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Abstract. Isolated distribution patches may represent local remnants of a formerly wider range or could have originated
by human-mediated expansion beyond the natural range. Distinguishing between these two scenarios is not always
straightforward. Northern crested newts (Triturus cristatus) in the Dutch coastal dunes are disconnected from the main species
range by over 40 kilometres and whether they have been present historically is unclear. We genotyped crested newts from
throughout the Netherlands for an mtDNA marker to determine the provenance of the coastal dune population. Because a
closely related species, the Italian crested newt (7. carnifex), has an introduction history in the Netherlands, we also screened
eight nuclear DNA SNP markers diagnostic for T cristatus vs. T. carnifex. The crested newts from the coastal dunes carry
a single 7. cristatus mtDNA haplotype that naturally occurs in the south, but not the east, of the Netherlands. Therefore,
we cannot distinguish if the population represents a natural distribution relict or is derived from an introduction. We find
no evidence of genetic admixture with 7. carnifex in the coastal dunes, but such admixture is apparent at another Dutch
locality (far removed from a previously known genetically admixed population). Our study illustrates how difficult it can be
to determine the origin of isolated populations.

Keywords: alien species, biogeography, DNA barcoding, exotic species, invasion genetics, phylogeography.

Introduction A disconnected distribution patch can also

A peculiar biogeographical pattern is the pres- be accomplished by human-mediated dispersal.

ence of distribution pockets disconnected from
a species’ main distribution range. For low
vagility species such as amphibians, natural
long-distance colonization is unlikely. A way
for such a disjunct distribution pattern to arise
is when a species’ range retracts, while it man-
ages to hold on locally (Wilson et al., 2004). An
example from European newts concerns the dis-
tribution relicts of a previously broader distribu-
tion of the alpine newt Ichthyosaura alpestris in

A plethora of cases are known of populations
that have become established well outside the
natural distribution range after introduction by
humans (Simberloff, 2013). For example, two
European newts have settled on the other side
of the Earth through anthropogenic dispersal:
alpine newts in New Zealand (Arntzen et al.,
2016) and smooth newts Lissotriton vulgaris in
Australia (Tingley et al., 2015).

Italy (Chiocchio et al., 2017) and Poland (Pabi-
jan et al., 2009).

© De Brouwer et al., 2022.

In the newt cases mentioned above, there is
little doubt about how the isolated distribution
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pocket originated, but what if a species’ natu-
ral distribution is poorly known and the distance
between pocket and main range is relatively
small? Here DNA barcoding could help (Hebert
et al., 2003; Mir et al., 2021). A natural distribu-
tion relict would be expected to be genetically
similar to populations from the nearest edge
of the main distribution range. However, this
would also be the case for an introduced popu-
lation that was sourced from that same region.
Yet, positive evidence for an introduction his-
tory can be provided if the isolated population
is genetically dissimilar from the nearest edge
of the main distribution range.

The northern crested newt 7. cristatus occurs
in central and northern Europe (Wielstra et al.,
2015; Wielstra et al.,, 2017b) and covers the
south and east of the Netherlands (Creemers and
van Delft, 2009). A few ‘eccentrically located’
finds from c. a century ago stem from the Dutch
coastal dunes (Bergmans and Zuiderwijk, 1986;
Creemers and van Delft, 2009). After a long
period without records (but note there was no
proper monitoring program at the time), north-
ern crested newts were reported again: in Mei-
jendel northern crested newts are known to be
present since at least the early 1970s (Wanders,
2002) and in the Westduinpark since only as
recently as 2020 (National Database Flora &
Fauna, NDFF).

