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To explore the relationship between morphological change and species diversification, we reconstructed the
evolutionary changes in skull size, skull shape, and body elongation in a monophyletic group of eight species that
make up salamander genus Triturus. Their well-studied phylogenetic relationships and the marked difference in
ecological preferences among five species groups makes this genus an excellent model system for the study of
morphological evolution. The study involved three-dimensional imagery of the skull and the number of trunk
vertebrae, in material that represents the morphological, spatial, and molecular diversity of the genus. Morphological
change largely followed the pattern of descent. The reconstruction of ancestral skull shape indicated that
morphological change was mostly confined to two episodes, corresponding to the ancestral lineage that all crested
newts have in common and the Triturus dobrogicus lineage. When corrected for common descent, evolution of skull
shape was correlated to change in skull size. Also, skull size and shape, as well as body shape, as inferred from the
number of trunk vertebrae, were correlated, indicating a marked impact of species’ ecological preferences on
morphological evolution, accompanied by a series of niche shifts, with the most pronounced one in the 7. dobrogicus
lineage. The presence of phylogenetic signal and correlated evolutionary changes in skull and body shape suggested
complex interplay of niche shifts, natural selection, and constraints by a common developmental system. © 2014
The Linnean Society of London, Biological Journal of the Linnean Society, 2014, 113, 243-255.
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INTRODUCTION disentangle the effects of these influences. Although
the importance of ‘the comparative method’ is well
established (Felsenstein, 1985; Harvey & Pagel, 1991;

Brooks et al., 1995), empirical studies that explore

Variation in organismal size and shape is generally
assumed to be adaptive, and thus shaped by natural

selection. However, a shared developmental system
inherited from a common ancestor, as well as
structural and functional requirements, can restrict
the response to selection (Lande & Arnold, 1983;
Richardson & Chipman, 2003; Wagner & Mezey, 2004;
Galis & Metz, 2007). Accordingly, the similarity of
organisms could result from living in similar environ-
ments, from structural and functional constraints,
and from a shared evolutionary history (Gould, 2002;
Blomberg, Garland & Ives, 2003; Losos, 2011) and
an independently derived phylogeny is required to
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the relationship between covariation in geometric
morphometric data and phylogeny, with reference to
species’ ecological preferences and the environment,
are scarce (Cardini & Elton, 2008a; Adams & Nistri,
2010; Perez et al., 2011; Alvarez, Perez & Verzi, 2013).

We studied morphology and descent in a group
of ecologically differentiated species in the old
(approximately 24 Mya; Steinfartz et al., 2007) and
monophyletic group of large-bodied newts (genus
Triturus, family Salamandridae). Species’ ecological
preferences (from predominantly terrestrial to largely
aquatic) coincide with five morphotypes that form a
series from short and stout to elongated and slender
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(Arntzen, 2003). These morphotypes are originally
defined by the forelimb to interlimb ratio, known as
the Wolterstorff index (Wolterstorff, 1923; Arntzen &
Wallis, 1994) and are characterized by a particular
number of trunk vertebrae [or number of rib-bearing
vertebrae (NRBV)]. The morphological-ecological
series across the eight species is: (1) Triturus
marmoratus and Triturus pygmaeus (NRBV 12;
2 months in water); (2) Triturus ivanbureschi and
Triturus karelinii (NRBV 13; three months in water);
(8) Triturus carnifex and Triturus macedonicus
(NRBYV 14; 4 months in water); (4) Triturus cristatus
(NRBV 15; 5 months in water); and (5) Triturus
dobrogicus (NRBV 16-17; 6 months in water). In par-
ticular, Arntzen & Wallis (1999) hypothesized that
body elongation as seen in the genus Triturus is an
adaptation that allows better locomotor performance
in water. This hypothesis is strongly supported by
the association of NRBV and annual time spent in
water. Concordance between length of aquatic period
and body elongation suggests that morphological
diversification in Triturus newts emerged from a
change in ecological preferences and renders the
group as a model for evolutionary studies at the
interface of morphology and ecology.

