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Abstract

The vertebrate skull integrates vital functions such as feeding, brain protection and sensory per-
ception, making it a key structure for studying morphological evolution. Using micro-computed
tomography and geometric morphometrics, we examined skull shape variation in the salaman-
der genus Triturus, focusing on five (sub)species within the recently revised T. marmoratus spe-
cies group (marbled and pygmy newts). Results were compared with the sister T. cristatus species
group (crested newts) which comprises eight species, including a recent diversification within
T. carnifex documented by molecular data. The two groups, which diverged approximately 28 mil-
lion years ago, take opposite positions over a shape gradient, from broad skulls with posteriorly
positioned jaws to narrower, elongated skulls with more anteriorly positioned jaw articulations,
respectively. Both groups exhibit comparable levels of morphological variation (disparity) in skull
shape. In the T. cristatus species group, skull shape changes are paralleled by changes in axial
morphology (with a vertebral count ranging from 13 to 17) whereas species of the T. marmoratus
group have a uniform count of 12 trunk vertebrae. The subspecies Triturus m. marmoratus stands
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out from other taxa in its group in jaw articulation and pterygoid placement, and vomerine tooth

row lengths — features that suggest functional differences in feeding mechanics or diet. Further

research on the function morphology of feeding, feeding regimes and phenology of taxa may help

to uncover drivers of morphological divergence.

Keywords

Feeding and food processing — geometric morphometrics — micro-computed tomography — skull
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Introduction

The shape of the vertebrate skull is strongly
influenced by genetic and developmen-
tal factors, constrained by functional
demands and is highly adaptive, making
it a promising structure for the study of
morphological evolution (Cheverud, 1995;
Hallgrimsson et al., 2007). Moreover,
modern micro-computed tomography
in combination with geometric morpho-
metrics enables the precise description
of skull shape which assists in elucidating
the mechanisms and processes that drive
morphological evolution (Sherratt et al,
2014; Bordua et al.,, 2019; Urosevi¢ et al.,
2019; Paluh et al., 2020; Kyomen et al., 2023;
Sherratt & Kraatz, 2023).

Changes in skull shape of salamandrid
salamanders are relatively well studied
at both the macroevolutionary (Ivanovi¢
& Arntzen, 2018; Fabre et al., 2020) and
level (Ivanovi¢ &
Kalezié, 2012; Uziim et al,, 2015). Special

microevolutionary

attention went to the large-bodied newt
genus Triturus (Ivanovi¢ et al., 2008, 2013;
Cvijanovi¢ et al., 2014; Ivanovi¢ & Arntzen,
2014), where the majority of evolutionary
changes in the skull is concentrated in the
otico-occipital region and adjacent bones,
along with changes in the relative position

of the jaws (Ivanovi¢ & Arntzen, 2014). The
ten or eleven species in the genus repre-
sent five morphotypes in a gradient from
stout to slender to which the length of the
annual aquatic breeding phase runs in
parallel from 2—-6 months (Arntzen, 2003;
Wielstra et al., 2019). Variation in skull size
and shape also shows a clear association
with an ecological gradient across Tritu-
rus species. These patterns suggest that
morphological evolution has been shaped
in part by series of shifts in the ecological
niche (Ivanovi¢ & Arntzen, 2014). It has
been estimated that the T. marmoratus
and T cristatus species groups separated
from one another 28.4 million years (Mya)
ago with a 29.0-22.6 confidence interval
(Steward & Wiens, 2025). Recent changes
in the taxonomy of the 7. marmoratus spe-
cies group (Arntzen, 2024abc, in line with
Kazilas et al., 2024) necessitate a revision
and extension of the morphometric data
published earlier (Ivanovi¢ & Arntzen,
2014, 2018). The approximate ranges of
Triturus species and subspecies are shown
in Figure 1, while their phylogenetic rela-
tionships and a proposed vernacular
nomenclature are presented in Figure 2.
We investigated shape differentiation
across the genus Triturus and quantified
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SKULL SHAPE DIVERGENCE IN MARBLED AND PYGMY NEWTS 3

