic diver-
sity in the Balkans (Pabijan et al., 2015), which served as a refugium
for the species during the last ice age (Babik et al., 2005; Pabijan
et al.,, 2015). In the CB, our study found a high level of variation
with the greatest genetic diversity observed in the North Hungarian
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Mountains and the southern edges of the country along the Drava,
Danube and Tisza rivers as well as at the confluence of the Sava,
Danube and Tisza. While admixture is not pronounced in the North
Hungarian Mountains, it cannot be ruled out that high genetic
variation at the confluence of the three rivers is due to increased
admixture. Similarly, significant structuring of the fire salamander,
Salamandra salamandra populations has been described from the
North Hungarian Mountains, which are situated at the edge of the
Carpathians and which might have provided glacial refugia for the
fire salamander populations (V6ros et al., 2017). The confluence of
the Sava, Danube and Tisza rivers contributed to the highest diver-
sity for the Danube crested newt, Triturus dobrogicus, populations
also supporting the presence of glacial refugia (Voros et al., 2016).
The coincidences with the genetic pattern of L.vulgaris found in this
study (i.e. high genetic diversity in the North Hungarian Mountains
as well as at the confluence of the Sava, Danube and Tisza rivers)
suggest that one or multiple northerly refugia in the CB cannot be
ruled out for the smooth newt as well.

4.2 | Effects of landscape elements (i.e. rivers)
on the population structure of L. vulgaris

It was a long-standing belief that smooth newts have a limited dis-
persal ability between 50 and 182m (Bell, 1977; Dolmen, 1981);
however, recent studies suggested greater dispersal distance of
up to 2km for individuals (Schmidt et al., 2006; Téth et al., 2021).
Moreover, females usually return to their natal pond to reproduce
(Bell, 1977). Therefore, the limited dispersal abilities on land, the
high fidelity towards breeding habitats and, most importantly, the
avoidance of habitats associated with flowing water (L6hmus & Lin-
namagi, 2012) could restrict the dispersion of smooth newt lineages.

Our findings on population structure suggest an underlying bar-
rier effect of one of the large rivers behind the observed pattern of
population structure of smooth newt lineages in the CB. The river
Tisza stands as a barrier to L.v.ampelensis to disperse towards the
West and to the South L.v.vulgaris Lineage towards the East. The
four South L.v.vulgaris Lineage clusters distributed in the south-
ern Transdanubia (Lvv1), the northern Transdanubia (Lvv2) and
the Danube-Tisza Interfluve (Lvv3 and Lvv4) show that landscape
features—such as the river Danube or the Lake Balaton—might shape
also the population structure within L.v.vulgaris in the CB. The in-
terfluve of the rivers (i.e. from the Great Plains of Hungary towards
northern Serbia) serves as a contact zone for lineages, which was
confirmed by the presence of admixed populations in the area. This
population structure is corresponding to the distributional pattern
of the Danube crested newts that showed a weak but significant
genetic structure between tributaries of the three main river sys-
tems of Danube, Sava, and Tisza in the CB (Vorés & Arntzen, 2010).
Nevertheless, the Danube crested newts are also present in rivers
and their associated oxbows (Arntzen, Kuzmin, Jehle, et al., 2009);

therefore rivers, especially under flooding conditions may not be as
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FIGURE 5 Unrooted genetic distance tree featuring
relationships among Lissotriton vulgaris ampelensis (Lva) and
L.v.vulgaris (Lvv1-Lvv4) clusters.

strict barriers for dispersal, and thereby for genetic structuring as

presumably did in smooth newts.

5 | CONCLUDING REMARKS

European newts from L.vulgaris sensu lato were proposed to form
a speciation continuum, influenced by the most extensive genetic
exchange among lineages inhabiting Central Europe. Gene flow be-
tween the two morphologically cryptic North L.v.vulgaris and South
L.v.vulgaris Lineages and the neighbouring L.v.ampelensis were ob-
served East and South of the CB, but population structure and line-
age diversification within this biogeographically key region were not
explored before. With the help of genomic data, we extended our
knowledge on gene flow between the South L.v. vulgaris Lineage and
L.v.ampelensis, confirming a ca. 400km long contact zone along the
river Tisza and in the interfluves of the Danube and Tisza rivers in
Central Europe. Moreover, we identified the river Tisza as an impor-

tant geographical barrier limiting gene flow between the lineages.
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FIGURE 6 (a) correlation between pairwise F, and pairwise geographical distance (km) per population, coloured for being on the same
side (pink) or different sides (turquoise) of the river Danube (b) correlation between pairwise F_, and pairwise geographical distance (km) per
population, coloured for being on the same side (pink) or different sides (turquoise) of the river Tisza.