To estimate the significance of external factors (eco-
logical parameters and natural selection) and internal
factors (developmental and functional constraints) on
the morphological evolution of Triturus newts, we
selected two, functionally unrelated complex morpho-
logical traits, namely skull form (size and shape) and
axial skeleton (body shape). The cranium and the
axial skeleton have largely decoupled developmental
pathways. Most of the cranial skeletal elements
derive from the streams of neural crest cells, whereas
the axial skeleton derives from the segmented meso-
derm (i.e. somites). The exception is the otico-occipital
unit of the skull, which derives from the first somites
and the paraxial mesoderm (Hall, 2003).

In the present study, we aimed to: (1) document
intra- and inter-specific morphological variation in
these traits in Triturus salamanders; (2) analyze this
variation in a phylogenetic context; and (3) explore the
data for co-evolutionary change. Additionally, we ex-
plored the possible developmental modularity of the
cranial skeleton (derived from the neural crest versus
the otico-occipital unit), also in the phylogenetic
context.

MATERIAL AND METHODS
PHYLOGENETIC ANALYSIS

As a temporal framework for our analyses, we
reconstructed a calibrated phylogeny of the family
Salamandridae, from which we lifted the Calotriton—
Triturus clade. This top-down approach was taken

because convincing fossil data for the genus Triturus
are rare, whereas some are available for the
Salamandridae as a whole. Altogether, dating of the
phylogeny was based upon a wide range of temporal
calibration points provided by seven fossils, sensu
Wiens, Sparreboom & Arntzen (2011).

The phylogeny of the family Salamandridae was
estimated from 50 published sequences of the full
mitochondrial genome, representing 42 salamandrid
species and four outgroups (Ambystoma mexicanum,
Andrias davidianus, Ranodon sibiricus, and Rhya-
cotriton variegatus, Zhang et al., 2008; Wielstra &
Arntzen, 2011). The data can be found at the
TreeBase repository under numbers S9945 and
S11081. We performed a combined phylogeny and
divergence-time estimation using the Bayesian un-
correlated lognormal approach (Drummond et al.,
2006) implemented in BEAST, version 1.5.4
(Drummond & Rambaut, 2007) and the results were
analyzed and presented with associated software
(LOGCOMBINER, TREEANNOTATOR, FIGTREE
and TRACER at http://beast.bio.ed.ac.uk).

BEAST analyses were conducted with separate
partitions for different codon positions in 13 coding
genes and other partitions for 12S, 16S, and the
combined RNAs (with rate parameters, rate hetero-
geneity, and base frequencies unlinked across parti-
tions but with clock and tree models linked), with
estimated base frequencies, and with trees generated
using a Yule speciation process and with nucleotide
substitution models suggested by MRMODELTEST
(Nylander, 2004). We ran three replicate analyses
of 100 million and two of 200 million generations
of which the initial 90% of each run were excluded
as burn-in. All five runs yielded effective sample
sizes > 200 for likelihood and ages of the majority
of clades as shown with TRACER. For analyses
of character evolution, we used the maximum clade-
credibility tree from the combined results of the
five runs, using mean clade heights for clade ages,
retrieved and represented with LOGCOMBINER,
TREEANNOTATOR and FIGTREE.

SAMPLING AND MORPHOLOGY

Three-dimensional (3D) models of Triturus skulls were
obtained from 177 specimens (121 cleared and stained
skeletons from the Institute of Biological Research
‘Siniga Stankovi¢’, Belgrade, and 56 alcohol preserved
at the Naturalis Biodiversity Center, Leiden). The
NRBV was counted in 144 cleared and stained skel-
etons and from X-ray imagery of 39 alcohol preserved
specimens. Body elongation by an increase in the
number of vertebrae is common in salamanders,
whereas body elongation through lengthening of ver-
tebrae without a change in the number is only known

© 2014 The Linnean Society of London, Biological Journal of the Linnean Society, 2014, 113, 243-255
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Figure 1. Distribution of eight Triturus species across Europe and adjacent Asia. The outgroup Calotriton asper from the
Pyrenees is shown in black. Studied populationms are marked by numbers. For detailed information, see Supporting

information (Table S1).

