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Fig. 4 A-D. pCT images of parts of the palate (mouth roof) of Ichthyosaura alpestris apuanus larva 7 (stage V; C—F; see Fig. 1 H). A Ven-
tral view; premaxilla (pm) with subpedicellate teeth (small arrow), maxilla (m) and vomer plate (vpl). Note the larg transversally arranged
anterior vomer teeth (arrows), the teeth of the prospective vomerine bar (lines), and large pedicellate teeth and some further teeth between
vomer and prospective bar. Note the different degree of tooth patch degradation on the two largely intact vomers (v). B Ventral view;
note non ankylosed primary teeth (arrow) between premaxilla (pm) and maxilla (m); fragmented palatine (pl); pedicellate monocuspid
non ankylosed replacement tooth of the prospective vomerine bar (large vertikal arrows); remains of the palatinal bony bridge (asterisk).
C Detail of the right vomer (v) and palatine (pl) with pedicellate monocuspids (arrowhead) in front and teeth of the prospective vomerine
bar (line, see figure A). D Detail of the vomer (v) and the palatinum (pl), both with some teeth; tooth row of the vomerine bar mit bicuspids,
and some larger monocuspids (line). E Palate, dorsal view; right side; vomer (v) and palatine (pl); note bony islets between the two bones
(arrow). For further abbreviations see above.
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Fig. 5. Suggested changes in the mouth roof during normal (left
side) and delayed (right side) metamorphosis of Ichthyosaura al-
pestris apuanus starting with a larva slightly before the ‘typical’
(stage I-1II; on the top) with a degrading palatinal dental lamina (ar-
rowheads) and ending with larva (stage V—VI; on the bottom). Note
the degrading area between vomer and palatine (asterisk) indicating
an earlier connection between the two bones (stage IV right side)
and the tooth row of the prospective vomerine bar (tvb). Red lines =
dental laminae; arrowhead = regressive dental lamina. For further
explanations see text, for further abbreviations see above.
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Fig. 6. The palate (right half) of Ichthyosaura alpestris apuanus
illustrating the suggested development of the definite vomer and
the vomerine bar: (1) Newly formed edentate latero-anterior exten-
sion (vomerine plate; green); (2) incorporation of the previously
dentate larval vomer (dark green); (3) subsequent completion of the
definitive vomer between the matrix of the prospective vomerine
bar (yellow) and the larval vomerine portion (2), which area may
contain non-established larval teeth (light blue), especially when
metamorphosis is delayed; further elongation of the tooth row
plus dental lamina of the vomerine bar (arrowhead) and ossifica-
tion of the matrix of the latter. Red = dental lamina; open circles =
monocuspid teeth on the larval vomer, black circles = non anky-
losed large monocuspid teeth on the buccal side of the prospec-
tive vomerine bar; two circles fused together, red or grey = non
ankylosed bicuspid teeth on the matrix of the vomerine bar, which
become fixed when the matrix bar ossifies.

identification of the first appearance of a given element,
of use of field-caught and lab-reared specimens that may
not have the same developmental pattern, of a hitherto
unknown intraspecific plasticity of the species consid-
ered, and of environmental and other influencing vari-
ables (see the discussion in SHELL ef al., 2015). This and
the incompleteness of our series make an adequate com-
parative analysis of our findings difficult.

Actually, we do not yet understand all details de-
scribed above (see below) and a larger series of devel-
opmental stages and histological serial sections would
have been advantageous to reach more definitive con-
clusions. Therefore we discuss only some selected
topics. Noteworthy observations are: (i) all larvae of
Ichthyosaura alpestris apuanus showed changes in the
mouth roof, which deviate from the assumed normal de-
velopment (see introduction) and may be attributed to a
delay of metamorphosis; (ii) three larvae (larva 1, 2, 3)
developed vomeropterygopalatina, two larvae (larva 6
and 7) might have had vomeropalatina; (iii) in all stages
examined the larval vomer was clearly visible, and (iv)
three larvae (6, 7, 8) showed developmental stages of the
vomerine bar allowing to specify our hypothesis con-
cerning the final organisation of the definite vomer.
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Fig. 7 A—D. Dentigerous bones with their dental laminae (red) of
several transformed urodele taxa with a vomerine bar. Drawings
are not in scale. Small circles = teeth. Red line = dental lamina.
A Salamandridae: Lissotriton vulgaris and Ichthyosaura alpestris.
B Salamandridae: Salamandra salamandra. C Plethodontidae: Ste-
reochilus marginatum (modified after WAkE, 1966). D Hynobiidae:
Hynobius formosanus (drawn after a photo of a cleared and stained
specimen; see figure 7 B in VASSILIEVA et al., 2015). Abbreviations
see above.

