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the provenance of introduced populations

Jody Robbemont"?*, Sam van Veldhuijzen'>*, Steven J.R. Allain’, Johanna Ambu*,
Ryan Boyles, Daniele Canestrelli®, Einne O Cathasaigh7, Chris Cathrine®, Andrea Chiocchio®,

Dan Cogalniceanug, Milena CVijal’lOViélO, Christophe Dufresnes?, Collie Ennis'!, Rob Gandola'l,

Daniel Jablonski'?, Angela Julian'3, Daria KranZeli¢'#, Simeon Lukanov'?,

Iligo Martinez-Solano'®, Ryan Montgomery> '3, Borislav Naumov!®, Matthew O’Neill'”,
Alexandra North!®1° Maciej Pabijan?’, Robert Pushendorf!®, Daniele Salvi?', Bruno Schmidt',
Konstantinos Sotiropoulos??, Florina Stanescu®?3, David Stankovi¢?*, Sarah Stapleton®,
Emina Sunje?®?7-28, Marton Szabolcs?®, Emiliya Vacheva'>, David Willis*°, Adnan Zimi¢?"3!,
James France!:2, Willem R.M. Meilink!-2, Tariq Stark32, Richard P.J.H. Struijk32,
Anagnostis Theodoropoulosl'z, Manon C. de Visser!'2, Ben Wielstra!-2-**

1 - Naturalis Biodiversity Center, P.O. Box 9517, 2300 RA Leiden, The Netherlands
2 - Institute of Biology Leiden, Leiden University, P.O. Box 9505, 2300 RA Leiden, The Netherlands
3 - Durrell Institute of Conservation and Ecology, School of Anthropology and Conservation, University of
Kent, Canterbury, CT2 7NR, UK
4 - Laboratory for Amphibian Systematic and Evolutionary Research (LASER), College of Biology &
Environment, Nanjing Forestry University, Nanjing, China
5 - Northern Ireland Amphibian and Reptile Group, Belfast, UK
6 - Department of Ecological and Biological Sciences, Tuscia University, Largo dell’ Universita snc, 01100,
Viterbo, Italy
7 - Herpetological Society of Ireland, Munster, Ireland
8 - Caledonian Conservation Ltd, Office 2 and 3, Craigarnhall, Bridge of Allan, Stirling, FK9 4NG, Scotland,
UK
9 - Faculty of Natural Sciences and Agricultural Sciences, Ovidius University Constanta, Al. Universitatii 1,
900470 Constanta, Romania
10 - Institute for Biological Research “SiniSa Stankovi¢”, National Institute of Republic of Serbia, University
of Belgrade, Bul. Despota Stefana 142, 11060 Belgrade, Serbia
11 - Herpetological Society of Ireland, Wicklow, Ireland
12 - Department of Zoology, Comenius University in Bratislava, Ilkovicova 6, 842 15 Bratislava, Slovakia
13 - Amphibian and Reptile Groups of UK (ARG UK), 82 Gidley Way, Horspath, Oxford, OX33 1TG, UK
14 - Association Hyla, Lipovac I no. 7, 10000 Zagreb, Croatia
15 - Institute of Biodiversity and Ecosystem Research, Bulgarian Academy of Sciences, 2 Gagarin Street,
1113 Sofia, Bulgaria
16 - Museo Nacional de Ciencias Naturales (MNCN-CSIC), ¢/ José Gutiérrez Abascal, 2, 28006 Madrid, Spain
17 - Atlantic Technological University, Freshwater and Marine Biology Program, Old Dublin Rd, H91 T8NW
Galway, Ireland
18 - School of Biological and Marine Science, University of Plymouth, Plymouth PL4 8AA, UK
19 - Institute of Zoology, Zoological Society London, London, NW1 4RY, UK

Published with license by Koninklijke Brill NV | DOI: 10.1163/15685381-bjal0144 Downloaded from Brill.com08/24/2023 02:16:25PM
© JODY ROBBEMONT ET AL., 2023 | ISSN: 0173-5373 (print) 1568-5381 (online) via free access
This is an open access article distributed under the terms of the CC BY 4.0 license.


http://www.brill.com/amphibia-reptilia
http://dx.doi.org/10.1163/15685381-bja10144