for Pseudoeurycea lineola (Wake, 1991; Parra-Olea &
Wake, 2001). To avoid confounding effects from sexual
dimorphism (Arntzen, 2000; Ivanovi¢ & Kalezi¢, 2012),
analyses of the skull were, with few exceptions, limited
to the female sex (see Supporting information, Table
S1; note that no marked sexual dimorphism is present
in NRBV). Our material covers geographical, taxo-
nomic, and molecular genetic diversity of the genus
(Fig. 1; see also Supporting information, Table S1).
Sample size per species ranged from 10-55 (mean 21.1)
for the skull and from 10-65 (mean 22.4) for NRBV. For
comparison, we included two males and four females of
Calotriton asper because this species represents the
sister group (and thus nearest outgroup) of the genus
Triturus (Steinfartz et al., 2007).

Selected specimens were scanned with a Skyscan
1172 100 kV computed microtomograph [micro com-
puted tomography (CT)-scanner] under settings that
were optimized for the material (aluminium filter
0.5 mm, 74 kV, 0.8 rotation step, 515 ms exposure
time, four frame averaging). Flat field corrections were
performed automatically. At the two-dimensional (2D)
reconstruction stage, global threshold values were
verified manually. 3D surface models of newt skulls
were produced using SkyScan CT ANALYSER, version
1.10 software, under a marching cube algorithm and a
resolution of 26.1 um. Further analysis was based on
3D landmark configurations obtained directly from the
corresponding surface models. Forty-eight landmarks

were defined of which four were median landmarks
and 22 were bilaterally symmetric landmarks. The
landmarks represent clearly distinguishable anatomi-
cal positions, are more or less evenly distributed over
the skull and thus represent the skull entirely. A key to
the landmarks, brief anatomical descriptions, and
partition of the landmarks into subsets correspond-
ing to their origin (the neural crest versus the
otico-occipital unit) is provided in Figure 2 (see also
Supporting information, Table S2). The landmark coor-
dinates were recorded from the surface models using
LANDMARK IDAV, version 3.0 (http:/graphics
.idav.ucdavis.edu/research/EvoMorph).

Skull size was computed as the centroid size (CS,
the measure of size in geometric morphometrics) and
reflects the amount of dispersion around the centroid
of the landmark configuration. We applied a general-
ized Procrustes analysis (Rohlf & Slice, 1990; Dryden
& Mardia, 1998) to obtain a matrix of shape coordi-
nates (the so-called Procrustes coordinates) that is
free of differences as a result of position, scale, and
orientation. Having digitized landmarks on both sides
of the skull, we mirrored and averaged the bilaterally
symmetric landmarks to remove the redundancy
of bilaterally homologous landmarks (Klingenberg,
Barluenga & Meyer, 2002). To reduce the dimension-
ality of the data, we carried out a multivariate ordi-
nation by a principal component analysis (PCA),
based on the covariance matrix.

© 2014 The Linnean Society of London, Biological Journal of the Linnean Society, 2014, 113, 243-255
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Figure 2. Landmarks and wireframe superimposed on the
dorsal and lateral side of a token Triturus skull. The image
of the skull is derived from a computed tomography scan
with a spatial resolution of 26.1 um. The partition of the
landmarks into subsets corresponding to the hypothesized
modules is shown as: neural crest origin (solid circles) and
otico-occipital region (asterisks). For the description of
landmarks, see Supporting information (Table S2).

The effects of species on size (CS) and on skull
shape (PCA scores) were tested with analysis of vari-
ance (ANOVA) and multivariate analysis of variance
(MANOVA), respectively. The statistical significance
of difference in skull size between species was tested
with Tukey’s honestly significant difference post-hoc
test in SAS, version 9.1.3 (SAS Institute Inc.). To
quantify the shape differences, we used Procrustes
distances for each pair of species. The statistical
significance of differences in mean shape between
species was estimated by permutation test based on
10 000 iterations using MORPHOJ (Klingenberg,
2011) and interpreted under Bonferroni correction.
Differences among species in skull shape were also
explored with a discriminant function analysis and
we report the original and cross-validation results as
the percentage of cases correctly classified. For cross-
validation, we applied the leave-one-out cross-
validation test, which uses a single observation from
the original sample as validation. The comparison of
both percentages quantifies the uncertainty in assign-
ing individuals to groups (Manly, 1997).