FIGURE 1

Distribution of the genus Triturus across Eurasia. Top panel — species in the T. cristatus

species group. The information on the proposed separation of T. carnifex in a Balkan species
and an Apennine species yet to be described goes back to Wielstra et al. (2021). Bottom

panel — species and subspecies in the T. marmoratus species group after (Arntzen, 2024cd).
Note that the position and width of the T. m. marmoratus — T. m. harmannis contact zone and
that within T. carnifex sensu lato are not yet well established. The animal drawings are by Bas
Blankevoort at Naturalis Biodiversity Center.

morphological disparity, defined as
among-taxon variance in skull size and
shape. Specifically, we aimed to character-
ize skull shape variation in marbled and
pygmy newts (the T. marmoratus species
group) and to identify potential factors
driving the evolution of skull morphology

in Triturus.

Material and methods

We analyzed micro-cT scan data for
9o newts of the T. marmoratus species
group (40 marbled newts represent-
ing T. marmoratus marmoratus, T. m.
harmannis and 50 pygmy newts represent-
ing T. pygmaeus pygmaeus, T. p. lusitanicus
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FIGURE 2
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Phylogenetic tree of species in the genus Triturus (after Wielstra et al., 2013, 2019)

along with a proposed vernacular nomenclature. Numbers on the tree refer to: 1 — genus
Triturus Rafinesque, 1815 — Large bodied newts, 2 — Triturus marmoratus species group,

3 — Triturus cristatus species group, 4 — Pygmy newts, 5 — Eurasian crested newts, 6 — European
crested newts, 7 — Southern European crested newts, including a species yet to be described
(cf. Wielstra et al., 2021) and 8 — Elongated crested newts. At the species level names and
authorities coming with the three letter codes are as below with proposed vernacular names
in square brackets: ana — Triturus anatolicus Wielstra et Arntzen, 2016 [Anatolian crested
newt], can — candidate species, sister to T. carnifex [Italian crested newt], car — Triturus
carnifex (Laurenti, 1768) [Slovenian crested newt)], cri — Triturus cristatus (Laurenti, 1768)
[Northern, or Great crested newt], dob — Triturus dobrogicus (Kiritzescu, 1903) [Danube
crested newt], iva — Triturus ivanbureshi Arntzen et Wielstra, 2013 [Balkan crested newt],

kar — Triturus karelinii (Strauch, 1870) [ Caucasian crested newt], mac — Triturus macedonicus
(Karaman, 1922) [Macedonian crested newt|, mar — Triturus marmoratus (Latreille, 1800)
[Marbled newt] with the subspecies T. m. marmoratus [Northern marbled newt] and

T. m. harmannis Arntzen 2024 [Southern, or Harmannis’ marbled newt], pyg — Triturus
pygmaeus (Wolterstortf, 1905) [Pygmy newt] with the subspecies T. p. pygmaeus [Southern
pygmy newt] and T. p. lusitanicus Arntzen, 2024 [Northern, or Lusitanian pygmy newt],

rud — Triturus rudolfi Arntzen, 2024 [Malkmus’, or Lisbon pygmy newt]. We abandon the
designation ‘superspecies’ (Rensch, 1929; Mayr, 1931, 1943) as applied by Wallis & Arntzen
(1981) because the full species status of the members of the T. cristatus species group is by now
well established (Arntzen et al., 2014). We note that the type locality of T carnifex is Vienna,
Austria (Mertens & Miiller, 1928) so that the vernacular name ‘Italian crested newt’ now
applies to the candidate species. We furthermore note that with ‘Marbled newts’ it is meant
T. marmoratus and subspecies exclusively, i.e., excluding the Pygmy newts T. pygmaeus and
T. rudolfi.
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FIGURE 3

Dorsal (left) and ventral (right) view on the surface model of the skull of Triturus rudolfi

(specimen RMNH.RenA 51786 from Cercal, Portugal). The black dots are landmarks used to
characterize skull shape, following Ivanovi¢ & Arntzen (2018).