The nearest native northern crested newt
population is located over 40 kilometres away
as the crow flies (well beyond the lifetime
dispersal distance; Arntzen and Wallis, 1991;
Kupfer and Kneitz, 2000; Haubrock and
Altrichter, 2017; Unglaub et al., 2021). It is
unclear if the isolated population in the coastal
dunes is the remnant of a formerly larger
natural distribution (Creemers and van Delft,
2009). Human-mediated establishment of the
coastal dune population is a realistic scenario as
well, considering that introductions of the com-
mon midwife toad Alytes obstetricans, naturally
occurring only in the extreme southeast of the
Netherlands (Vliegenthart et al., 2023), and of
two non-native tree frog Hyla species (Kuijt et

J. de Brouwer et al.

al., 2023), have been well documented in the
same area (albeit these only took place in the
21st century).

An additional complication, particularly
related to species introduction, is the potential
presence of (and hybridization between) multi-
ple species. The Italian crested newt T. carnifex
has been introduced throughout Europe and
a well-documented introduction in the central
Netherlands, in the Veluwe region, may have
been initiated as early as the 1970s (Bogaerts,
2002; Meilink et al., 2015; Wielstra et al.,
2016). The natural distribution ranges of north-
ern and Italian crested newts meet at a narrow
hybrid zone (Maletzky et al., 2010; Mikulicek
et al., 2012; Wielstra et al., 2014; Macat et
al., 2019; Fahrbach et al., 2021) and the two
species also readily hybridize where T. carnifex
has been introduced into the range of 7. crista-
tus (Brede et al., 2000; Arntzen, 2001; Maletzky
etal., 2008; Brede, 2015; Dufresnes et al., 2016;
Dufresnes et al., 2019; Hinneberg et al., 2022).
Therefore, the presence of 7. carnifex (alleles)
needs to be considered when dealing with a
crested newt population of unknown origin.

We test if crested newts from the coastal
dunes carry (only) T. cristatus mtDNA haplo-
types and, if so, if these are similar to T crista-
tus mtDNA haplotypes from the main range
in the Netherlands. Furthermore, we genotype
eight nuclear DNA SNP markers that are diag-
nostic for T. cristatus vs. T. carnifex to test
if decisively non-native T. carnifex alleles are
present.

Materials and methods
Sampling and DNA extraction

From the Dutch coastal dunes, we included 22 individu-
als sampled throughout Meijendel and six individuals from
the Westduinpark (fig. 1; supplementary table S1). We also
included seven individuals from localities with an assumed
introduction history from elsewhere in the Netherlands: two
from Krimpen aan den IJssel, one from Oudeland, three
from Norg and one from Breda. Another 40 individuals from
18 locations were collected throughout the native range in
the Netherlands (fig. 1, supplementary table S1). Buccal
or skin swabs were collected using 4N6FLOQSwab and
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Figure 1. Sampled localities for the northern crested newt Triturus cristatus. The inset shows localities in the Netherlands,
coloured based on ND4 mtDNA haplotype. Arrows highlight populations discussed in the text: 1) Meijendel and Westduin-
park; 2) Krimpen aan den IJssel and Oudeland; 3) Norg; and 4) Breda. A rough outline of the natural distribution range in the
Netherlands is shaded grey. See supplementary table S1 for details. The main map shows haplotype distribution in the rest of
Europe and particularly focusses on those haplotypes also present in the Netherlands (see text for details).

stored in 96% ethanol at —20°C until further use. DNA was
extracted using a salt extraction protocol (Sambrook and
Russell, 2001) with the Wizard® Genomic DNA Purifica-
tion Kit (Promega). We also obtained DNA extracts from
Belgium (12 individuals from four locations).

PCR and mtDNA analyses

We Sanger sequenced a 658 bp section of the mtDNA gene
ND4, using the primer pair KARF4-DOBR?2 (Wielstra et al.,
2013). PCRs were performed in 12 microliter reactions con-
taining 0.06 ul forward and reverse primer (0.05 uM end
concentration of each primer), 7.2 ul QIAGEN multiplex
PCR master mix, 3.68 ul purified water and 1 pul 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 a final 30 minutes extension at 60°C.
Sanger sequencing was performed commercially by Base-
Clear B.V. and sequences were edited using Geneious Prime
2021.1.1 (https://www.geneious.com).