PHYLOGENETIC SIGNAL AND
CHARACTER RECONSTRUCTION

Associations derived from common ancestry were
evaluated by calculating the strength of the phylo-
genetic signal (for skull size, skull shape, and body
shape), which we tested for statistical significance
using MORPHOJ (Klingenberg, 2011). The procedure
involves random permutation of the landmark con-
figurations over the terminal units of the phylogenetic
tree (10 000 iterations), in which the test statistic is
the total amount of squared change summed over all
branches of the tree. Character states for the internal
nodes were estimated from the mean values for ter-
minal units under the criterion of squared-change
parsimony, weighted by the amount of molecular
change over the respective branches of the tree
(Maddison, 1991; McArdle & Rodrigo, 1994; Rohlf,
2001).

To visualize the evolutionary history of skull shape
in Triturus, we projected the phylogenetic tree into
morphometric space defined by first and second PCs,
which was then superimposed on the estimated time
scale, to visualize the evolution of skull shape over
time. This ‘chrono-phylo-morphospace’ representa-
tion of skull shape evolution was made with the
PHYTOOLS and GEIGER packages in R (Harmon
et al., 2008; Revell, 2012). To reconstruct/estimate
values for the internal nodes, the generalized
least squares method was used, such that the sum
of squared changes along the branches is mini-
mized over the entire phylogeny (Klingenberg &
Gidaszewski, 2010).

To investigate the changes that account for most of
the evolutionary differentiation along the branches
of the tree, we conducted the PCA on reconstructed
shape changes along branches of a tree. As the start-
ing dataset, we used the changes along all branches
in the phylogeny that were weighted by branch
length. In the space defined with PC axes, points
represent change of skull shape along the specific
branches (Klingenberg, 2011).

We used the phylogenetic independent contrasts
approach (Felsenstein, 1985) to obtain a set of inde-
pendent contrasts of skull shape, skull size, and
NRBV. Subsequently, the contrast for shape was
regressed on those for NRBV and size, which allowed
an exploration of the association of these traits with
similarity as a result of shared ancestry accounted
for. Statistical significance of regression was tested
with a permutation test (10 000 iterations) against
the null hypothesis of random distribution. The inde-
pendent contrast analyses and the regression analy-
ses were carried out using MORPHOJ.

We evaluated the hypothesis of evolutionary modu-
larity of the otico-occipital region and the neural

© 2014 The Linnean Society of London, Biological Journal of the Linnean Society, 2014, 113, 243-255
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crest-derived part of the skull by comparing covaria-
tion between these two pre-defined modules, with
covariation between the randomly partitioned set of
landmarks, sensu Klingenberg (2009). A connectivity
graph was used for defining the spatial contingency of
the modules. Spatial contingency is achieved if every
landmark in the set is connected to every other land-
mark in the set, either directly, or indirectly through
other landmarks of the same set. The strength of
covariation between two sets of landmarks is quanti-
fied with the coefficient RV. RV runs from zero to unity
and describes the strength of association between the
sets of landmarks. The significance level of the test is
the proportion of cases in which the RV coefficient
computed for randomly partitioned sets matches or
exceeds the value obtained from the hypothetized
partition (10 000 iterations). To test the modularity
hypothesis, we used the independent contrast dataset.
Because independent contrasts are shape changes
(not actual shapes), they cannot be used directly
in the Procrustes superimposition (Klingenberg &
Marugéan-Lobén, 2013). Instead, the mean shape was
added to the vectors of independent contrasts as imple-
mented in MORPHOJ (Klingenberg, 2011).