348 J. Robbemont et al.

20 - Institute of Zoology and Biomedical Research, Faculty of Biology, Jagiellonian University, Gronostajowa
9, 30-387 Krakéw, Poland
21 - Department of Health, Life and Environmental Sciences, University of L’ Aquila, Via Vetoio, 67100
Coppito, L’ Aquila, Italy
22 - Department of Biological Applications and Technology, University of Ioannina, 45110 Ioannina, Greece
23 - Black Sea Institute for Development and Security Studies (BSIDSS) and Center for Morphological and
Genetic Studies of Malignant Pathology (CEDMOG), Ovidius University Constanta, Al. Universitatii 1,
900470 Constanta, Romania
24 - National Institute of Biology (NIB), Department of Organisms and Ecosystems Research, Vecna pot 111,
1000 Ljubljana, Slovenia
25 - National Parks and Wildlife Service, Dublin, DO7 N7CV, Ireland
26 - Evolutionary Ecology Group, Faculty of Science, University of Sarajevo, Zmaja od Bosne 33-35,
Sarajevo, Bosnia and Herzegovina
27 - Herpetological Association in Bosnia and Herzegovina — ATRA, Urijan Dedina 137, 71 000 Sarajevo,
Bosnia and Herzegovina
28 - Laboratory of Functional Morphology, University of Antwerpen, Universiteitsplein 1, 2610 Wilrijk,
Belgium
29 - Department of Tisza Research, Institute of Aquatic Ecology, Centre for Ecological Research, Bem tér
18/C, 4026 Debrecen, Hungary
30 - Hertfordshire Amphibian and Reptile Group, Hetfield, UK
31 - National Museum of Bosnia and Herzegovina, Zmaja od Bosne 3, 71 000 Sarajevo, Bosnia and
Herzegovina
32 - Reptile, Amphibian and Fish Conservation Netherlands (RAVON), P.O. Box 1413, 6501 BK Nijmegen,
The Netherlands
*These authors contributed equally to this work.
**Corresponding author; e-mail: ben.wielstra@naturalis.nl
ORCID iDs: Robbemont: 0009-0000-7111-5110; van Veldhuijzen: 0000-0002-3641-071X;

Allain: 0000-0002-5669-0149; Ambu: 0000-0002-8072-7677; Canestrelli: 0000-0001-9351-4972;
Cathasaigh: 0000-0001-8027-0905; Cathrine: 0009-0009-2069-7320; Chiocchio: 0000-0002-0067-7025;
Cogalniceanu: 0000-0003-2959-014X; Dufresnes: 0000-0002-8497-8908; Ennis: 0000-0002-8714-9793;

Gandola: 0000-0002-0550-1707; Jablonski: 0000-0002-5394-0114; Kranzeli¢: 0000-0001-6291-0593;
Lukanov: 0000-0002-2546-6590; Martinez-Solano: 0000-0002-2260-226X; North: 0000-0002-2942-3467;
Pabijan: 0000-0001-5557-2338; Pushendorf: 0000-0002-8105-171X; Salvi: 0000-0002-3804-2690;
Schmidt: 0000-0003-3544-4739; Sotiropoulos: 0000-0002-3622-7907; Stanescu: 0000-0001-6872-664X;
Stankovié: 0000-0002-3312-382X; Sunje: 0000-0003-3050-8545; Vacheva: 0000-0002-3008-6648;
Meilink: 0009-0006-4451-1779; Theodoropoulos: 0009-0003-0272-6358; de Visser: 0000-0003-3681-6151;
Wielstra: 0000-0002-7112-5965

Received 10 February 2023; final revision received 6 June 2023; accepted 6 June 2023;
published online 1 August 2023; published in print 8 August 2023
Associate Editor: Sylvain Ursenbacher

Abstract. Many herpetofauna species have been introduced outside of their native range. MtDNA barcoding is regularly
used to determine the provenance of such populations. The alpine newt has been introduced across the Netherlands, the
United Kingdom and Ireland. However, geographical mtDNA structure across the natural range of the alpine newt is still
incompletely understood and certain regions are severely undersampled. We collect mtDNA sequence data of over seven
hundred individuals, from both the native and the introduced range. The main new insights from our extended mtDNA
phylogeography are that 1) haplotypes from Spain do not form a reciprocally monophyletic clade, but are nested inside the
mtDNA clade that covers western and eastern Europe; and 2) haplotypes from the northwest Balkans form a monophyletic
clade together with those from the Southern Carpathians and Apuseni Mountains. We also home in on the regions where the
distinct mtDNA clades meet in nature. We show that four out of the seven distinct mtDNA clades that comprise the alpine
newt are implicated in the introductions in the Netherlands, United Kingdom and Ireland. In several introduced localities,
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two distinct mtDNA clades co-occur. As these mtDNA clades presumably represent cryptic species, we urge that the extent
of genetic admixture between them is assessed from genome-wide nuclear DNA markers. We mobilized a large number of
citizen scientists in this project to support the collection of DNA samples by skin swabbing and underscore the effectiveness

of this sampling technique for mtDNA barcoding.

Keywords: citizen science, Ichthyosaura alpestris, invasive species, mtDNA barcoding, skin swabbing.

Introduction

Invasive species are species that have estab-
lished outside of their natural distribution and
have a negative environmental impact at the
expense of native biodiversity (Simberloff,
2013; Bellard et al., 2016; Pysek et al., 2020;
Diagne et al., 2021). Therefore, mapping and
monitoring of invasive species is crucial when
contemplating conservation action, and genetic
tools play an important role in this process
(Allendorf et al., 2010). MtDNA typically dis-
plays strong geographical genetic structuring,
allowing closely related species as well as
intraspecific lineages to be distinguished (Avise,
2000).

For most European amphibians, comprehen-
sive mtDNA phylogeographies have already
been published (e.g., Babik et al., 2005; Fijar-
czyk et al., 2011; Vences et al., 2013; Wielstra
et al., 2013; Dufresnes et al., 2020; Ambu et
al., 2023). MtDNA barcoding involves the com-
parison of sequences for a particular mtDNA
marker across many individuals that belong to
e.g., different species or structured populations
(Hebert et al., 2003; Mir et al., 2021). Match-
ing mtDNA barcodes from introduced amphib-
ian populations with published phylogeographic
datasets can be used to determine from where
within the natural distribution range these popu-
lations originate.