The newly acquired ND4 sequences were aligned against
a database of ND4 haplotypes for Triturus compiled from
previous studies (Wielstra et al., 2013; Meilink et al., 2015;
Wielstra et al., 2015; Wielstra et al., 2017a; Fahrbach et
al., 2021). The Haplotype Collapser function in FaBox
(Villesen, 2007) was used to check to which previously
identified haplotypes our new sequences belonged (if any).
To allocate newly identified haplotypes to Triturus species
we used phylogenetics, specifically Bayesian inference in
MrBayes v.3.2.2 (Ronquist et al., 2012). We included all
available T. cristatus haplotypes and one haplotype of each

of the other Triturus species and used Calotriton asper
as outgroup. The most appropriate models of sequence
evolution (HKY+I, HKY+I and HKY for codon positions
1,2 and 3) were determined with jmodeltest-2.1.10 (Darriba
et al., 2012). We ran two, four-chain, ten-million-generation
runs, with a sampling frequency of 0.001 and a heating
parameter of 0.2 in MrBayes and used a 25% burnin. Tracer
v1.7.1 (Rambaut et al., 2018) was used to confirm that runs
converged and that ESS values were above 200. A haplotype
network was made with TCS 1.21 (Clement et al., 2000) and
tcsBU (Murias dos Santos et al., 2015).

nuDNA screening for Triturus carnifex alleles

We genotyped eight previously described nuclear DNA SNP
markers that are diagnostic for 7. carnifex versus T. crista-
tus (Wielstra et al., 2016; Fahrbach et al., 2021). Genotyp-
ing was conducted using Kompetitive Allele Specific PCR
(KASP) technology (LGC genomics, UK) at the SNP geno-
typing facility of the Institute of Biology, Leiden University.
KASP genotyping involves fluorescence-based genotyping
using allele specific primers that also contain a unique tail
sequence. Different fluorescently labelled primers present
in the KASP master mix correspond to each tail sequence
and are activated when incorporated during subsequent
PCR cycles, with further cycling causing signal intensity to
increase (Semagn et al., 2014). Hence, for each marker for
each individual, the presence of one or the other SNP vari-
ant, or both in the case of heterozygosity, can be determined.
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Figure 2. Bayesian phylogeny based on all ND4 mtDNA haplotypes of the northern crested newt Triturus cristatus. The
outgroup is not shown. The scale bar shows the expected changes per site. The partitioning into three main clades is based on
Wielstra et al. (2015). Haplotypes in blue are (also) present in the Netherlands. See supplementary table S1 for details.

Results

Most of the newly sequenced individuals pos-
sessed previously identified T. cristatus haplo-
types, mainly the haplotypes TcriOl and Tcri02
(figs. 1 and 2, supplementary table S1). While
TecriOl occurs in the east of the Netherlands,
Tecri02 is concentrated in the south; a pattern
consistent with the distribution of these haplo-
types across Europe (fig. 1). All samples from

Meijendel and Westduinpark belong to haplo-
type Tecri02. Populations with an assumed or
known introduction history (Krimpen aan den
Jssel, Oudeland, Norg and Breda; fig. 1 and
supplementary table S1) possessed either the
TeriO1 or Teri02 haplotype. Two newly identi-
fied haplotypes, namely Tcri45 and Tcri46, as
well as several additional haplotypes found in
the studied individuals are all closely related
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(beloning to ‘clade 3’ sensu Wielstra et al.,
2015; fig. 2, supplementary fig. S1). One indi-
vidual from Belgium contained the haplotype
Tcril7, which was previously only reported in
a single individual from north-western Roma-
nia. We found T. carnifex nuclear SNP alle-
les in one of the populations with an assumed
introduction history (a single individual from
Breda; supplementary table S1). All other local-
ities only possessed 7. cristatus nuclear SNP
alleles.