TABLE 2 Results of effect sizes for the predictor variables
of population position relative to the river Danube and position
relative to the river Tisza.

Mean geographical

Predictor variable distance (km; 95% Cl)

21.3(0.01-68.47)
3016.7 (1385.6-4809.0)

Position Danube
Position Tisza
Note: The mean geographical distance in km between hypothetical

populations necessary to observe a 1-unit change (km) in the predictor
variable.

Abbreviation: 95% Cl, 95% confidence intervals.

The L.v.vulgaris showed a complex population genetic pattern in the
CB that led us to hypothesize one or more Pleistocene refugia for

the species.

AUTHOR CONTRIBUTIONS

David Herczeg: Conceptualization (supporting); writing - origi-
nal draft (lead); writing - review and editing (lead). Gemma Palo-
mar: Formal analysis (lead); methodology (equal); software (lead);
writing - review and editing (equal). Piotr Zielinski: Formal analy-
sis (supporting); methodology (equal); writing - review and editing
(equal). Isolde van Riemsdijk: Formal analysis (supporting); method-
ology (equal); writing - review and editing (equal). Wiestaw Babik:
Methodology (equal); writing - review and editing (equal). Rébert
Dankovics: Investigation (equal). Balint Halpern: Investigation
(equal). Milena Cvijanovié: Investigation (equal). Judit Vérés: Concep-
tualization (lead); funding acquisition (lead); supervision (lead); writ-
ing - original draft (supporting); writing - review and editing (equal).

ACKNOWLEDGEMENTS

We are grateful to K. Harmos, D. Balogh, G. Babocsay, V. Verebé-
lyi, A. Gabor, C. Gabor, A. Aspbury, E. Aspbury and B. Vagi for
their help with specimen sampling. Collection permits in Hun-
gary were provided by the Government Office of Pest County

(OKTF-KP/6903-21/2015). Project no. KH130360 has been imple-
mented with the support provided by the National Research, De-
velopment and Innovation Fund of Hungary, financed under the
[KH_18] funding scheme to Judit V6ros. Judit Voros was also sup-
ported by the Hungarian Academy of Sciences (KGYNK2023-30).
Gemma Palomar was supported by the Polish National Science Cen-
tre (2021/41/B/NZ8/00708) and Maria Zambrano fellowship from
Universidad de Alcald and Next Generation EU. We thank Gideon
Bradburd for his professional guidance with the BEDASSLE analysis.
Finally, we thank Ryan Garrick and the three anonymous reviewers
for their careful reading of our manuscript and their many insightful
comments and suggestions.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The .vcf file with filtered SNP data was deposited to Figshare Digital
Repository doi: https://doi.org/10.6084/m9.figshare.23922108.v1.

ORCID
Ddvid Herczeg "= https://orcid.org/0000-0001-5098-961X
https://orcid.org/0000-0002-0659-8766
Isolde van Riemsdijk "= https://orcid.org/0000-0001-9739-6512
Wiestaw Babik "= https://orcid.org/0000-0002-1698-6615
Bdlint Halpern "= https://orcid.org/0000-0003-0934-6246
Milena Cvijanovi¢ "= https://orcid.org/0000-0001-6258-3983

Judit Voros = https://orcid.org/0000-0001-9707-1443

Gemma Palomar

REFERENCES

Alexander, D. H., & Lange, K. (2011). Enhancements to the ADMIXTURE
algorithm for individual ancestry estimation. BMC Bioinformatics,
12, 246. https://doi.org/10.1186/1471-2105-12-246

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based
estimation of ancestry in unrelated individuals. Genome Research,
19(9), 1655-1664. https://doi.org/10.1101/gr.094052.109

85U8017 SUOLLLOD 3A 18810 Bdedldde ay) Aq peusenob a1 sejoile WO ‘8sn Jo se|ni o} Afeld 1 8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" A3 1WA e.q|1|BU JUO//SdNY) SUORIPUOD PUe SWiB | 8L 88S *[£202/80/T€] U0 Ariqiauluo A8 ‘ArBunH aueiyooD Aq 8/40T"€899/200T 0T/I0P/W0d™A8|IM Aleiq Ul |Uo//SdnY W1} papeojumod ‘6 ‘€202 ‘85.LSY0Z


https://doi.org/10.6084/m9.figshare.23922108.v1
https://orcid.org/0000-0001-5098-961X
https://orcid.org/0000-0001-5098-961X
https://orcid.org/0000-0002-0659-8766
https://orcid.org/0000-0002-0659-8766
https://orcid.org/0000-0001-9739-6512
https://orcid.org/0000-0001-9739-6512
https://orcid.org/0000-0002-1698-6615
https://orcid.org/0000-0002-1698-6615
https://orcid.org/0000-0003-0934-6246
https://orcid.org/0000-0003-0934-6246
https://orcid.org/0000-0001-6258-3983
https://orcid.org/0000-0001-6258-3983
https://orcid.org/0000-0001-9707-1443
https://orcid.org/0000-0001-9707-1443
https://doi.org/10.1186/1471-2105-12-246
https://doi.org/10.1101/gr.094052.109

HERCZEG ET AL.