Sample collection for a project on mtDNA
barcoding of invasive amphibian species lends
itself well to ‘citizen science’ initiatives, where
members of the public team up with profes-
sional scientists to collect data (Devictor et al.,
2010; Bonney et al., 2016). A network of citizen
scientists would allow comprehensive sampling
to be achieved efficiently — particularly when
the focal species is present in the volunteers’
private garden ponds. For the purpose of citizen

science, any DNA sample collection method-
ology needs to be simple and easy to follow,
minimize the impact on animals and involve as
little bureaucracy as possible.

Collecting amphibian tissue requires training
and ethical approval and can be controversial
with the public (Zemanova, 2019). While tak-
ing tail tips of salamanders has been proven
not to negatively affect survival (Arntzen et
al., 1999; Polich et al., 2013), amputating toes,
as often conducted on frogs, may be harm-
ful (McCarthy and Parris, 2004; Funk et al.,
2005). Swabbing is considered a ‘minimally
invasive’ alternative to tissue sampling (Bro-
quet et al., 2007; Ringler, 2018; Ambu and
Dufresnes, 2023). While one could argue about
what would constitute ‘minimally invasive’,
swabbing is in practice not considered an animal
experiment in most instances, and is therefore
exempt from approval by an animal ethics com-
mittee. Accordingly, the required permissions to
take swabs from animals in their natural envi-
ronment are relatively easy to obtain for a large
group of people, particularly if they are already
involved in monitoring schemes (i.e., with ter-
rain access and permissions/licenses to handle
animals already in place).

While buccal swabbing is a suitable source of
DNA, it requires physically opening the mouth
of the animal (Pidancier et al., 2003; Poschadel
and Moller, 2004; Broquet et al., 2007). Buc-
cal swabbing could risk injury if the person
taking the sample is unexperienced and/or the
mouth of the animal being sampled is small rel-
ative to the swab (Poschadel and Moéller, 2004;
Miiller et al., 2013; Ringler, 2018). Skin swab-
bing has been used as an alternative for buc-
cal swabbing for over a decade now (Prunier et
al., 2012; Ward et al., 2019). While skin swab-
bing performs poorly in relatively dry-skinned
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Figure 1. Distribution map for the alpine newt (Ichthyosaura alpestris). Background colour reflects the rough natural
distribution of the mtDNA clades and symbols reflect sampled localities. The inset shows the Netherlands in more detail
(lighter shading reflects uncertainty about the status of populations in the northeast of the country). Numbers refer to
localities/regions mentioned in the text: 1 = Oudeland, 2 = Veluwe and 3 = Holterberg. Sampling information in

supplementary table S1.

frog species (Ringler, 2018), it has been shown
to work well in species with a relatively moist
skin, such as newts (Prunier et al., 2012). Skin
swabbing is arguably simpler and quicker than
buccal swabbing and less impactful on the sam-
pled animals, making it particularly suitable in
citizen science projects.

The alpine newt (Ichthyosaura alpestris)
occurs throughout most of Europe (fig. 1). The
taxon harbours multiple highly distinct mtDNA
clades (Sotiropoulos et al., 2007; Recuero et al.,
2014) and is suspected to encompass multiple
‘cryptic species’ (Raffaélli, 2018; Speybroeck
et al., 2020; Frost, 2021). Unfortunately, previ-
ous studies have used different mtDNA mark-
ers, which hampers the combination of datasets
(Sotiropoulos et al., 2007; Recuero et al., 2014;
Chiocchio et al., 2017). Furthermore, despite
multiple studies, sampling gaps remain. Most
mtDNA clades meet in the Balkans. However,
the distribution of these lineages and the extent
of comingling between them are not yet well
understood. Finally, the postglacially colonized
range, such as Eastern and Western Europe,

is genetically relatively homogeneous and has
been poorly sampled.

Alpine newts are popular pets and have reg-
ularly been introduced outside of their native
range (Sillero et al., 2014). MtDNA barcod-
ing has been applied to determine the ori-
gin of several incidental introductions. Italian
alpine newts have been introduced on the other
side of the globe, in New Zealand (Arntzen
et al.,, 2016). Less extreme are the introduc-
tion of alpine newts from the Cantabrian Moun-
tains of northern Spain into central Spain
(Palomar et al., 2017), Cantabrian and Ital-
ian alpine newts into Catalonia (Fibla et al.,
2015), and alpine newts from unspecified but
distinct sources in Eastern/Western Europe into
northern Poland (Jakébik et al., 2019) and
southern France (Arntzen et al., 2016). The
alpine newt has been introduced on a mas-
sive scale in The Netherlands (Creemers and
van Delft, 2009; https://www.ravon.nl/Soorten/
Soortinformatie/alpenwatersalamander) as well
as the United Kingdom and Ireland (Meehan,
2013; Allain and Lynn, 2021). The provenance

of these introductions is currently unclear.
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The marked geographical genetic structure
in mtDNA across the vast alpine newt range
(Sotiropoulos et al., 2007; Recuero et al., 2014)
facilitates determining the provenance of intro-
duced alpine newt populations. However, the
situation would benefit from the survey of a
single mtDNA from individuals, throughout
the natural distribution range. To this end, we
employ mtDNA barcoding of a single mtDNA
gene with the aim to: 1) expand the alpine newt
mtDNA phylogeography and 2) determine the
geographical origin of introduced alpine newt
populations. Additionally, we 3) test the effec-
tiveness of buccal versus skin swabs for mtDNA
barcoding in alpine newts.