RESULTS
PHYLOGENETIC ANALYSIS

A time-calibrated phylogeny for the Calotriton—
Triturus clade is presented in the Supporting infor-
mation (Fig. S1). Bayesian posterior probabilities are
at unity for all branches. Ages associated with species
diversification are 36.9 Mya for node 1, 25.0 Mya for
node 2, 9.4 Mya for node 3, 8.1 Mya for node 4,
7.4 Mya for node 5, 7.4 Mya for node 6, 5.2 Mya for
node 7, and 4.7 Mya for node 8 (see Supporting

information, Fig. S1). In summary, the basal split
between the marbled newts (7. marmoratus and
T. pygmaeus) and the crested newts (T. ivanbureschi,
T. karelinii, T. carnifex, T. macedonicus, T. cristatus,
and T. dobrogicus) was estimated at 25.0 Mya and the
further diversification was at 5-10 Mya.

MORPHOLOGICAL DIVERGENCES

We found that Triturus species significantly differ in
skull size (ANOVA, SS = 0.0016, model d.f. =7, error
d.f. =163, F = 32.20, P <0.0001). The number of rib-
bearing vertebrae observed in the eight Triturus
species is given in the Supporting information (Table
S1). The modal numbers are as reported previously
(Arntzen, 2003; Wielstra & Arntzen, 2011; Ivanovié
et al., 2013), except for T dobrogicus, which had
approximately equal numbers for the NRBV =16
and NRBV = 17 classes. For the analyses, we use the
lower number.

The mean skull sizes (CS) are given in the Sup-
porting information (Table S3). Pairwise comparisons
indicated that skull size in T dobrogicus is smaller
than in all other species and that the skulls of
T. cristatus and T. pygmaeus are smaller than that of
most other species (Table 1; see also Supporting infor-
mation, Table S3).

From the 70 PC axes in the covariance matrix
(see Supporting information, Table S4), axes 1-23
together describe > 90% of the observed variance in
skull shape, and were used as dependent variables in
MANOVA test. Differences in skull shape among the
taxa are highly significant (MANOVA, Wilks’ lambda =
1.22 x 10, F =16.80, d.f., =161, d.f.,=959.57, P<
0.0001) and also the skull mean shape was signifi-
cantly different in all pairwise comparisons (Table 1).

Table 1. Difference in skull size and skull shape between species of Triturus newts, and the correct classification of
individuals to the species based on skull shape summarized from pairwise discriminant function analyses

Species 1 2 3 4 5 6 7 8

1 Triturus carnifex 0.051 0.085 0.040 0.049 0.043 0.084 0.068
2 Triturus cristatus 3.6 0.062 0.054 0.060 0.058 0.092 0.079
3 Triturus dobrogicus 9.9 6.3 0.088 0.099 0.087 0.130 0.116
4 Triturus ivanbureschi 0.6 4.2 10.5 0.032 0.039 0.068 0.054
5 Triturus karelinii 1.3 5.0 11.3 0.8 0.043 0.064 0.052
6 Triturus macedonicus 0.6 3.1 9.3 1.2 1.5 0.080 0.069
7 Triturus marmoratus 0.9 4.5 10.8 0.3 0.1 14 0.035
8 Triturus pygmaeus 2.9 0.7 7.0 3.5 3.8 2.3 3.8

Correct classification 100% 100% 100% 100% 100% 100% 100% 94.1%
Idem, under cross-validation 80.0% 76.2% 71.4% 23.7% 94.1% 38.5% 66.7% 64.7.2%

Below the diagonal: differences in centroid size (CS) (absolute values x 1000). Comparisons from Tukey’s honestly
significant difference test for CS that were significant at the 0.05 level are shown in bold. Above the diagonal: Procrustes
distances. Permutation test for Procrustes distances that were significant after Bonferroni correction are shown in bold.

© 2014 The Linnean Society of London, Biological Journal of the Linnean Society, 2014, 113, 243-255
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Figure 3. Position of individual newts representing eight Triturus species and the outgroup Calotriton asper over the
first and second principal component axis of skull shape morphospace. Individuals with computed tomography images
presented are, in clockwise order, Triturus dobrogicus (number 23C10), Triturus macedonicus (12C30), Triturus
marmoratus (7614_167), and C. asper (44640). For voucher information, see Supporting information (Table S1). The
observed morphological differentiation is further summarized by wireframe graphs, with the mean skull shape in grey and
the shape of individual newts with maximal positive PC scores in black.