and T. rudolfi) and 188 newts of the T. crista-
tus species group (T. anatolicus, T. carnifex
(including a candidate species), T. cristatus,
T. dobrogicus, T. ivanbureschi, T. karelinii
and T macedonicus) with taxon sam-
ple sizes that ranged from 10 to 35
(Appendix1). The data were obtained with
either a SkyScan 1172 micro-CT scanner
(N=264) (Skyscan; Aartselaar, Belgium) or
a Neoscan N8o Desktop (N=14) (Merkel
Technologies Ltd., Belgium) at Naturalis
Biodiversity Center, Leiden, The Nether-
lands. Representative 3D surface models
for each (sub)species of T. marmoratus
species group are available as supplemen-
tary material. We set 39 morphometric
landmarks of which five were medians and
17 were bilaterally symmetric (Ivanovi¢ &
Arntzen, 2018; Fig. 3). The landmark coor-
dinates were obtained directly from the
surface models with Landmark 1DAV 3.6
software (Landmark, 2005).

Analyses were done using R version 4.4.1
(R Core Team, 2024) with the packages

geomorph v. 4.0.10 (Baken et al, 2021
Adams et al., 2025), RRPP v. 2.1.2 (Collyer &
Adams, 2018, 2024), dplyr v. 1.1.4 (Wickham
et al., 2023) and ggplot v. 3.5.1 (Wickham,
2016). For the entire dataset of landmark
configurations, a general Procrustes analy-
sis was performed by using the bilat.sym-
metry() function, from which the centroid
size (cs) was calculated as size variable
and the symmetric component was cal-
culated as a shape variable (Dryden &
Mardia, 1998; Klingenberg et al, 2002;
Rohlf & Slice, 1990). Principal component
analyses were done to explore skull shape
variation within and between (sub)species
of the T. marmoratus species group and for
the entire genus Triturus separately, using
the gm.prcomp() function.

We estimated morphological dispar-
ity in skull size and shape within the
T. marmoratus and T. cristatus species
groups as the Procrustes variance of each
species group, using the summarise() func-
tion for size and the morphol.disparity()
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function for shape. To test for statisti-
cally significant differences in disparity
between species groups, we applied an
F-test for size using the var.test() function
and a randomised residual permutation
procedure (1,000 permutations) for shape
using morphol.disparity().

Differences in mean skull size and shape
among (sub)species of the T. marmoratus
species group were evaluated using two
permutation-based ANovas (for size and
shape separately) by using the procD.Im()
function, with cs as size variable, the sym-
metric component as the shape variable
and taxon as a factor. To assess statisti-
cal significance, we applied the residual
randomisation test as above. We used the
pairwise() function to assess if there is sig-
nificant difference between pairs of (sub)
species in skull size and shape. To test for
the potential effect of size (allometry) on
skull shape divergence and to assess signifi-
cance, we performed a permutation-based
MANCOVA with residual randomisation,
again under 1,000 permutations. The sym-
metric component was used as the shape
variable, (sub)species as the factor, cs as
the covariate, and the taxon x cs interac-
tion to evaluate differences in allometric
slopes using the procD.Im() function.

Results

An exploratory principal componet (Pc)
analysis performed on the entire genus
Triturus showed that most variation in
skull shape, expressed along the first pcC
axis (that accounts for approximately
28% of the total variance in the data) is
related to variation in the relative length
and width of the skull, particularly in the

IVANOVIC, VUCIC AND ARNTZEN

otico-occipital region. Skull shape varies
from short and wide with wider and pos-
teriorly positioned quadrates (i.e., the jaw
articulation) in T. m. harmannis to narrow
and elongated with narrower and more
anteriorly positioned jaws in T. dobrogicus
(Fig. 4). The lateral processes of the
frontal bones are more pronounced
and positioned more posteriorly in the
T. marmoratus than in the T. cristatus spe-
cies group. The second pcC axis (describ-
ing approximately 9% of total variance)
describes the variation in relative length
of the vomerine tooth rows, from elon-
gated and parallel that almost reach the
posterior end of parasphenoids to shorter
vomerine tooth rows in T. marmoratus and
T. dobrogicus where they reach from half
to two-third of the parasphenoid length.