Materials and methods
Sampling and DNA extraction

We obtained new mtDNA data for 456 individuals from
234 localities (fig. 1, supplementary table S1). For 247
individuals samples consisted of skin swabs. The outer
surface of the newt was swabbed (40 times in total, 10 times
on the dorsal, ventral and each lateral side) with Copan
155C Rayon swabs. Swabs were stored dry and moved to
—20°C as soon as feasible. For 18 individuals, buccal swabs
were also taken, i.e., alongside skin swabs, to compare DNA
yield (measured with a DropSense96 machine) and PCR
performance (i.e., if a sequence could be produced). We also
obtained tissue samples, either freshly collected or taken
from museum specimens (DZuki¢ et al., 2015). DNA was
extracted using the Wizard® Genomic DNA purification
kit (Promega). Samples from Belgium and Slovenia were
provided as DNA extract.

PCR and sequencing

For 411 individuals we amplified a 897 bp fragment of
the ND4 (NADH dehydrogenase subunit 4) mtDNA gene
and adjacent tRNA. We adjusted the ‘universal’ ND4
primers (ND4 and Leu) from Arévalo et al. (1994) to
exactly match the sequence in the Ichthyosaura alpestris
mitogenome published by Zhang et al. (2008), using
Geneious Prime 2021.1.1. This resulted in the primers
ND4-Ich (5'-CACCTCTGACTTCCAAAAGCCCACGTA
GAGGC-3') and Leu-Ich (5'-CATAACTTTTACTTGGAG
TTGCACCA-3'). For 45 individuals for which we could
not obtain a usable sequence, presumably due to DNA
degradation, internal primers were designed in Geneious
Prime to amplify a stretch of 241 bp, namely primer pairs
ND4-Ich-i299vlasiF (5-TGCTTCTAGCCCGCGGAACC-
3’) and Leu-Ich-i559vlasiR (5'-ATGGGTTTATCAGGCGA
AGA-3’) for the distinct Vlasina mtDNA clade or ND4-Ich-
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i299F (5'-TACTCTTAGCCCGCGGAGTM-3') and Leu-
Ich-i559R (5'-ATGGGTTTATCGGGYGAAGG-3') for the
remaining mtDNA lineages.

PCRs were performed in 12 pul reactions, containing
0.06 wl of both forward and reverse primer (0.05 M end
concentration of each primer), 7.2 ul QIAGEN multiplex
PCR master mix, 3.68 ul purified water and 1 ul of DNA
extract. PCR conditions were: a hot start for 15 minutes at
95°C, followed by 35 cycles of denaturation for 30 seconds
at 95°C, annealing for 1 minute at 55°C and extension for
1 minute at 72°C, and extension at 72°C of ten minutes.
Sanger sequencing was outsourced to BaseClear B.V. and
sequences were edited and trimmed in Geneious Prime.

Compilation of mtDNA ND4 reference database

ND4 sequences were available from previous studies from
across the natural range of 1. alpestris (Pabijan and Babik,
2006; Recuero et al., 2014; Voros et al., 2021). To be
able to compare between studies, we focussed on a shared
stretch of 651 bp and we trimmed our sequences accord-
ingly. ND4 sequences of sufficient length were available
from several introduced populations as well (Recuero et al.,
2014; Arntzen et al., 2016). This database of 651 bp ND4
haplotypes provides a comprehensive overview of genetic
variation across the natural range and allows us to link intro-
duced populations to the part of the natural range that they
originate from. We introduce a new naming system for these
651 bp ND4 haplotypes (supplementary tables S1 and S2).

Our 241 bp ND4 data, together with additional studies
that focussed on either a different fragment of ND4 (i.e., not
our target 651 bp) (Jakébik et al., 2019) or different mtDNA
markers (Sotiropoulos et al., 2007; §unje et al., 2021),
were incorporated to help further delineate the geographical
distribution of mtDNA clades (supplementary table S1). The
colour scheme we use to highlight the different mtDNA
clades follows Recuero et al. (2014) and Arntzen et al.
(2016).