The positions of the individuals in the morphospace
described by the first and second PCs are shown in
Figure 3. Outgroup C. asper stands out as distinct
and the eight Triturus species form a cline in
morphospace, with the five aforementioned groups
in the order: (1) T. marmoratus and T. pygmaeus;
(2) T. karelinii; (3) T. carnifex and T. macedonicus;
(4) T cristatus; and (5) T dobrogicus. Additionally,
T ivanbureschi from group 2 overlaps largely with

group 3. A marked variation in skull shape within
T. ivanbureschi is also suggested by the scores of
correct classification (Table 1).

Marbled newts are characterized by a short otico-
occipital region and, within the group, T. marmoratus
has a slightly shorter skull base, more laterally posi-
tioned squamosals and quadrates, and relatively
shorter vomeral teeth rows than has T. pygmaeus.
Within crested newts T karelinii is distinct on the

© 2014 The Linnean Society of London, Biological Journal of the Linnean Society, 2014, 113, 243-255
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basis of: (1) a wider and shorter otico-occipital region;
(2) laterally positioned squamosals and pterygoids;
and (3) a well-developed snout and the shortest
frontal and parietal bones. Triturus ivanbureschi has
a similar but more variable skull shape than has
T. karelinii. The other crested newt species have
an increasingly higher skull and a more elongated
and narrower otico-occipital area in order of
the morphological/ecological series described above.
Triturus dobrogicus stands apart from the other
crested newt species on account of its elongated otico-
occipital region, elongated parietal bones, and the
more proximal position of vomerine teeth (Fig. 3).

PHYLOGENETIC INTERPRETATION

Phylogenetic relationships incorporated in the 2D
and 3D chrono-phylo-morphospace (Fig.4) showed
that marbled newts form a clearly separate cluster.
Within crested newts, four species from two
clades (T ivanbureschi-T. karelinii and T. carnifex—
T. macedonicus) are similar to each other and to the
inferred ancestral states, suggesting a low degree of
morphological differentiation (Figs 4, 5). The sister
species T cristatus and T. dobrogicus diverge in
morphospace. Triturus cristatus shows a small shape
change relative to the most recent common ancestor
along with 7. carnifex and allied species. Conversely,
shape changes in the T dobrogicus lineage are
marked and account for most of the morphological
differentiation of the genus. Triturus dobrogicus differs
from the other species by a long skull (especially
the otico-occipital region) and also by the positioning
of the squamosals, quadrates, and pterygoids
(Figs 3, 5).

When mapping character states over the phylo-
genetic tree, we found no phylogenetic signal in skull
size (CS; tree length 0.001, P > 0.05) and significant
signals in skull shape (tree length 0.021, P < 0.05)
and body shape (NRBYV; tree length 4.656, P < 0.01).
The multivariate regression of independent contrasts
of skull shape on independent contrasts of skull size
revealed a significant level of evolutionary allometry
(P <0.001). The statistically significant regression
of independent contrasts of skull shape on independ-
ent contrasts of body shape (NRBV) and indepen-
dent contrasts of skull size on independent contrasts
of body shape (NRBV) were found (P <0.001 and
P <0.01, respectively).

The RV coefficient between the two hypothesized
developmental modules (as derived from the neural
crest versus the otico-occipital unit) is 0.88. This
value is at the upper range of the distribution (either
over all 3129 partitions or for 10 000 random parti-
tions; Fig. 6), indicating high covariation among the
modules.

DISCUSSION

By studying the patterns of skull size, skull shape, and
body shape variation within and among eight well
sampled Triturus species, we observed a significant
association between morphological and molecular
phylogenetic variation. With independent contrasts,
we observed a correlated evolution of skull size, skull
shape, and body shape. From the presence of a
phylogenetic signal in the data, we conclude that the
observed character states are in large part determined
by common descent, and hence that phylogeny
cannot be ignored when investigating variation among
Triturus species.