The T. marmoratus and T. cristatus spe-
cies groups differ significantly in skull
size disparity, with greater variation in
crested newts (size disparity = 15.80) than
in marbled newts (size disparity = 9.12).
This difference is statistically supported
by an F-test (F = 1739, df;/, = 187/89,
P < o.01). However, there is no statisti-
cally significant difference in the morpho-
logical disparity of skull shape between
T marmoratus and T. cristatus spe-
cies groups (shape disparity is 0.0060
in crested newts and 0.0062 in marbled
newts; P > 0.05).

A separate PC analysis conducted on
the T. marmoratus species group revealed
that the first, second and third princi-
pal components (together accounting
for approximately 39% of the total shape
variance) describe most of the differ-
ences among the five taxa (Fig. 5). The
first axis (explaining approximately 19%
of the variance) resolves T. m. marmoratus
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FIGURE 4  Skull morphology in Triturus newts. Top panel — principal component (pc) analysis of the
symmetric component of skull shape in 278 individuals, color-coded by (sub)species as
in Figure 1, with convex outside polygons summarizing the space taken over the first and
second pc-axis. Species and subspecies are labeled as: a — T. anatolicus, c_A — candidate
species from the Apennine Peninsula, ¢_B — T. carnifex from Slovenia and adjacent areas,
cr — T cristatus, d — T. dobrogicus, i — T. ivanbureschi, k — T. karelinii, ma — T. macedonicus,
mh — T. m. harmannis, mm — T. m. marmoratus, pl — T. p. lusitanicus, pp — T. p. pygmaeus and
r — T. rudolfi. Bottom panel — Three-dimensional surface models illustrating shape changes
along first and second principal axis. Dorsal views are presented above, and ventral views
below the corresponding two-headed arrows.
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FIGURE 5
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Skull morphology in marbled and pygmy newts. Top panel — Principal component analysis of

the symmetric component of skull shape in go marbled and pygmy newts. Polygons represent
the distribution of (sub)species in shape space and are color coded as in Figure 1 with labels:

mh - T. m. harmannis, mm — T. m. marmoratus, r — T. rudolfi, pl - T. p. lusitanicus and pp —

T. p. pygmaeus. Bottom panel — three-dimensional surface models illustrating shape changes

along the first three principal component axes shown in the top panel. Dorsal views are
presented above, and ventral views below, the corresponding two-headed arrows.

as different from the others; the second
axis (accounting for approximately 11%)
resolves T. m. harmannis as different from
the remainder whereas T. p. pygmaeus, T. p.
lusitanicus and T. rudolfi remain undiffer-
entiated. Triturus m. marmoratus stands
out by shorter vomerine tooth rows, a
wider skull and a more laterally positioned
pterygoid. Triturus m. harmannis stands
out by a shorter otic-occipital region and
a skull that is wider at the jaw articulation
point. Triturus p. pygmaeus, T. p. lusitani-
cus and T. rudolfi gradually differentiate
along the third axis (variance approxi-
mately 9%). Individuals of T. rudolfi pos-
sess a narrower and more elongated skull,

with shorter maxillary bones and a more
posteriorly positioned squamosal-otic-
occipital suture compared to T. pygmaeus.
Statistically significant differences in skull
shape among taxa were detected by per-
mutational ANOvA (df = 4, Ss = 0.082, R?
=0.268, F = 7.786, Z = 9.46, P < 0.001). Post
hoc pairwise comparisons revealed differ-
ences in skull shape between taxa to be
statistically highly significant (P < 0.001),
but less so for T. p. lusitanicus versus
T. p. pygmaeus (P < 0.05) and T. p. pygmaeus
versus T. rudolfi (P < 0.01).