SENCKENBERG

Ichthyosaura alpestris apuanus and the
delay of metamorphosis

Metamorphosis and growth are influenced by tempera-
ture. Increased temperatures may accelerate metamor-
phosis shortening the larval period, whereas low temper-
atures may lower or almost completely inhibit metamor-
phosis, prolonging the larval period. Delayed metamor-
phosis induced by low temperatures is common in over-
wintering larvae, i.e. in larvae from eggs laid in the first
year, which may metamorphose in their second year or
even later. Overwinterers show characteristic alterations
in the mouth roof similar to those gained in specimens
kept by low temperatures in the laboratory (Salamandra
salamandra: CLEMEN, 1978 a; CLEMEN & GREVEN, 2013;
Lissotriton vulgaris: CLEMEN & GREVEN, 1979; GREVEN
et al., 2015, and further literature therein). Such changes
concern both, traits that are thought to be independent
from thyroid hormones (TH), which therefore may con-
tinue growth to some extent, and characters dependent on
TH that may slow down further development (for litera-
ture see introduction).

Ichtyosaura alpestris apuanus is found throughout
much of Europe occurring from sea level to around
2,500 m in a broad range of habitats. Overwintering lar-
vae are common in this species and the related L. vul-
garis; both species are known for facultative paedomor-
phosis and paedomorphic and metamorphic specimens
can exist simultaneously within populations (for review
see DENOEL ef al., 2005). JounsoN & Voss (2013) and
others discuss that paedomorphic taxa arise by selection
for delayed metamorphic timing or increased/prolonged
growth rate and insensitivity to TH.

With regard to Italy many paedomorphic popula-
tions of 1. a. apuanus are known primarily from sites in
Tuscany and Emilia-Romagna, which are mainly located
between 500 and 2000 m above sea level (DENOEL et al.,
2001). The area, in which our animals were collected,
lies on the border between Liguria and Emilia-Romagna.
It is quite possible therefore that our specimens are de-
rived from such populations.

Paedomorpic populations are characterized by a high
phenotypic plasticity and paecdomorphic individuals often
have skull morphologies ranging from a mosaic of larval
and metamorphic characters to a completely larval condi-
tion, which shows that there exists a notable variation in
the timing of events which characterize metamorphosis.
This variation is ascribed to genetic and environmental
influences (e.g., DENOEL ef al., 2005; see also Diorovic¢
& Karezi¢, 2000; Ivanovic et al., 2014). According to
Ivanovic et al. (2014) the skull of paedomorhpic alpine
newts resembles that of late larval stages (partially de-
veloped maxillae and partially transformed vomers, re-
sorbed palato-pterygoids to name only the dentigerous
bones). Obviously larvae exhibit a high variation in the
level of ossification (Dsorovi¢ & KaLezi¢, 2000).

Unfortunately, we do not have exact data on the lo-
cality, where our specimens were caught (e.g. climatic
conditions, depth and largeness of the water bodies, tem-
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perature, accompanying fauna including metamorphic
and/or paedomorphic conspecifics etc.). So we can not
say anything about the possible further development and
the organisation of the mouth roof in adult specimens.
We can only state that (i) all specimens collected were
clearly larvae covering at least four stages and caught
within a few days, suggesting a relative high variability
within a relatively narrow time window; and (ii) changes
seen in the mouth roof are very similar to those found in
larval L. vulgaris from a non paedomorphic population
(GREVEN et al., 2015).

Vomer, palatine and vomeropterygo-
palatinum

The posterior edge of the larval vomer and anterior edge
of the palatopterygoid are very close to each other, which
is a favourable condition for a possible fusion. However,
ontogenetic and experimental studies on various wild-
and lab-reared urodeles (SMIrRNOV & VAsSILIEVA, 2001,
2003, 2005; SMmirNOV ef al., 2011) as well as large se-
ries of Lissotriton vulgaris and Ichthyosaura alpestris
from populations exhibiting facultative paecdomorphosis
(e.g., Diorovi¢c & KaLgzi¢, 2000; Ivanovi¢ et al., 2014)
have shown that vomeropterygopalatina were practical-
ly unknown from natural populations. They have been
found extremely seldom in animals treated with thyroxin
(SMIRNOV & VASSILIEVA, 2005; summarized in GREVEN et
al., 2015).