Mapping shape character states onto the phylogeny
revealed that skull evolution in Triturus was mostly
confined to two episodes. The first episode conforms to
the lineage that all crested newts have in common,
namely the basal lineage that gives rise to the genus
Triturus (node 2) toward the basal crested newt
lineage (node 3) (Fig. 5). The second episode conforms
to the T! dobrogicus lineage. In either case, the most
prominent change concerns the elongation of the
otico-occipital region and changes in the position of
squamosal and pterygoid bones, which are positioned
closer to the median plane compared to the estimated
ancestral state. Shape changes that occurred from
the Triturus MRCA (most recent common ancestor)
toward the lineage that gives rise to the marbled
news (node 7) concern the shortening of the otico-
occipital region and the widening of the skull.

The vertebrate cranium is composed of dis-
tinct regions with different developmental pathways
(Hanken & Hall, 1993), which have different func-
tional and epigenetic interactions. These develop-
mental and functional complexes (modules) could
have independent evolutionary trajectories (Olson
& Miller, 1958; Cheverud, 1995; Wagner, 1996;
Klingenberg, 2008). Most studies on modularity of the
vertebrate skull come from mammals (Cheverud,
1982, 1989, 1995; Marroig & Cheverud, 2001; Nicola
et al., 2003; Zelditch & Moscarella, 2004; Monteiro &
Dos Reis, 2005; Goswami, 2006a, b; Cardini & Elton,
2008a, b; Hallgrimsson et al., 2009) and a few other
vertebrate groups (amphibians: Ivanovi¢ & Kalezié,
2010; reptiles: Monteiro & Abe, 1997; birds:
Klingenberg & Marugan-Lobén, 2013). The present
study showed that most of evolutionary change of
Triturus skull concerns the otico-occipital region and
contiguous skeletal elements as the squamosums
and pterygoids. We hypothesized that the more or less
independent changes of the otico-occipital region
compared to other skull parts, reflect developmental
modularity and that modularity plays an important
role in the evolutionary change of skull shape in
Triturus. Because the otico-occipital region has the
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Figure 4. Position of eight Triturus species and the outgroup Calotriton asper in skull shape morphospace defined by the
first and second principal component axis. A, phylo-morphospace with the species phylogeny superimposed; B, chrono-
phylo-morphospace with skull shape as in (A), at the same time as showing the morphospace occupation plotted against
time on the vertical axis. Internal nodes are shown by small round symbols in grey; otherwise, colour codes are as

indicated in Fig. 1.

same embryonic origin as the vertebral column, we
expect that constraints of a common developmental
system (Richardson & Chipman, 2003) underlie coor-
dinated change in skull shape and body shape.
In other words, the selection pressures that affect

somitogenesis and underlie the body elongation
observed in the more aquatic Triturus species could
also be related to a change in shape of the skull,
particularly the otico-occipital unit. Our results indi-
cate that this is not the case. Instead, both parts of
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Figure 5. Summary of skull shape changes observed in the genus Triturus. The shape changes are shown by grey circles
for internal branches and with colour coded circles for the terminal branches (colour codes are as shown in Fig. 4.). The
morphological change is summarized by wireframe graphs with the mean skull shape in grey and the shape of branch

with maximal principal component scores in black.

the skull evolve as one coordinated unit. This is in
concordance with the results of a study on modularity
and morphological integration in the related alpine
newt (Ichthyosaura alpestris) that found a high level
of integration of the newt skull, with no distinct
modules (Ivanovi¢ & Kalezié, 2010).

When considering NRBV = 13 as the ancestral char-
acter state as suggested by the outgroup C. asper, the
pattern of body shape change is one of body shortening
in the marbled newt lineage (to arrive at NRBV 12)
and body lengthening in crested newts (to arrive at
species specific values of 13-16, with no reversals).
Among the crested newts, we reconstructed a low
degree of differentiation in skull shape for two groups
that differ in body shape (T ivanbureschi-T. karelinii
group with NRBV 13 and T.carnifex—T. macedonicus
with NRBV 14). The further body elongation in the
T. cristatus lineage (to arrive at NRBV 15) was met
with a slight change in skull shape, whereas the
T. dobrogicus lineage (to arrive at NRBV 16 or 17)
stands apart on account of an elongated otico-occipital
region and a narrower skull.