Size comparisons showed significant
differences in skull size among (sub)spe-
cies of the T. marmoratus species group
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(aNovA: df = 4, SS = 408.64, F = 2157,
P < 0.001). Pairwise comparisons revealed
that both T marmoratus subspecies
have significantly larger skulls than both
T. pygmaeus subspecies and T. rudolfi.
However, no significant differences in skull
size were found within T. marmoratus
(mean values of ¢S + standard deviation:
T. m. marmoratus, 32.64 + 2.02 and T. m.
harmannis, 32.83 + 3.12, P > 0.05) or within
T. pygmaeus (T. p. pygmaeus, 27.67 + 1.98
and T. p. lusitanicus, 28.75 + 1.64, P > 0.05).
Triturus rudolfi (30.04 = 2.40) has a sig-
nificantly larger skull than T. p. pygmaeus
(P < 0.05) but does not differ significantly
from T p. lusitanicus (P > o0.05). The
MANCOVA analysis showed a significant
taxon x CS interaction, indicating that the
(sub)species significantly diverge in size-
related shape changes (df = 4, ss = 0.0150,
R? =0.05, F =150, Z = 3.01, P < 0.01).

Discussion

Morphological diversification in the
genus Triturus is well established and
follows an ecological/behavioural gradi-
ent, ranging from predominantly terres-
trial to increasingly aquatic modes of life
(Arntzen, 2003; Ivanovi¢ & Arntzen, 2014;
Wielstra et al., 2019). Species differ mark-
edly in body proportions (Wolterstorff,
1923) and in the number of trunk verte-
brae, forming five distinct vertebral mor-
photypes (Arntzen et al,, 2015). All (sub)
species of the T. marmoratus group share
a single morphotype with 12 trunk verte-
brae. In contrast, the T. cristatus species
group exhibits substantial variation: the
stout, long-legged T. karelinii and its allies

T. ivanbureschi and T. anatolicus have
13 vertebrae, T. macedonicus and T. carnifex
(sensu lato) have 14, T. cristatus has 15, and
the elongated, short-legged T. dobrogicus
has 16 or 17 vertebrae. This stepwise
increase in vertebral number parallels
a gradient of body shape from stout to
slender and is ecologically mirrored by
an extended aquatic phase, from ca. two
months in T. marmoratus to ca. six months
in T. dobrogicus (Arntzen, 2003; Wielstra
et al,, 2019). While these general trends are
well-established, it is important to note
that for some morphotypes supporting
data remain sparse and that phenological
variation among populations and years
may be considerable (Jehle et al., 1997;
Arntzen, 2024e; Naumov et al., 2025).

Cranial shape and feeding-related
adaptations

Our results suggest a morphological con-
tinuum in skull shape across Triturus
with no abrupt distinction between the
T. marmoratus and T. cristatus species
groups, despite a deep phylogenetic split
of approximately 28 Mya. The observed
continuum stretches from the marbled
newt subspecies
T. m. harmannis), through pygmy newts
(T pygmaeus, T. rudolfi), to a series of
crested newts (T. karelinii and allies,
T. carnifex (sensu lato), T. macedonicus,
T cristatus, T. dobrogicus), in parallel to the
above-described phenotypical series. Skull

(T. m. marmoratus,

morphology ranges from short, broad
crania with posteriorly positioned jaw
articulations in the 7. marmoratus species
group to elongated skulls with more ante-
rior jaw articulations in the highly aquatic
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T. dobrogicus (Ivanovi¢ & Arntzen, 2014;
this study).

The wide skulls with posterior jaw artic-
ulations characterise early salamanders
(Schoch et al., 2020). Also, during ontog-
eny in many salamanders cranial skel-
eton undergo developmental transitions
from larvae or juveniles with narrow and
elongated skulls and anterior jaw articula-
tions to broader skull of (semi-)terrestrial
adults with laterally or posteriorly orien-
tated jaw articulations (Reilly, 1996; Reilly
& Lauder, 1990; Rose, 2003; Rose & Reiss,
1993; Djorovi¢ & Kalezi¢, 2000; Schoch
et al,, 2021). The same feature characterises
early salamanders and Paleozoic tetrapods
(Lebedkina, 1979; Schoch et al.,, 2020). In
Triturus newts, the ontogenetic changes in
skull shape between juveniles and adults
are as described previously (Cvijanovi¢ et
al, 2014), indicating that heterochronic
changes could play a significant role in
evolution of Triturus newts with the suc-
tion feeding in aquatic environment as a
main driving force (Deban & Wake, 2000).
For a similar scenario for the limb skel-
eton, see Ivanovi¢ et al. (2008).