10 of 12 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

AmphibiaWeb. (2021). Lissotriton vulgaris: Smooth Newt. Retrieved July
12, 2023, from the University of California https://amphibiaweb.
org/species/4303

Aradjo, M. B., & Pearson, R. G. (2005). Equilibrium of species' dis-
tributions with climate. Ecography, 28(5), 693-695. https://doi.
org/10.1111/j.2005.0906-7590.04253.x

Arntzen, J. W., Kuzmin, S., Beebee, T., Papenfuss, T., Sparreboom, M.,
Ugurtas, I. H., Anderson, S., Anthony, B., Andreone, F., Tarkhnishvili,
D., Ishchenko, V., Ananjeva, N., Orlov, N., & Tuniyev, B. (2009).
Lissotriton vulgaris. The IUCN Red List of Threatened Species,
eT59481A11931846.

Arntzen, J. W., Kuzmin, S., Jehle, R., Denoél, M., Anthony, B., Miaud, C.,
Babik, W., Vogrin, M., Tarkhnishvili, D., Ishchenko, V., Ananjeva,
N., Orlov, N., Tuniyev, B., Cogalniceanu, D., Kovacs, T., & Kiss, I.
(2009). Triturus dobrogicus. The IUCN Red List of Threatened Species,
eT22216A9366668.

Babik, W., Branicki, W., Crnobrnja-Isailovi¢, J., Cogalniceanu, D., Sas, .,
Olgun, K., Poyarkov, N. A, Garcia-Paris, M., & Arntzen, J. W. (2005).
Phylogeography of two European newt species—Discordance be-
tween mtDNA and morphology. Molecular Ecology, 14(8), 2475-
2491. https://doi.org/10.1111/j.1365-294X.2005.02605.x

Babik, W., Branicki, W., Sandera, M., Litvinchuk, S., Borkin, L. J., Irwin, J.
T., & Rafinski, J. (2004). Mitochondrial phylogeography of the moor
frog, Rana arvalis. Molecular Ecology, 13(6), 1469-1480. https://doi.
org/10.1111/j.1365-294X.2004.02157.x

Bell, G. (1977). The life of the smooth newt (Triturus vulgaris) after meta-
morphosis. Ecological Monographs, 47(3), 279-299. https://doi.
org/10.2307/1942518

Bradburd, G. S., Ralph, P. L., & Coop, G. M. (2013). Disentangling the
effects of geographic and ecological isolation on genetic differ-
entiation. Evolution, 67(11), 3258-3273. https://doi.org/10.1111/
evo.12193

Burbrink, F. T., Phillips, C. A., & Heske, E. J. (1998). A riparian zone in
southern lllinois as a potential dispersal corridor for reptiles and
amphibians. Biological Conservation, 86(2), 107-115. https://doi.
org/10.1016/50006-3207(98)00054-8

Chang, C. C., Chow, C. C,, Tellier, L. C. A. M., Vattikuti, S., Purcell, S. M.,
& Lee, J. J. (2015). Second-generation PLINK: Rising to the chal-
lenge of larger and richer datasets. GigaScience, 4(1), 7. https://doi.
org/10.1186/s13742-015-0047-8

DePristo, M. A, Banks, E., Poplin, R., Garimella, K. V., Maguire, J. R,
Hartl, C., Philippakis, A. A., del Angel, G., Rivas, M. A., Hanna,
M., McKenna, A., Fennell, T. J., Kernytsky, A. M., Sivachenko, A.
Y., Cibulskis, K., Gabriel, S. B., Altshuler, D., & Daly, M. J. (2011).
A framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nature Genetics, 43(5), 491-498.
https://doi.org/10.1038/ng.806

Dolmen, D. (1981). Local migration, rheotaxis and philopatry by Triturus
vulgaris within a locality in central Norway. British Journal of
Herpetology, 6, 151-158.