The number of body segments that the vertebrate
axial skeleton is composed of is determined at
somitogenesis. A change in this number has major

evolutionary implications as has been shown in a
variety of groups (Mallo, Wellik & Deschamps, 2010).
Body elongation along with reduction of limbs in
tetrapods could be related to adaptations that reflect
structural and functional changes associated with
the switch to axial locomotion (Gans, 1975; Bajder
& Hall, 2002). For salamanders, an increase in the
number of segments and the body elongation that
comes with it may have evolved in association with
fossoriality (Jockusch, 1997), although it could also be
related to a more efficient aquatic propulsion with an
anguilliform swimming mode as seen in fully aquatic
salamanders, such as Sirenidae and Proteidae.
However, empirical work on plethodontid salaman-
ders suggested that a relationship between body
shape and microhabitat restricted to particular line-
ages (Jockusch, 1997; Blankers, Adams & Wiens,
2012).

In Triturus newts, the association of body elonga-
tion (increase in NRBV) and annual time spent in
water indicates that elongated body shape is an adap-
tation to higher locomotory performance in aquatic
environment (Arntzen & Wallis, 1999; but see also
Gvozdik & Van Damme, 2006). The most extensive
change of body shape is found in the T dobrogicus
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Figure 6. Modularity of the cranial skeleton as expreesed
by the neural crest-derived versus otico-occipital units. A,
connectivity graph defining spatially contiguous subsets of
landmarks as used for testing the modularity hypothesis
of the Triturus skull: asterisks indicate landmarks that
define the otico-occipital unit; round symbols indicate
landmarks that belong to the neural crest-derived module.
Histograms represent the distribution of the RV coeffi-
cients for all partitions (B) and random partitions (C) of
landmarks. The arrow indicates the amount of covariation
(RV = 0.88) among the neural crest-derived and the otico-
occipital units.

lineage. We suggest that the change may have been
triggered by a niche shift towards larger and more
permanent water bodies, such is presently typical for
the species: extensive lowland flood plains marshes,
swamps, and oxbows (Arntzen et al., 1997; Ivanovié,
Dzukié & Kalezié, 2012). In line with the calibrated
phylogeny of Triturus (see Supporting information,
Fig. S1), the niche shift of 7! dobrogicus dates back
to the late Miocene (9-7.4 Mya). In this period, the
Pannonian basin gradually changed from a brackish
swamp to a periodically flooded delta plain (Magyar,
Geary & Muller, 1999; Sacchi & Horvath, 2002; Popov
et al., 2004).The niche that became available with
the environmental transition from brackish to fresh
water was taken by a lineage (eventually to become
T. dobrogicus) that adapted to large bodies of stand-
ing water.

We consider the pattern observed in Triturus, in
particular the association of correlated change of
skull shape and body shape with niche shifts, to be a
working hypothesis. We aim to test this hypothesis by
enlarging our survey to include a wide representation
of salamandrid salamanders.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Molecular phylogeny of the newt genus Triturus derived from full mitogenomic sequences,
reanalyzed from Wielstra & Arntzen (2011) and Wiens et al. (2011). The horizontal axis gives time in millions
of years before present (Ma). Internal nodes are marked by number. The ages associated with nodes are given
in the main text.

Table S1. The Triturus material included in the present study with the number of rib-bearing vertebrae
(NRBYV). Voucher material is in the collections of the Institute for Biological Research ‘Sinisa Stankovic’,
Belgrade, Serbia (IBISS) and the Naturalis Biodiversity Center, Leiden, The Netherlands (ZMA.RenA). N,
Number of specimens per population.

Table S2. The configuration of 48 three-dimensional landmarks identified on Triturus skulls. The positions of
landmarks on dorsal and lateral skull are given in Fig. 2. The landmarks that belong to the subset correspond-
ing to the otico-occipital unit are shown by asterisks.

Table S3. Summary of skull size observed in the genus Triturus, with mean centroid size, SD, and range.
Table S4. Principal component analysis of skull shape variables in the genus Triturus. Note that eigenvalues
1-23 explain over 90% of the total variation observed.
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