Therefore, its frequency in a very limited sample of
specimens as shown herein, and in our previous article
(GREVEN et al., 2015) is striking. This may be simply ex-
plained by the fact that vomeropterygopalatina have been
overlooked, because this structure is hard to see without
any handling of the animals. Anyway, our findings sug-
gest that the existence of a vomeropterygopalatinum may
be common in the two species examined, but may oc-
cur also in other urodele taxa, e.g., in the paedomorphic
Eurycea rathbuni (Plethodontidae) (CLEMEN et al., 2009).
Certainly, vomerpterygopalatina in metamorphic urode-
les are ephemeral structures; vomer and pterygopalati-
num separate again as soon as development continues,
simply because the palatine disintegrates in the normal
course of metamorphosis (see GREVEN ef al., 2015). We
are quite sure that the bony islets between the vomer and
the palatopterygoid seen in larvae 6 and 7 indicate degra-
dation of the fusion zone of these elements (Fig. 5).

The suggestion that the palatinal portions may be
provided with teeth by the outgrowing vomerine dental
laminae comes from the observation that in these cases
the number of palatinal replacement teeth was reduced
or even absent, that the palatine itself showed signs of
degradation, and that the area of vomerine replacement
teeth extended beyond the posterior edge of the vomer.
This may occur during ‘normal’ development, but seems
to be enhanced during delayed metamorphosis (see also
CLEMEN, 1978; CLEMEN & GREVEN, 1979; SMmirNnOw &
VASSILIEVA, 2003; GREVEN et al., 2015).
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Previous studies (e.g., CLEMEN & GREVEN, 1979;
SMIRNOV & VassILIEVA, 2003) suggested that palatinal
dental laminae produce only early larval teeth, i.e. non
pedicellate monocuspids, as the formation of pedicellate
bicuspid teeth is highly TH-dependent (e.g., GABRION &
CHiBoN, 1973; GREVEN & CLEMEN, 1990). TH in turn ac-
celerates the degradation of the palatinal dental lamina
and the palatinum itself, i.e. the palatine is resorbed be-
fore pedicellate teeth are formed. More recently Vassi-
LIEVA & SERBINOVA (2013) stated that pedicellate teeth are
generally missing on the palatine (and coronoid), but de-
scribed subpedicellate teeth on the coronoid in late larval
Mertensiella caucasica (Salamandridae).

The definite vomer

The studied larvae, especially larvae 5—8, provided fur-
ther information regarding the development of the defi-
nite (adult) vomer. Contrary to a commonly held doc-
trine, that the larval vomer becomes almost completely
or completely resorbed in transforming Urodela (e.g.,
SMirNOV & VassILIEVA, 2003; LeBeDkINA, 2004; RosE,
2005; VassiLIEva & SERBINOVA, 2013) and that the defi-
nite (adult) vomer develops entirely de novo (e.g., Rosk,
2005), we suggest that parts of the toothless larval vomer
become incorporated in the definite vomer.

The de novo-formation of the lateral and anterior
edentate expansions of the vomer is not questioned, but
the new formation of large parts of the adult vomer body
is at least arguable. Robust (experimental) data support-
ing the ‘incorporation’- or the ‘degradation’-hypothesis
are missing at least for Ichthyosaura alpestris apuanus
and Lissotriton vulgaris. The statement that the complete
larval vomer is replaced comes from studies examining
Alizarinred labelled developmental stages of several spe-
cies (for summary see LEBEDKINA, 2004; Rosg, 2005).
LeBeEDKINA (2004) reported that in Ranodon sibiricus
(Hynobiidae) a small strip of the larval vomer overlaps
the newly formed vomer, and more recently VASSILIEVA
& SEerBINOVA (2013) noted that in Mertensiella caucasica
resorption of the larval vomer proceeds from its postero-
lateral margin. CLEMEN (1979) showed experimentally
that in Salamandra salamandra at least parts of the larval
vomer were used to form the definite vomer, but here the
incorporation may be related to the different formation of
the definite vomer (see below).