DzZuki¢, G., Cvijanovi¢, M., Urosevié, A., Vukov, T. D., Tomasevié-
Kolarov, N., Slijep¢evi¢, M., Ivanovic, A., & Kalezi¢, M. L. (2015).
The batrachological collections of the Institute for Biological
Research ‘Sinisa Stankovi¢’, University of Belgrade. Bulletin of
the Natural History Museum, 8, 118-167. https://doi.org/10.5937/
bnhmb1508118D

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new se-
ries of programs to perform population genetics analyses under
Linux and Windows. Molecular Ecology Resources, 10(3), 564-567.
https://doi.org/10.1111/j.1755-0998.2010.02847.x

Figueiredo-Vazquez, C., Lourenco, A., & Velo-Antdn, G. (2021). Riverine
barriers to gene flow in a salamander with both aquatic and terres-
trial reproduction. Evolutionary Ecology, 35(3), 483-511. https://doi.
org/10.1007/s10682-021-10114-z

Fijarczyk, A., Nadachowska, K., Hofman, S., Litvinchuk, S. N., Babik,
W., Stuglik, M., Gollmann, G., Choleva, L., Cogélniceanu, D.,

Open Access,

Vukov, T., Dzuki¢, G., & Szymura, J. M. (2011). Nuclear and mi-
tochondrial phylogeography of the European fire-bellied toads
Bombina bombina and Bombina variegata supports their indepen-
dent histories. Molecular Ecology, 20(16), 3381-3398. https://doi.
org/10.1111/j.1365-294X.2011.05175.x

Grieneisen, L. E., Charpentier, M. J. E., Alberts, S. C., Blekhman, R,
Bradburd, G., Tung, J., & Archie, E. A. (2019). Genes, geology and
germs: Gut microbiota across a primate hybrid zone are explained
by site soil properties, not host species. Proceedings of the Royal
Society B: Biological Sciences, 286(1901), 20190431. https://doi.
org/10.1098/rspb.2019.0431

Hewitt, G. M. (2004). Genetic consequences of climatic oscillations in
the Quaternary. Philosophical Transactions of the Royal Society of
London: Series B, Biological Sciences, 359(1442), 183-195. https://
doi.org/10.1098/rstb.2003.1388

Hofman, S., Spolsky, C., Uzzell, T., CogalLniceanu, D. A. N., Babik, W.,
& Szymura, J. M. (2007). Phylogeography of the fire-bellied toads
Bombina: Independent Pleistocene histories inferred from mito-
chondrial genomes. Molecular Ecology, 16(11), 2301-2316. https://
doi.org/10.1111/j.1365-294X.2007.03309.x

Lohmus, R. R., & Linnamagi, M. (2012). Geographic variation in habi-
tat requirements of two coexisting newt species in Europe. Acta
Zoologica Academiae Scientiarum Hungaricae, 58(1), 69-86.

Manel, S., Schwartz, M. K., Luikart, G., & Taberlet, P. (2003). Landscape
genetics: Combining landscape ecology and population genet-
ics. Trends in Ecology & Evolution, 18(4), 189-197. https://doi.
org/10.1016/50169-5347(03)00008-9

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K.,
Kernytsky, A., Garimella, K., Altshuler, D., Gabriel, S., Daly, M., &
DePristo, M. A.(2010). The Genome Analysis Toolkit: A MapReduce
framework for analyzing next-generation DNA sequencing data.
Genome Research, 20(9), 1297-1303. https://doi.org/10.1101/
gr.107524.110

Moraes, L. J. C. L., Pavan, D., Barros, M. C., & Ribas, C. C. (2016). The
combined influence of riverine barriers and flooding gradients on
biogeographical patterns for amphibians and squamates in south-
eastern Amazonia. Journal of Biogeography, 43(11), 2113-2124.
https://doi.org/10.1111/jbi.12756

Nadachowska, K., & Babik, W. (2009). Divergence in the face of gene
flow: The case of two newts (Amphibia: Salamandridae). Molecular
Biology and Evolution, 26(4), 829-841. https://doi.org/10.1093/
molbev/msp004

Niedzicka, M., Fijarczyk, A., Dudek, K., Stuglik, M., & Babik, W. (2016).
Molecularinversion probes for targeted resequencing in non-model
organisms. Scientific Reports, 6(1), 24051. https://doi.org/10.1038/
srep24051

Pabijan, M., Zielinski, P., Dudek, K., Chloupek, M., Sotiropoulos, K.,
Liana, M., & Babik, W. (2015). The dissection of a Pleistocene re-
fugium: Phylogeography of the smooth newt, Lissotriton vulgaris,
in the Balkans. Journal of Biogeography, 42(4), 671-683. https://doi.
org/10.1111/jbi.12449

Pabijan, M., Zielinski, P., Dudek, K., Stuglik, M., & Babik, W. (2017).
Isolation and gene flow in a speciation continuum in newts.
Molecular Phylogenetics and Evolution, 116, 1-12. https://doi.
org/10.1016/j.ympev.2017.08.003

QGIS. (2021). QGIS geographic information system. Open Source
Geospatial Foundation Project.