Like many other salamanders, newts
are traditionally recognised for capturing
prey on land with their tongues or jaws
and for using suction feeding in aquatic
environments (Deban & Wake, 2000;
Stinson & Deban, 2017; Wake & Deban,
2000). However, their complex life cycles
including metamorphosis and adults that
seasonally alternate between terrestrial
hibernation and aquatic breeding phases
(Duellman & Trueb, 1994) imply shifts in
feeding strategies. During the terrestrial
phase, salamanders enhance their adhe-
sive system for efficient tongue-based prey
capture, whereas in the aquatic breeding

IVANOVIC, VUCIC AND ARNTZEN

phase, this system regresses, precluding
lingual prehension on land and shifting
feeding to jaw-based pray capture (Heiss
et al.,, 2013, 2017; Schwarz et al.,, 2023). The
trade-off between these two environments
can act as a constraint, reducing morpho-
logical specialization and diversification
in skull shape among taxa that exhibit
continuous variation in cranial morphol-
ogy (Fig. a).

The most divergent Triturus species,
with an elongated skull and a more ante-
riorly positioned jaw articulation, is the
highly aquatic T. dobrogicus. In aquatic
salamanders, labial lobes help cover the
lateral jaw areas (cheeks), enabling effi-
cient, anteriorly directed suction feeding
(Lauder, 1985; Van Wassenbergh & Heiss,
2016; Heiss et al., 2018). Species with more
anteriorly placed jaw articulations require
less lateral coverage to generate effec-
tive suction forces, which are primarily
powered by hyobranchial depression. By
contrast, species with larger, more poste-
riorly articulated jaws (such as those in
the T marmoratus group and the more
terrestrial crested newt species), achieve
a wider gape. Posteriorly positioned jaws
may enhance the handling of large prey
and facilitate more effective tongue pro-
jection. Comparative studies of feeding
efficacy across different Triturus species
and morphotypes, in both aquatic and ter-
restrial environments, could further clarify
the ecological significance of these cranial
adaptations.

In the T marmoratus species group,
skull shape variation is mainly restricted
to internal features involved in feed-
ing, such as the length and position of
vomerine tooth rows, the placement of
the pterygoid, and the relative position
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of jaw articulation. These skeletal struc-
tures are closely associated with the
feeding musculature: the jaw adductors
(m. adductor mandibulae externus and
posterior) attach to the squamosal, the
m. interhyoideus to the quadrate, and the
m. levator bulbii to the pterygoid (Francis,
1934; lordansky, 1996, 2002). Variation
in these elements likely reflects differ-
ences in feeding performance or dietary
specialization (Cvijanovi¢ et al, 2014).
Notably, the vomerine tooth rows length
distinguishes the subspecies of T. mar-
moratus and also the sister species within
T. carnifex sensu lato (see Fig. 4). It has
been documented that T. carnifex (unlike
some other species) uses its tongue to rasp
prey against the vomerine dentition (Heiss
et al., 2019; Schwarz et al,, 2020a, 2023),
underscoring the functional relevance of
vomerine tooth row size and shape in food
processing and ecological adaptation. In
contrast to prey capture (suction in water
vs. grasping on land), food processing in
T. carnifex involving vomerine teeth has
been shown to differ only slightly between
the two environments (Schwarz et al.,
2020b). Interestingly, the highly aquatic
T. dobrogicus shows substantial intraspe-
cific variation in vomerine tooth rows
without phylogeographic structure, sug-
gesting that a prolonged aquatic period
may reduce the strength of selection
acting on vomerine dentation. The pro-
longed aquatic period, apart from driving
changes in skull shape for more efficient
suction feeding, also imposes distinct
demands on processing behaviour, lead-
ing to altered kinematics of food process-
ing (Schwarz et al., 2020b). Furthermore,
flexible responses to prey types that do not
require extensive processing, may explain

the observed variation in vomerine denti-
tion in T. dobrogicus.