Genetic analyses

The Haplotype Collapser function in FaBox (Villesen,
2007) was used to determine if the mtDNA haplotypes of
the newly sequenced individuals match any of the previ-
ously identified 651 bp ND4 haplotypes in our database. To
determine the phylogenetic position of newly identified hap-
lotypes we conducted Bayesian phylogenetic inference with
MrBayes v.3.2.6. (Ronquist et al., 2012). The IQ-TREE
web server functionality ModelFinder (Trifinopoulos et al.,
2016; Kalyaanamoorthy et al., 2017) was used to approxi-
mate the most appropriate model of sequence evolution for
each codon position (HKY + G, GTR + G and GTR + 1
for position 1, 2 and 3, respectively). The northern crested
newt Triturus cristatus (haplotype TcriOl, Genbank Code:
GU982383, taken from Wielstra et al., 2013) was used as
an outgroup. We ran two runs of four-chains for five million
generations with a sampling frequency of 0.001 and a heat-
ing parameter of 0.2 in MrBayes and used a 25% burnin.
Tracer v1.7 (Rambaut et al., 2018) was used to confirm that
runs converged and that ESS was above the standard thresh-
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old of 200. A median spanning haplotype network was con-
structed in PopArt 1.7 under default settings (Leigh and
Bryant, 2015). We calculated nucleotide diversity () across
the natural distribution range in DNAsp v6 (Rozas et al.,
2017), at the level of the country and for each mtDNA clade
separately (if more than one occurred in the same country).

Results

Our database of 651 bp ND4 sequences con-
tains 411 newly sequenced and 185 previously
published individuals (from 273 localities). This
dataset encompasses 100 haplotypes, including
62 not previously identified (figs. 1-3, supple-
mentary tables S1 and S2). These haplotypes
are used to conduct phylogenetic reconstruction
and to tie introduced populations to the natural
distribution range (see below). For another 45
individuals (covering 36 localities) an internal
241 bp ND4 fragment is available. Furthermore,
another 80 individuals (covering 62 localities)

J. Robbemont et al.

are included for which either a relatively short
stretch of ND4 or a different mtDNA marker are
available from previous studies. These data are
only used to assign individuals to mtDNA clade
to help delineate the distribution of mtDNA
clades (fig. 1, supplementary table S1).

Our extended mtDNA phylogeography most-
ly confirms the distinct mtDNA clades identi-
fied in previous studies and the relationships
among them (Sotiropoulos et al., 2007; Recuero
et al., 2014) — for consistency between studies
we stick to the previous division into mtDNA
clades as much as possible. However, haplo-
types from Spain are not reciprocally mono-
phyletic from, but are nested within, a clade
containing haplotypes from across Eastern and
Western Europe.

While we do not improve much upon the
known distribution of the mtDNA clades here
referred to as the Italy, Southern Balkans and
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be found in supplementary table S1 and a more detailed version of this phylogeny is available in supplementary fig. S1.
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Spanish haplotypes are highlighted with an asterisk. Haplotype details can be found in supplementary table S1.

Vlasina mtDNA clades, we clarify the distribu-
tions of the other mtDNA clades (fig. 1). Hap-
lotypes from the Southern Carpathians and the
Apuseni Mountains in Romania and the north-
west Balkans (northern Croatia and adjacent
Slovenia and Bosnia and Herzegovina) com-
pose a monophyletic clade that we refer to as
the Northern Balkans & Romania mtDNA clade
(figs 1 and 2, supplementary fig. S1). The Cen-
tral Balkans mtDNA clade stretches from Bul-
garia (and just a bit of Greece), through Ser-
bia to Bosnia and Herzegovina, and slightly
extends into Montenegro and Croatia (fig. 1).
The Montenegro mtDNA clade is mainly found
in Montenegro but slightly protrudes into neigh-
bouring Bosnia and Herzegovina, Serbia and
Albania (fig. 1). We show that the Eastern/West-
ern Europe & Spain mtDNA clade extends as
far south as the Southern Carpathians and the
Slovenian/Croatian border (fig. 1). Most genetic
diversity in this mtDNA clade is found at the
southern fringe of its distribution, just north
of the Balkan Peninsula (fig. 4, supplementary
table S3).

Most introduced localities in the Nether-
lands contain one particular haplotype from
the Eastern/Western Europe & Spain mtDNA
clade, namely EWES_1, with the exception
of introduced locality Holterberg, where we
find EWES_21 (figs 1 and 3, supplementary
table S1). Additional haplotypes from distinct
mtDNA clades are present in several intro-
duced localities, sometimes in syntopy (fig. 1).
Namely, introduced locality Oudeland features
haplotype IT_7 (Italy mtDNA clade) and hap-
lotype EWES_1. In the Veluwe region, haplo-
type NBR_12 (Northern Balkans & Romania
mtDNA clade) is widespread, while haplo-
type CB_6 (Central Balkans mtDNA clade) is
restricted to a single locality (close to NBR_12).
We also find the EWES_1 haplotype in two
localities in this region; in one it is the only hap-
lotype identified, in the other it co-occurs with
NBR_12. In both Ireland and Northern Ireland,
the only haplotype found is EWES_38 of the
Eastern/Western Europe & Spain mtDNA clade.
Scotland and Wales host haplotype EWES_1.
In one locality from England we find EWES_1
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Figure 4. Nucleotide diversity (;r) across the natural distribution range of the alpine newt (Ichthyosaura alpestris) for the
main mtDNA clades and at country-level, based on 651 bp of the mtDNA gene ND4. N/a means & could not be established
because only a single individual was available. Background colour reflects the rough natural distribution of the mtDNA
clades. Further details can be found in supplementary table S3.

again, another features haplotype IT_7 of the
Italy mtDNA clade, and a third contains both
EWES_1 and IT_7.