Raxworthy, C. J. (1990). Review of the Smooth newt (Triturus vulgaris)
subspecies, including an identification key. The Herpetological
Journal, 1(11), 481-492.

Robbemont, J., van Veldhuijzen, S., Allain, S. J. R., Ambu, J., Boyle, R.,
Canestrelli, D., Cvijanovi¢, M., Dufresnes, C., Ennis, C., Gandola,
R., Jablonski, D., Julian, A., Kranzeli¢, D., Lukanov, S., Martinez-
Solano, I., Montgomery, R., Naumoy, B., O'Neill, M., Alexandra, N.,
... Wielstra, B. (2023). An extended mtDNA phylogeography for the
alpine newt illuminates the provenance of introduced populations.

85U8017 SUOLLLOD 3A 18810 Bdedldde ay) Aq peusenob a1 sejoile WO ‘8sn Jo se|ni o} Afeld 1 8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" A3 1WA e.q|1|BU JUO//SdNY) SUORIPUOD PUe SWiB | 8L 88S *[£202/80/T€] U0 Ariqiauluo A8 ‘ArBunH aueiyooD Aq 8/40T"€899/200T 0T/I0P/W0d™A8|IM Aleiq Ul |Uo//SdnY W1} papeojumod ‘6 ‘€202 ‘85.LSY0Z


https://amphibiaweb.org/species/4303
https://amphibiaweb.org/species/4303
https://doi.org/10.1111/j.2005.0906-7590.04253.x
https://doi.org/10.1111/j.2005.0906-7590.04253.x
https://doi.org/10.1111/j.1365-294X.2005.02605.x
https://doi.org/10.1111/j.1365-294X.2004.02157.x
https://doi.org/10.1111/j.1365-294X.2004.02157.x
https://doi.org/10.2307/1942518
https://doi.org/10.2307/1942518
https://doi.org/10.1111/evo.12193
https://doi.org/10.1111/evo.12193
https://doi.org/10.1016/S0006-3207(98)00054-8
https://doi.org/10.1016/S0006-3207(98)00054-8
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1038/ng.806
https://doi.org/10.5937/bnhmb1508118D
https://doi.org/10.5937/bnhmb1508118D
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1007/s10682-021-10114-z
https://doi.org/10.1007/s10682-021-10114-z
https://doi.org/10.1111/j.1365-294X.2011.05175.x
https://doi.org/10.1111/j.1365-294X.2011.05175.x
https://doi.org/10.1098/rspb.2019.0431
https://doi.org/10.1098/rspb.2019.0431
https://doi.org/10.1098/rstb.2003.1388
https://doi.org/10.1098/rstb.2003.1388
https://doi.org/10.1111/j.1365-294X.2007.03309.x
https://doi.org/10.1111/j.1365-294X.2007.03309.x
https://doi.org/10.1016/S0169-5347(03)00008-9
https://doi.org/10.1016/S0169-5347(03)00008-9
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1111/jbi.12756
https://doi.org/10.1093/molbev/msp004
https://doi.org/10.1093/molbev/msp004
https://doi.org/10.1038/srep24051
https://doi.org/10.1038/srep24051
https://doi.org/10.1111/jbi.12449
https://doi.org/10.1111/jbi.12449
https://doi.org/10.1016/j.ympev.2017.08.003
https://doi.org/10.1016/j.ympev.2017.08.003

HERCZEG ET AL.

Ampbhibia-Reptilia, 44, 347-361. https://doi.org/10.1163/15685
381-bjal0144

Rowe, G., Harris, D. J., & Beebee, T. J. C.(2006). Lusitania revisited: A phy-
logeographic analysis of the natterjack toad Bufo calamita across its
entire biogeographical range. Molecular Phylogenetics and Evolution,
39(2), 335-346. https://doi.org/10.1016/j.ympev.2005.08.021

Schmidt, P., Weddeling, K., Thomas, M., Rottscheidt, R., Tarkhnishvili,
D., & Hachtel, M. (2006). Dispersal of Triturus alpestris and T. vul-
garis in agricultural landscapes - Comparing estimates from allozyme
markers and capture-mark-recapture analysis. Paper presented at
the Proceedings of the 13th Congress of the Societas Europaea
Herpetologica, Bonn.