Marbled and pygmy newts: skull shape
and ecological associations

Within the T. marmoratus species group,
our study documents clear differences in
skull shape among the five (sub)species,
broadly aligning with recent taxonomic
revisions (Arntzen, 2024abc). The most
evident difference between marbled (T. m.
marmoratus, T. m. harmannis) and pygmy
newts (T. p. pygmaeus, T. p. lusitanicus
and T. rudolfi) lies in body size (Arntzen,
2018; Ivanovié et al., 2025), yet the docu-
mented skull shape differences are not
allometric. Pronounced skull shape dif-
ferences between subspecies pairs, such
as T. m. marmoratus vs. T. m. harmannis
and T. p. pygmaeus vs. T. p. lusitanicus,
support this interpretation. Because these
subspecies do not differ in skull size, their
morphological divergence cannot be
attributed to allometry and is more likely
a consequence of ecological divergence.
As noted above, the skeletal-muscular dif-
ferences within the T. marmoratus species
group are most likely related to feeding
mechanics. Ecological differences between
some taxa, such as those between T. m.
harmannis, T. p. lusitanicus and T. rudolfi,
have been documented in relation to
hybrid zone structure and environmen-
tal limits to species ranges (Espregueira
Themudo & Arntzen, 2007, 2012; Arntzen
& Espregueira Themudo, 2008; Arntzen
et al., 2021; Lopez-Delgado et al., 2021) and
it is plausible that local ecological pres-
sures contribute to the observed cranial
differences.
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Morphological disparity on skull shape
versus vertebral conservatism

One of the more unexpected findings of
this study is the comparable level of skull
shape disparity among the, in terms of
axial morphology, uniform T. marmora-
tus species group relative to the diversity
observed in the T. cristatus species group.
This apparent decoupling between cra-
nial and axial morphological evolution
(Ivanovi¢ & Arntzen, 2014) suggests that
along with body elongation and duration
of the aquatic period, ecological/behav-
ioural specialisation and possible tro-
phic differentiation, may play key roles in
driving skull shape evolution in Triturus,
rendering this group of organisms a prom-
ising model system for investigating feed-
ing mechanics.

Two main limitations that constrain our
conclusions are a restricted geographic
sampling as in T. m. marmoratus, and
small sample sizes, notably for T. rudolfi.
Future studies might target zones of con-
tact and hybridisation, including those of
T. m. marmoratus and T. m. harmannis and
T. carnifex and its candidate sister species,
as to offer insights into how functionally
relevant traits evolve across ecological gra-
dients and taxonomic boundaries.
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Appendix 1

Collection material of crested and marbled
newts (sub)species that was re-analyzed in
this study, ordered by species name, collection
and locality information, followed by speci-
mens ID [in square brackets]. Museum codes
are: IBISS — Institute for Biological Research
“Sinisa Stankovi¢” collection, Belgrade, Serbia;
RMNH.RenA and zmA.RenA — Naturalis Biodi-
versity Centre, Leiden, The Netherlands. N =
sample size.

Triturus anatolicus: N =25, 1BISS: Serefiye, Tur-
key [22444—22449, 22452], Kastamonu, Tur-
key [22847-48, 22852, 22854-55], Kalecik,
Turkey [k22479, k22482-83, k22485-86];
Resadiye, Turkey [r225u, r22s13, r2zsi7,
r22519], ZMA.RenA: Resadiye, Turkey [9186_
ki, k2], Serefiye, Turkey [9187_a, b].