Currently, our only argument supporting the ‘incor-
poration’-hypothesis is the fact, that the largely intact
larval vomer was visible in all larvae studied herein and
did not show conspicuous signs of degradation except the
resorption of its teeth (see also GREVEN ef al., 2015). The
postulated degradation from the posterolateral margin
might leave a large area (from the parasphenoid to the
developing vomerine plate) of the palate unprotected to
some extent, unless the new vomerine plate would also
grow out posteriorly simultaneously.

We think that the vomer of midmetamorphic and new-
ly transformed L. vulgaris and I. a. apuanus (at this age
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the mouth roof is not yet fully developed; see Accorbr &
MazzArNg, 1992; LEBEDKINA, 2004) and related species is
composed of (1) the newly formed edentate antero-lateral
expansion (vomerine plate), whose anterior median part
develops already during a delay of metamorphosis, (2)
the larval vomer that becomes edentate, (3) the newly
formed edentate area between the vomerine bar and the
newly formed dentate part of the vomer including the
vomerine bar (see Fig. 6).

The formation of the dentate part of the definite
vomer, i.e., the tooth row on the vomer body and its pos-
terior elongation on the vomerine bar, is not entirely clear.
A further commonly held doctrine is that the vomerine
bar of salamandrids is a posterior bony outgrowth of the
vomer accompanied by the elongated vomerine dental
lamina (e.g., Rosg, 2003; LEBEDKINA, 2004). According to
SMIrRNOW & VassILIEVA (2003) the vomerine bar in L. vul-
garis has an “uncalcified predecessor” (called matrix by
us), the anterior part of which ossifies in continuation
with the vomer, whereas the posterior portions develop
by fusion of several ossification centres, thus, resembling
the development of the vomerine bar in Plethodontidae
(SmirNOW & VASSILIEVA, 2003; see also VAsSILIEVA &
SERBINOVA, 2013).

However, as previously noted for L. vulgaris (GREVEN
et al., 2015; see also Fig. 6) and also suggested herein
for I. a. apuanus we assume that the formation of the
vomerine bar takes place in a different way. In contrast
to the palatine, where the dental lamina, the teeth and
the palatine itself are completely resorbed in course of
metamorphosis, the larval vomer and its dental lamina do
not disintegrate, but only the larval teeth (see above). The
dental lamina that first closely follows the vomer on its
inner side (the anterior end of the tooth row and the dental
lamina is marked by transversally arranged monocuspid
teeth) elongates beyond the posterior edge of the larval
vomer. At the same time the dental lamina produces teeth
and becomes slightly shifted from front to rear to the mid-
dle leaving a more or less wide non-ossified area between
itself and the larval vomer. The dental lamina provides
the prospective vomerine bar with teeth resulting in a row
of largely bicuspid teeth still not attached to a bony sub-
strate, as the matrix of the vomerine bar ossifies later.

The small non ankylosed monocuspid teeth (crowns)
in the connective tissue between the inner edge of the
larval vomer and the prospective vomerine bar have
been produced by the shifting dental lamina before it
has arrived at his final position, but they did not found
a proper substrate to settle. The large monocuspid, non-
transformed larval teeth with a dividing zone closest to
the buccal side of the prospective vomerine bar may rep-
resent the first teeth of the shifted dental lamina already
arrived at its final position.

However, the putative shifting of the dental lamina
and the production of teeth that differ in size and shape
sizes deserve further study, the more so, as vomers of
larvae 4 and 5, which do not show any traces of a de-
veloping vomerine bar, either reveal bicuspid vomerine
replacement teeth (larva 4) or a vomerine tooth patch
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with bicuspid teeth indicating that the vomerine dental
lamina in this larvae was able to produce bicuspid teeth
before the supposed shifting of the dental lamina and the
transformation of the vomerine tooth patch in a single
row of (bicuspid) teeth. As the development of bicuspid
teeth is clearly TH-dependent (GaBrioN & CHiBoN 1970;
GREVEN & CLEMEN, 1990), the presence of bicuspid in an
otherwise largely unchanged palate remains unanswered.
In the literature we did not find clear statements that lar-
val vomers (normally characterized by a tooth patch of
monocuspids) may also bear bicuspid teeth. Primary teeth
of the vomerine bar have been reported as subpedicel-
late monocuspid (M. caucasica: VASSILIEVA & SERBINOVA,
2013) or bicuspid (L. vulgaris: SMIRNOV & VASSILIEVA,
2003)

Despite such caveats, we can say with some certain-
ty that the formation of the vomerine bar in L. vulgaris
and /. a. apuanus (and very probably in related newts) is
clearly distinguished from that observed in the salaman-
drid Salamandra salamandra. As experimentally proved
the vomerine bar of this species rises from a much defined
area of connective tissue at the posterior inner (lateral)
edge of the larval vomer. In presence of matrix material of
the vomerine bar the dental lamina elongates and the tooth
row of the vomerine bar appears to be a mere elongation
of the tooth row on the vomer body (the larval tooth patch
is reduced to single row) (CLEMEN, 1978b, 1979). This pat-
tern fits very well in the general opinion.