Schmitt, T. (2007). Molecular biogeography of Europe: Pleistocene cy-
cles and postglacial trends. Frontiers in Zoology, 4(1), 11. https://doi.
org/10.1186/1742-9994-4-11

Schmitt, T., & Varga, Z. (2012). Extra-Mediterranean refugia: The rule
and not the exception? Frontiers in Zoology, 9(1), 22. https://doi.
org/10.1186/1742-9994-9-22

Skorinov, D. V., Kuranova, V. N., Borkin, L. J., & Litvinchuk, S. N.
(2008). Distribution and conservation status of the smooth newt
(Lissotriton vulgaris) in western Siberia and Kazakhstan. Russian
Journal of Herpetology, 15(2), 157-165. https://doi.org/10.30906/
1026-2296-2008-15-2-157-165

Sommer, R. S., & Benecke, N. (2005). The recolonization of Europe
by brown bears Ursus arctos Linnaeus, 1758 after the Last
Glacial Maximum. Mammal Review, 35(2), 156-164. https://doi.
org/10.1111/j.1365-2907.2005.00063.x

Sommer, R. S., & Nadachowski, A. (2006). Glacial refugia of mammals in
Europe: Evidence from fossil records. Mammal Review, 36(4), 251-
265. https://doi.org/10.1111/j.1365-2907.2006.00093.x

Speybroeck, J., Beukema, W., Dufresnes, C., Fritz, U., Jablonski, D.,
Lymberakis, P., Martinez-Solano, |., Razzetti, E., Vamberger, M.,
Vences, M., Voros, J., & Crochet, P.-A. (2020). Species list of
the European herpetofauna - 2020 update by the Taxonomic
Committee of the Societas Europaea Herpetologica. Amphibia-
Reptilia, 41(2), 139-189. https://doi.org/10.1163/15685
381-bja10010

Spolsky, C. M., Szymura, J. M., & Uzzell, T. (2006). Mapping Bombina
mitochondrial genomes: The conundrum of Carpathian
Bombina variegata (Anura: Discoglossidae). Journal of Zoological
Systematics and Evolutionary Research, 44(1), 100-104. https://doi.
org/10.1111/j.1439-0469.2005.00337.x

Stewart, J. R., & Lister, A. M. (2001). Cryptic northern refugia and the
origins of the modern biota. Trends in Ecology & Evolution, 16(11),
608-613. https://doi.org/10.1016/50169-5347(01)02338-2

Taberlet, P., Fumagalli, L., Wust-Saucy, A.-G., & Cosson, J.-F. (1998).
Comparative phylogeography and postglacial colonization
routes in Europe. Molecular Ecology, 7(4), 453-464. https://doi.
org/10.1046/j.1365-294x.1998.00289.x

Tamura, K., Stecher, G., & Kumar, S. (2021). MEGA11: Molecular evolu-
tionary genetics analysis version 11. Molecular Biology and Evolution,
38(7), 3022-3027. https://doi.org/10.1093/molbev/msab120

Téth, Z., Mihok, F., & Nemeshdazi, E. (2021). Genetic differentiation
over a small spatial scale in the smooth newt (Lissotriton vulgaris).
Herpetological Journal, 31, 61-69. https://doi.org/10.33256/
31.2.6169

Tzedakis, P. C., Emerson, B. C., & Hewitt, G. M. (2013). Cryptic or mystic?
Glacial tree refugia in northern Europe. Trends in Ecology & Evolution,
28(12), 696-704. https://doi.org/10.1016/j.tree.2013.09.001

Varga, Z. (2010). Extra-mediterranean refugia, post-glacial vegetation his-
tory and area dynamics in eastern Central Europe. Paper presented at
the Relict Species, Berlin, Heidelberg.

Varga, Z. (2019). Biogeography—The geography of life. PARS KFT.

Velo-Antén, G., Chambers, E. A., Poyarkov, N. A., Canestrelli, D.,
Bisconti, R., Naumov, B., Benéitez, M. J. F., Borisenko, A., &

Ecology and Evolution 110f 12
=t e W1 LEY- 1

Martinez-Solano, I. (2023). COI barcoding provides reliable spe-
cies identification and pinpoints cryptic diversity in Western
Palearctic amphibians. Amphibia-Reptilia, 1-15. https://doi.
0rg/10.1163/15685381-bja10148

Vords, J., Alcobendas, M., Martinez-Solano, |., & Garcia-Paris, M. (2006).
Evolution of Bombina bombina and Bombina variegata (Anura:
Discoglossidae) in the Carpathian Basin: A history of repeated
mt-DNA introgression across species. Molecular Phylogenetics
and Evolution, 38(3), 705-718. https://doi.org/10.1016/j.ympev.
2005.08.010