We have obtained sequence data for 247 swab
samples. Another 32 swabs (c. 11%) did not
produce a sequence. For the 18 individuals that
have been both buccal- and skin-swabbed we
obtain sequences from both approaches for 16
individuals (for one individual the buccal swab
failed and for another individual the skin swab
failed). There is accordingly no difference in
performance between buccal and skin-swabbing
(Chi-squared test, p > 0.05, df = 1, n = 36).
The two sequences per individual based on buc-

cal and skin swabs are identical. Even though
success rate in terms of obtaining a sequence is
similar for buccal and skin swabs, DNA yield is
consistently lower for skin swabs (supplemen-
tary table S4).

Discussion

New insights from extended mtDNA
phylogeography

While the alpine newt has received acute phylo-
geographic interest, the sampling schemes and

markers employed in previous studies differ,
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and sampling gaps remain (Sotiropoulos et al.,
2007; Recuero et al., 2014; Chiocchio et al.,
2017; Sunje et al., 2021; Voros et al., 2021).
Our range-wide mtDNA phylogeography, based
on a single marker, allows us to clarify the dis-
tribution of the main mtDNA clades and locate
(potential) contact zones between them.

We find Spanish haplotypes nested within a
clade that also contains haplotypes from Eastern
and Western Europe. We suggests this pattern
reflects our greatly increased sampling, rather
than low phylogenetic resolution. We recom-
mend a genomic study should test the phyloge-
netic position of Spanish alpine newts.

While, outside of Spain, the Eastern/Western
Europe & Spain mtDNA clade is genetically
homogeneous across most of its range, consid-
erable genetic variation is found at its south-
ern fringe, just north of the Balkan Peninsula,
in the north-east of Italy, Slovenia and Hun-
gary (fig. 3, supplementary table S3). Haplotype
EWES_1 occurs most frequently and is widely
distributed, including in the Italian eastern Alps,
adjacent to the region that harbours most of
the genetic diversity for the Eastern/Western
Europe & Spain mtDNA clade. This pattern
suggests that the eastern Alps were the point
of origin for the postglacial recolonization of
western and central Europe (Sotiropoulos et al.,
2007).

Another new insight concerns to which
mtDNA clade the haplotypes from the north-
west Balkans (northern Croatia and adjacent
Slovenia and Bosnia and Herzegovina) should
be allocated (fig. 1). In an attempt to inte-
grate data from a previous study (Sotiropoulos
et al., 2007), concerning a different, relatively
low-resolution mtDNA marker, these localities
were misinterpreted as belonging to the Cen-
tral Balkans mtDNA clade in Recuero et al.
(2014). Rather, the haplotypes are part of an
mtDNA clade that is further distributed in the
Southern Carpathians and Apuseni Mountains
in Romania (figs 1 and 2). Currently, these
two range sections are allopatric (Sillero et al.,
2014), being separated by hundreds of kilome-
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tres of unsuitable lowland habitat. This disjunct
distribution pattern suggests that alpine newts
had a more extensive range in the past (presum-
ably during glacial cycles), in line with mon-
tane relictual distribution patches observed in
other parts of the range (Pabijan et al., 2009;
Chiocchio et al., 2017; Voros et al., 2021).
A phylogenomic study should further explore
the phylogenetic position of these geographical
populations.

Our denser sampling allows us to delineate
the distributions of the distinct mtDNA clades
with more accuracy and informs upon where
they (potentially) meet. In particular, we pin-
point the transition between the Central Balkans
and Northern Balkans & Romania mtDNA
clade, in the north-west of Bosnia and Herze-
govina and just across the border in Croatia
(fig. 1) (see also Sunje et al., 2021). Syntopy
of the Central Balkans and Montenegro mtDNA
clade is observed at the crossover between Ser-
bia, Bosnia and Herzegovina and Montene-
gro. While we show that the Vlasina mtDNA
clade extends slightly into Bulgaria (fig. 1),
further sampling is required to determine if
it is geographically isolated from the Central
Balkans mtDNA clade. Additional sampling in
Kosovo is required to assess whether the South-
ern Balkans mtDNA clade comes into con-
tact with the Montenegro and Central Balkans
mtDNA clades. We show that the Eastern/West-
ern Europe & Spain mtDNA clade is distributed
as far south as the Southern Carpathians and the
border between Slovenia and Croatia, in close
proximity to the Northern Balkans & Romania
mtDNA clade.

While it has been well-established that the
alpine newt harbours multiple, highly dis-
tinct mtDNA clades (Sotiropoulos et al., 2007;
Recuero et al.,, 2014), only limited nuclear
DNA data have been studied so far (Recuero
et al.,, 2014). In some instances, the distinct
mtDNA clades are associated with distinct
nuclear DNA alleles, suggesting they probably
represent cryptic species. However, the highly
distinct Vlasina mtDNA clade might concern a
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‘ghost lineage’ that does not reflect a diverged
nuclear DNA gene pool (Recuero et al., 2014).
Mitochondrial surveys are known to be mis-
leading in amphibian phylogeography and ensu-
ing taxonomy (Dufresnes and Jablonski, 2022).
Introgression of mtDNA across species bound-
aries is regularly observed (Toews and Brels-
ford, 2012).