Discussion

We observe mtDNA diversity in T. cristatus
across the Netherlands that fits within a wider
western European context. Two haplotypes pre-
dominate in the Netherlands: TcriO1 in the east
and Tcri02 in the south (fig. 1). A few addi-
tional haplotypes, differing by a single substi-
tution, are found locally and at low frequency
(figs. 1 and 2). Outside of the Netherlands,
TcriOl occurs across a vast part of the post-
glacially colonized range of T. cristatus, from
the UK in the west to Russia in the east, as
well as in a large part of Romania, a main
glacial refugium of T cristatus (Wielstra et al.,
2015; Wielstra et al., 2017b; fig. 1). Tcri02
is only found in an area that is presumed to
have been colonized postglacially, and further
south than Tcri01, covering a large range across
France, southern Germany and Austria (Meilink
etal., 2015; Wielstra et al., 2015; Wielstra et al.,
2017b; Fahrbach et al., 2021; fig. 1). The phylo-
geographical pattern we observe suggests post-
glacial recolonization of the Netherlands by T
cristatus via two distinct routes, from the south
and from the east. A biogeographical scenario
of expansion into western Europe via multiple
routes, eventually converging in secondary con-
tact, has been observed in multiple taxa (Hewitt,
1999).

An intriguing observation is the presence of
haplotype Tcril7 in a single individual from
one of the Belgian localities studied. This hap-
lotype has previously been reported from a

23

single individual from north-western Romania
(fig. 1; Wielstra et al., 2015). This could indi-
cate an introduction history, but denser sam-
pling in the intermittent area is required to
exclude the possibility that this rare haplotype
was spread via allele surfing (Klopfstein et al.,
2006).

We did not obtain positive evidence for an
anthropogenic origin of the Dutch coastal dune
crested newt population. We observe the haplo-
type that is naturally distributed in the south of
the Netherlands (Tcri02). The closest sampled
native population is positioned c. 60 kilome-
tres away and also contains haplotype Tecri02.
Therefore, based on the mtDNA data, we can-
not exclude the possibility that the Dutch coastal
dune population is a distribution relict of a
formerly larger range, cut off via extinction
in the area in between due to habitat degra-
dation (Griffiths and Williams, 2000; Karls-
son et al., 2007). Such a scenario has been
hypothesized to explain the presence of isolated
northern crested newt populations in the High-
lands of Scotland (O’Brien and Hall, 2012).
A study using a variable nuclear DNA marker
system, such as RAD-sequencing, could poten-
tially shed more light on the origin of the Dutch
coastal dune population (see e.g., Arntzen et al.,
2010).

We did not find evidence for genetic admix-
ture between T. cristatus and the invasive Italian
crested newt T. carnifex in the Dutch coastal
dunes. This is also the case for all other Dutch
crested newts screened, except for a single indi-
vidual sampled from the southside of the city
of Breda. This individual possesses T. crista-
tus mtDNA (haplotype Tcri02) and is predom-
inantly 7. cristatus from the nuclear perspec-
tive, but contains multiple 7. carnifex alle-
les as well. Indeed, an eDNA study found
both T. carnifex and T. cristatus mtDNA to be
present in a garden pond situated c. 200 metres
away (Lambrikx and Spitzen-van der Sluijs,
2019). We can now confirm that hybridiza-
tion between the two species is taking place
here.
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This is a second case of genetic admixture
between T. cristatus and T. carnifex in the
Netherlands (next to a large number of local-
ities in the Veluwe area; Meilink et al., 2015;
Wielstra et al., 2016). Many cases of ‘anthro-
pogenic hybridization’ involving the release of
T. carnifex into the native range of 7. crista-
tus have now been documented (Brede et al.,
2000; Arntzen, 2001; Maletzky et al., 2008;
Brede, 2015; Dufresnes et al., 2016; Dufresnes
et al., 2019; Hinneberg et al., 2022). The clos-
est natural populations around Breda are only
a few kilometres away (Lambrikx and Spitzen-
van der Sluijs, 2019). We suggest this situation
should be closely monitored and action to pre-
vent the spread of T. carnifex genes should be
taken as soon as possible, by removal of pure
T. carnifex and genetically admixed individu-
als.
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