Voros, J., & Arntzen, J. W. (2010). Weak population structuring in the
Danube crested newt, Triturus dobrogicus, inferred from allozymes.
Amphibia-Reptilia, 31(3), 339-346. https://doi.org/10.1163/15685
3810791769518

Vérss, J., Mikulicek, P., Major, A., Recuero, E., & Arntzen, J. W. (2016).
Phylogeographic analysis reveals northerly refugia for the riv-
erine amphibian Triturus dobrogicus (Caudata: Salamandridae).
Biological Journal of the Linnean Society, 119(4), 974-991. https://
doi.org/10.1111/bij.12866

Voros, J., Ursenbacher, S., Kiss, I., Jeli¢, D., Schweiger, S., & Szabo, K.
(2017). Increased genetic structuring of isolated Salamandra sala-
mandra populations (Caudata: Salamandridae) at the margins of
the Carpathian Mountains. Journal of Zoological Systematics and
Evolutionary Research, 55(2), 138-149. https://doi.org/10.1111/
jzs.12157

Voroés, J., Varga, Z., Martinez-Solano, |., & Szabo, K. (2021). Mitochondrial
DNA diversity of the alpine newt (Ichthyosaura alpestris) in the
Carpathian Basin: Evidence for multiple cryptic lineages as-
sociated with Pleistocene refugia. Acta Zoologica Academiae
Scientiarum Hungaricae, 67(2), 177-197. https://doi.org/10.17109/
AZH.67.2.177.2021

Wang, H., Luo, X., Meng, S., Bei, Y., Song, T., Meng, T., Li, G., & Zhang,
B. (2015). The phylogeography and population demography of the
Yunnan caecilian (Ichthyophis bannanicus): Massive rivers as barriers
to gene flow. PLoS One, 10(4), e0125770. https://doi.org/10.1371/
journal.pone.0125770

Wielstra, B., Canestrelli, D., Cvijanovi¢, M., Denoél, M., Fijarczyk,
A., Jablonski, D., Liana, M., Naumov, B., Olgun, K., Pabijan,
M., Pezzarossa, A., Popgeorgiev, G., Salvi, D., Si, Y., Sillero, N.,
Sotiropoulos, K., Zielinski, P., & Babik, W. (2018). The distribu-
tions of the six species constituting the smooth newt species
complex (Lissotriton vulgaris sensu lato and L. montandoni) - An
addition to the New Atlas of Amphibians and Reptiles of Europe.
Amphibia-Reptilia, 39(2), 252-259. https://doi.org/10.1163/15685
381-17000128

Wielstra, B., Crnobrnja-Isailovi¢, J., Litvinchuk, S. N., Reijnen, B. T.,
Skidmore, A. K., Sotiropoulos, K., Toxopeus, A. G., Tzankov, N.,
Vukov, T., & Arntzen, J. W. (2013). Tracing glacial refugia of Triturus
newts based on mitochondrial DNA phylogeography and species
distribution modeling. Frontiers in Zoology, 10(1), 13. https://doi.
org/10.1186/1742-9994-10-13

Wielstra, B., Zielinski, P., & Babik, W. (2017). The Carpathians hosted
extra-Mediterranean refugia-within-refugia during the Pleistocene
Ice Age: Genomic evidence from two new genera. Biological Journal
of the Linnean Society, 122(3), 605-613. https://doi.org/10.1093/
biolinnean/bIx087

Zielinski, P., Dudek, K., Arntzen, J. W., Palomar, G., Niedzicka, M.,
Fijarczyk, A., Liana, M., Cogalniceanu, D., & Babik, W. (2019).
Differential introgression across newt hybrid zones: Evidence from
replicated transects. Molecular Ecology, 28(21), 4811-4824. https://
doi.org/10.1111/mec.15251

Zielinski, P., Nadachowska-Brzyska, K., Dudek, K., & Babik, W. (2016).
Divergence history of the Carpathian and smooth newts modelled
in space and time. Molecular Ecology, 25(16), 3912-3928. https://
doi.org/10.1111/mec.13724

85U8017 SUOLLLOD 3A 18810 Bdedldde ay) Aq peusenob a1 sejoile WO ‘8sn Jo se|ni o} Afeld 1 8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" A3 1WA e.q|1|BU JUO//SdNY) SUORIPUOD PUe SWiB | 8L 88S *[£202/80/T€] U0 Ariqiauluo A8 ‘ArBunH aueiyooD Aq 8/40T"€899/200T 0T/I0P/W0d™A8|IM Aleiq Ul |Uo//SdnY W1} papeojumod ‘6 ‘€202 ‘85.LSY0Z