Genome-scale data are becoming readily
available for newts (Rancilhac et al., 2021)
and have already been successfully applied
for species delineation in related newt gene-
ra (Wielstra and Arntzen, 2016; Pabijan et al.,
2017; Wielstra et al., 2018), also in combina-
tion with exploring potential ecological (Wiel-
stra et al., 2012; van Riemsdijk et al., 2017)
and morphological differentiation (Gerlach and
Fahrbach, 2016; Uziim et al., 2019). A phyloge-
nomic study is required to clarify the evolution-
ary significance of the tremendous mitochon-
drial diversity in the alpine newt. In this respect,
our improved mtDNA phylogeography helps to
home in on the contact zones between the poten-
tial cryptic species hiding within the alpine newt
(fig. 1).

Provenance of introductions illuminated

We focus on alpine newt introductions in the
Netherlands as well as the United Kingdom and
Ireland, where, compared to earlier studied inci-
dental introductions (Arntzen et al., 2016; Palo-
mar et al., 2017; Jakébik et al., 2019), alpine
newt introduction has occurred on a massive
scale (Creemers and van Delft, 2009; Allain
and Lynn, 2021). While these newly established
populations are thriving and expanding, based
on both the rapidness with which new locali-
ties have been discovered, and the geographical
distances between them, tens if not hundreds
of introduction and/or translocation events must
have been involved.

In the Netherlands, the Veluwe region has
been rapidly colonized since c. 1995 (Creemers
and van Delft, 2009). Haplotypes from three
distinct mtDNA clades are recovered in this
area. One (EWES_1) is naturally widespread
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across Europe and also occurs natively in the
Netherlands, while the other two are indige-
nous to the Balkan Peninsula (fig. 1). The
most widespread of the two Balkan haplotypes
(NBR_12) is also present in a locality from
western Croatia. Another newt species that has
been introduced in the Veluwe region, the Ital-
ian crested newt Triturus carnifex, could also
be linked to a locality from western Croatia
(less than thirty kilometres away) based on
mtDNA barcoding (Meilink et al., 2015). Yet,
we also find a haplotype (CB_6) in a single
alpine newt that is naturally only known from
a single locality in Bosnia and Herzegovina, c.
135 kilometres further eastwards. We suggest
that these two distinct Balkan haplotypes may
have a wider natural distribution and may occur
in syntopy in nature, implying that the introduc-
tion could have involved a single Balkan stock.
However, we acknowledge that the difference
in frequency is striking. For example, two dis-
tinct mtDNA haplotypes also segregate in an
introduced population of Pelobates toads in the
Netherlands, but here haplotype frequency is
considerably more equal (Koster et al., 2023).
Nonetheless, the presence of an additional hap-
lotype, natively distributed throughout Eastern
and Western Europe, suggests that at least two
stocks must have been involved.

In Oudeland we observe a haplotype that nat-
urally occurs in Central Italy (IT_7). The same
haplotype has also been found in the intro-
duced population in New Zealand (Arntzen et
al., 2016). However, this area (and practically
all other introduced populations of the Nether-
lands) is also inhabited by newts that feature
a widespread European and even Dutch native
haplotype. There is one exception, Holterberg,
where a distinct haplotype from the same East-
ern/Western Europe & Spain mtDNA clade
(EWES_21) is found, but because we did not
sequence this haplotype across the natural range
we cannot map its geographical origin.

We now have a situation in the Netherlands
where genetically distinct mtDNA clades, pre-
sumably representing different cryptic species,
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occur in syntopy. A similar situation has previ-
ously been observed in e.g., Spain (van Riems-
dijk et al., 2018) and the Netherlands (Kuijt et
al., 2023), where the mtDNA of two recently
recognized species of Ommatotriton newts and
Hyla treefrogs were found together in intro-
duced populations. Such a situation may stem
from the fact that cryptic species are typically
mixed in the pet trade, particularly before they
have been characterized as such in major taxo-
nomic lists. According to current taxonomy, the
alpine newt is regarded a single species, despite
the presumed presence of cryptic species (Spey-
broeck et al., 2020). We urge for an evalua-
tion of the extent of genetic admixture between
the potential cryptic species within the intro-
duced alpine newt populations based on many
unlinked nuclear DNA markers.

In Ireland and Northern Ireland we find
a single haplotype (EWES_38) that was pre-
viously reported from an introduced popula-
tion in Larzac, southern France (Arntzen et
al.,, 2016). This haplotype clearly belongs to
the Eastern/Western Europe & Spain mtDNA
clade. However, despite our increased sam-
pling, which spans the previously hypothe-
sized source in western Switzerland (Arntzen
et al.,, 2016), we could not locate this haplo-
type in the natural distribution range. Given
the apparently restricted geographical distribu-
tion of this haplotype in the wild, it is likely
that the ancestors of these geographically dis-
tinct introduced populations derive from the
same source. Note that Arntzen et al. (2016)
identified a haplotype in two individuals from
Larzac, France (GenBank Accession numbers
KR107546 and KR107549) that is quite dis-
tinct from any of the haplotypes known through-
out the natural range — also when considering
the enhanced sampling of the current study —
and appeared ‘intermediate’ between Spanish
and Eastern/Western European haplotypes. We
noticed that this haplotype is identical to mul-
tiple haplotypes found throughout Eastern and
Western Europe for our 241 internal primer
stretch, while carrying three fixed differences
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compared to Spanish haplotypes. Yet, in the
remainder of the sequence, the opposite pattern
is occasionally found. Therefore, we considered
it likely that this haplotype represents a chimeric
sequence and therefore opted to exclude it from
our dataset.