Triturus carnifex: N =16, 1B1SS: Podstrmec, Slo-
venia [c11 (1, 11, 12, 15, 19)], Velika Vala, Croa-
tia [c35 (2,3, 5, 6, 8, 9, 11-15)].

Triturus ‘carnifex; the Apennine sister species
of T. carnifex, yet to be described: N = 14,
zMA.RenA: Popoli, Aquila, Italy [7553_71-76,
g107_780], Florence, Italy [9107_782-83],
Fuscaldo, Italy [9108_g05-09].

Triturus cristatus: N = 36, 1BIss: Kamenskoye
village, Ukraine [cr1, 232, 234, 251, 267, 304,
306], Miro¢, Serbia [20051-51, 20065-66,
20074, 20076], ZMA.RenA: Slaskie, Mogel-
ica, Poland [6276, 6282, 6284, 6286, 6288],
Gaddesby, Leicestershire, UK [9285_1-10,
9285_12, 9285_14], Wijnandsrade, Limburg,
The Netherlands [9313_a-d].

Triturus dobrogicus: N = 27, IBISS: Ivanovo,
Serbia [c10 (4, 7, 14, 18, 23)], Insula, Roma-
nia, [ins (3, 5, 6, 8, 9)], ZMA.RenA: Belgrade,
Serbia [9o90_298-99; 9o90_310, 9ogo_312],
Ocsod, Hungary [9141_365, 9141_967], Senta,
Serbia [9153_427-34, 9153_437, 9153_511,
9153_745].

IVANOVIC, VUCIC AND ARNTZEN

Triturus ivanbureschi: N = 27, 1B1sS: Claros, Tur-
key [22530-31, 22533, 22535—38], Bursa, Tur-
key [22866-67, 22870—73], Afyon, Turkey
[22885-22887], RMNH.RenA: Ostar Kamak,
Bulgaria [47200-03, 47210, 47212].

Triturus karelinii: N = 18, 1B1SS: Ersi,
Tabasarinskii, Dagastan [22814-21], Kutu-
zovskoe Lake, Krym, Ukraine [22833, 22834-
36], Locality unknown, Georgia [22242-44],
Akhaldaba, Georgia [9343a,b], ZMA.RenA:
Dizabad village [2389].

Triturus macedonicus: N = 26, 1BISS: Rid, Mon-
tenegro [c30 (2, 5,12, 15, 16)], Zagori, Greece
[Zg (3, 4, 6, 10, 11)], ZMA.RenA: Ano Kalen-
iki, Greece [9085_661, 9o85_658], Visegrad,
Bosnia and Hercegovina [9u8_896, 9u8_
898-99, 9u8 9oo-09, 9u8 962], Lucane,
Montenegro [9137_809].

Triturus marmoratus marmoratus: N = 26,
zMA.RenA: Marcillé-la-Ville,

[7418_9-7418_14], Mayenne city,

France [8002 ab,c, 9074 325, 325, 466,

467, 468, 469, 533, 534, 539, 939], Jublains,

Mayenne, France [9266_264, 265, 270, 271],

Mayenne,

France

Les Chénes Secs, Laval, Mayenne, France
[9267_266, 267, 268].

Triturus marmoratus harmannis: N = 14,
RMNH.RenA: Arrochela, Portugal [51792—
51798], ZMA.RenA: El Burrueco, Spain
[7614_161—7614_167, 71614 _nl].

Triturus pygmaeus pygmaeus: N = 18, ZMA.
RenA: Puerto de Galiz, Spain [7676_
1-7676_10], halfway Archidona and Loja,
Spain [9087_40-9087_44, 9087_46—9087_
49, 9087_51].

Triturus pygmaeus lusitanicus: N = 22, RMNH.
RenA: Olhos de Agua, Portugal [22576—
22579],ZMA.RenA: Villalba, Spain [7615_168,
7615_170, 7615_171, 7615_173—7615_178], Venta
del Charco, Spain [7677_11-18, 7677_20].

Triturus rudolfi: N = 10, RMNH.RenA: Cercal,
Portugal [51784—51791, 51793].
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