https://doi.org/10.1163/15685381-bja10144
https://doi.org/10.1163/15685381-bja10144
https://doi.org/10.1016/j.ympev.2005.08.021
https://doi.org/10.1186/1742-9994-4-11
https://doi.org/10.1186/1742-9994-4-11
https://doi.org/10.1186/1742-9994-9-22
https://doi.org/10.1186/1742-9994-9-22
https://doi.org/10.30906/1026-2296-2008-15-2-157-165
https://doi.org/10.30906/1026-2296-2008-15-2-157-165
https://doi.org/10.1111/j.1365-2907.2005.00063.x
https://doi.org/10.1111/j.1365-2907.2005.00063.x
https://doi.org/10.1111/j.1365-2907.2006.00093.x
https://doi.org/10.1163/15685381-bja10010
https://doi.org/10.1163/15685381-bja10010
https://doi.org/10.1111/j.1439-0469.2005.00337.x
https://doi.org/10.1111/j.1439-0469.2005.00337.x
https://doi.org/10.1016/S0169-5347(01)02338-2
https://doi.org/10.1046/j.1365-294x.1998.00289.x
https://doi.org/10.1046/j.1365-294x.1998.00289.x
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.33256/31.2.6169
https://doi.org/10.33256/31.2.6169
https://doi.org/10.1016/j.tree.2013.09.001
https://doi.org/10.1163/15685381-bja10148
https://doi.org/10.1163/15685381-bja10148
https://doi.org/10.1016/j.ympev.2005.08.010
https://doi.org/10.1016/j.ympev.2005.08.010
https://doi.org/10.1163/156853810791769518
https://doi.org/10.1163/156853810791769518
https://doi.org/10.1111/bij.12866
https://doi.org/10.1111/bij.12866
https://doi.org/10.1111/jzs.12157
https://doi.org/10.1111/jzs.12157
https://doi.org/10.17109/AZH.67.2.177.2021
https://doi.org/10.17109/AZH.67.2.177.2021
https://doi.org/10.1371/journal.pone.0125770
https://doi.org/10.1371/journal.pone.0125770
https://doi.org/10.1163/15685381-17000128
https://doi.org/10.1163/15685381-17000128
https://doi.org/10.1186/1742-9994-10-13
https://doi.org/10.1186/1742-9994-10-13
https://doi.org/10.1093/biolinnean/blx087
https://doi.org/10.1093/biolinnean/blx087
https://doi.org/10.1111/mec.15251
https://doi.org/10.1111/mec.15251
https://doi.org/10.1111/mec.13724
https://doi.org/10.1111/mec.13724

HERCZEG ET AL.

12 of 12 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

Zielinski, P., Nadachowska-Brzyska, K., Wielstra, B., Szkotak, R., Covaciu-
Marcoy, S. D., Cogélniceanu, D., & Babik, W. (2013). No evidence
for nuclear introgression despite complete mtDNA replacement
in the Carpathian newt (Lissotriton montandoni). Molecular Ecology,
22(7), 1884-1903. https://doi.org/10.1111/mec.12225

Open Access,

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Herczeg, D., Palomar, G., Zielinski, P.,
van Riemsdijk, |., Babik, W., Dankovics, R., Halpern, B.,
Cvijanovié, M., & Voros, J. (2023). Genomic analysis reveals
complex population structure within the smooth newt,
Lissotriton vulgaris, in Central Europe. Ecology and Evolution,
13, €10478. https://doi.org/10.1002/ece3.10478

85U8017 SUOLLLOD 3A 18810 Bdedldde ay) Aq peusenob a1 sejoile WO ‘8sn Jo se|ni o} Afeld 1 8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" A3 1WA e.q|1|BU JUO//SdNY) SUORIPUOD PUe SWiB | 8L 88S *[£202/80/T€] U0 Ariqiauluo A8 ‘ArBunH aueiyooD Aq 8/40T"€899/200T 0T/I0P/W0d™A8|IM Aleiq Ul |Uo//SdnY W1} papeojumod ‘6 ‘€202 ‘85.LSY0Z


https://doi.org/10.1111/mec.12225
https://doi.org/10.1002/ece3.10478

	Genomic analysis reveals complex population structure within the smooth newt, Lissotriton vulgaris, in Central Europe
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Sample collection, DNA extraction and SNP library preparation
	2.2|Population structure
	2.3|Testing the effect of rivers as barriers to gene flow

	3|RESULTS
	3.1|Population structure
	3.2|Testing the effect of rivers (i.e. the Danube and the Tisza) as barriers to gene flow

	4|DISCUSSION
	4.1|Distribution and population structure of smooth newt lineages in the Carpathian Basin
	4.2|Effects of landscape elements (i.e. rivers) on the population structure of L. vulgaris

	5|CONCLUDING REMARKS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