Wales, Scotland and two out of three local-
ities from England harbour a different haplo-
type (EWES_1) of the Eastern/Western Europe
& Spain mtDNA clade; a haplotype which is
widely distributed across the natural range of
this mtDNA clade and is also the most com-
mon haplotype observed in the introduced local-
ities in the Netherlands. A genome-scale dataset
would be required to try and provide further
insight on the provenance of populations bear-
ing this naturally widespread haplotype.

In one of those two England localities where
the Eastern/Western Europe & Spain mtDNA
clade is present, we also find the same Italian
mtDNA clade haplotype (IT_7) that has also
been introduced in Oudeland in the Netherlands
(see above) as well as in New Zealand (Arntzen
et al., 2016). Again this raises a question about
the extent of genetic admixture between two
potential cryptic alpine newt species. The same
Italian mtDNA clade haplotype is the sole hap-
lotype present in the third locality from Eng-
land we studied. Many more introduced alpine
newt localities, in large part revealed by cit-
izen science records, are known from Eng-
land (Allain and Lynn, 2021) and Scotland
(C. Cathrine, unpublished data); additional sam-
pling is required to get a better understanding
of the number of different geographical stocks
involved and where these occur in syntopy.

Based on our extended sampling across the
natural range, a good number of introduced
alpine newt localities can now be connected
to a native source population. Yet, the genetic
homogeneity in temperate Europe makes it dif-
ficult to pinpoint the provenance of many others
(a well-known limitation of the mtDNA bar-
coding of invasive species, see e.g., Vliegen-
thart et al., 2023). We can confirm that mul-
tiple distinct sources are involved. How did

Downloaded from Brill.com@8/24/2023 02:16:25PM
via free access



358

these alpine newts get introduced? In most cases
this is unknown. Alpine newts are common
in the pet trade and release by owners seems
the most plausible route (Arntzen et al., 2016),
with an additional possible transmission route
being ‘hitchhiking’ (perhaps as eggs) in aquatic
vegetation (Schmeller et al., 2020). Ironically,
alpine newts in Ratho, Scotland were intro-
duced because they were mistakenly thought to
be the native great crested newt (7. cristatus);
the population is now expanding (C. Cathrine,
unpubl. data).

A particular risk when closely related species
or distinct populations of a single species
are brought into contact with native counter-
parts is ‘genetic pollution’, where native gene
copies are driven to extinction, because they are
replaced by invasive ones (Rhymer and Sim-
berloff, 1996; Huxel, 1999; Meilink et al., 2015;
Todesco et al., 2016; Dufresnes et al., 2017). In
this context, the introduction of highly distinct
alpine newt mtDNA clades, presumably repre-
senting cryptic species, close to native popula-
tions, is of particular concern. Given the lim-
itations associated with the use of a single
DNA marker such as mtDNA, genome-scale
data would be required to screen for potential
genetic pollution (Wielstra et al., 2016).

Swabbing by citizen scientists

This project benefited from citizen science.
Involving citizens in scientific projects helps
to reduce the gap between science and soci-
ety (Devictor et al., 2010; Bonney et al., 2016).
Most of our samples from the Netherlands were
collected by volunteers of NGO RAVON (Rep-
tile, Amphibian and Fish Conservation Nether-
lands) to whom we sent swabs with detailed
instructions on how to use these. Evidently, this
was an efficient way to amass geographically
dense sampling (fig. 1, supplementary table S1).

We show that the success rate of skin swab-
bing, in terms of obtaining an mtDNA barcode,
is the same as for buccal swabbing. Skin swabs
have a wider application than simple mtDNA
barcoding. Both skin and buccal swabs have
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been used to obtain nuclear DNA data, includ-
ing microsatellite (Broquet et al., 2007; Prunier
et al., 2012) and KASP genotyping (Fahrbach
et al.,, 2021; de Brouwer et al., 2023). Buc-
cal swabs are also being applied in amphib-
ians to obtain genome-scale datasets via RAD-
sequencing (Ambu and Dufresnes, 2023) and
we would recommend testing skin swabs for
this purpose as well (while DNA concentrations
of skin swabs are lower than those of buccal
swabs, many should yield sufficient DNA for
RAD-sequencing).

To the best of our knowledge, the stress
associated with buccal and skin swabbing on
amphibians has never been quantified. However,
it is reasonable to assume that skin swabbing
is relatively less stressful than buccal swabbing
(Ringler, 2018). Our study illustrates the poten-
tial of the technique, particularly in projects on
aquatic amphibians where conventional molec-
ular techniques are applied and citizen scientists
are involved.
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