The vomerine bar in Salamandridae and
other Urodela

The definite vomer in all transformed salamandrids so
far studied has a long, slender row of ankylosed teeth
that extends posteriorly over nearly the entire length of
the parasphenoid (see Fig. 7 A) called often vomerine
bar (e.g., STADTMULLER, 1936; CorsiN, 1966; CLEMEN
& GREVEN, 1994; HALLER-PROBST & ScHLEICH, 1994;
Rosg, 2003; LeBEDKINA, 2004; SMIRNOV & VASSILIEVA,
2003; VassILIEVA & SERBINOVA, 2013; Wu et al., 2012).
Obviously, however, dentition and configuration of the
definite vomer show at least two distinct patterns in
salamandrids: Either, the dentigerous ridge is largely
straight, begins in the lower third of the vomer body (see
above) and continues on the vomerine bar as shown in
Lissotriton vulgaris and Ichthyosaura alpestris apuanus
(Fig. 7A) or is more or less S-shaped with its anterior part
on the vomer body and the larger posterior part on the
vomerine bar as in Salamandra salamandra (Fig. 7 B). In
both, the tooth rows (and the accompanying dental lam-
ina) are not interrupted. A preliminary literature search
and own studies (unpublished) indicate that the S-pattern
is realized only in ‘true’ salamanders, i.e. Salamandra,
Lyciasalamandra, Chioglossa and Mertensiella (unpub-
lished). At first glance, in both configurations teeth of the
vomerine bar appear to be a mere extension of the lateral
end of the row of larval vomerine teeth (e.g., LEBDEDKINA,
2004; Rosk, 2003). This is actually the case in S. sala-
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mandra (see above), but not in Lissotriton vulgaris and
Ichthyosaura. a. apuanus (see above). We had not ex-
pected to find such striking differences within salaman-
drids and think that the mode of development and the
configuration of the vomer in Salamandra represent an
ancient trait.

A structure comparable, but probably not homolo-
gous with the vomerine bar of Salamandridae is present
in some Plethodontidae (Fig. 7 C) and Hynobiidae (Fig. 7
D). The vomerine bar of Plethodontidae appears to arise
at the posteromedial edge of the larval vomer, which
finally leads to a lateral position of the dental lamina
(WILDER, 1925; REGAL, 1966; Rosg, 1995a, 2003). Early
growth of the bar is assumed to be sustained by osteogen-
esis in the vomer and later growth by the ossification of
tooth bases (see Rosk, 1995 a). In some species the pos-
terior part of the bar bearing tooth patches becomes sepa-
rated from the anterior part. In the few Hynobiidae, in
which such a structure was described, the medial end of
the vomerine tooth row extends posteriorly; the length of
this bar varies depending on the species. Developmental
pattern and arrangement relative to its dental lamina is
said to be the same as in Plethodontidae (REGAL, 1966;
Rose, 2003; VASSILIEWA et al., 2015).

Conclusions

Our observations confirm previous findings suggesting
that the organisation of the mouth roof in Urodela indi-
cates more sensitively the impact of metamorphosis-af-
fecting (environmental) stressors than external morpho-
logical features. Further, findings demonstrate that the
formation of a vomeropterygopalatinum appears to be
a common phenomenon, which obviously reflects some
perturbations during development (in the cases described
in consequence of a delayed metamorphosis), which
will be, however, repaired when development proceeds.
Fusion of these bones is certainly favoured by the general
closeness of the larval vomer and the palatopterygoid.
There is some evidence that in newts the tooth row and
its bony substrate of the definite vomer develop newly.
This is different from the related Salamandra salaman-
dra, where the vomerine bar develops from the posterior
inner (lateral) edge of the larval vomer and the innermost
larval tooth row is involved in the final dentitional pat-
tern. However, these differences within salamandrids
have to be substantiated using a larger growth series of
specimens preferably raised under constant condition to
monitor the development step by step.
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