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Abstract Skull characteristics play an important role in the systematics of tailed salamanders. In this study, the skulls
of Liua shihi and L. tsinpaensis were compared using a clearing and double-staining technique. The results showed that
in L. tsinpaensis, the vomerine tooth rows are in a “
” shape, the length of the inner vomerine tooth series is
nearly equal to that of the outer series, the vomerine tooth rows do not extend beyond the choanae, an ossified articular
bone is absent, the basibranchial is rod shaped, the radial loops exhibit a figure-eight shape, the cornua has two
cylindrical branches, the urohyal is rod shaped, and the end of the ceratohyal is not ossified; these features differ
considerably from those of L. shihi. The ossification of the posterior portion of the ceratohyal and the present or absent
of ossified articular might represent ecological adaptation to feeding in different environments.
Keywords Liua shihi, Liua tsinpaensis, morphology, adaptation, systematics

1. Introduction
The genus Liua is an endemic genus of Chinese
salamander that was proposed by Zhao and Hu (1983)
based on the species Ranodon wushanensis (= Hynobius
shihi Liu, 1950 = Ranodon shihi Risch and Thorn, 1981).
However, the validity of the genus Liua was debated for
many years (Xiong et al. (2012) for more details) until
molecular data confirmed its legitimacy (Li et al., 2004;
Wang et al., 2005; Zeng et al., 2006; Zhang et al., 2006;
Zheng et al., 2011; Xia et al., 2012; Weisrock et al.,
2013). The validity of the genus is now widely accepted
(AmphibiaWeb, 2015; Frost, 2015).
In addition to its type species, L. shihi, the genus
Liua includes another species, L. tsinpaensis (Zeng et
al., 2006). The generic assignment of L. tsinpaensis has
also been questioned for many years. L. tsinpaensis was
first described as a new species of the genus Ranodon
*
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based on specimens from Hou-tseng-tze, Chouchih
Hsien, and Shensi (Shanxi), China (Hu et al., 1966).
The characteristics used to justify this assignment
included a lack of labial folds, vomerine teeth arranged
in two curved rows, and an absence of cornification
on the ventral surface of the feet (Hu et al., 1966).
Subsequently, Fei and Ye transferred L. tsinpaensis to
the genus Pseudohynobius as P. tsinpaensis based on the
characteristic shape, length, and location of the vomerine
tooth rows as well as the shape of the skull and the
labial folds (Fei and Ye, 1983). However, Zhao (1990)
and Zhao and Wu (1995) suggested that R. tsinpaensis
should be retained within the genus Ranodon. Based
on molecular phylogenies, L. tsinpaensis clustered
with L. shihi and not with R. sibiricus (the type species
of Ranodon) or P. flavomaculatus (the type species of
Pseudohynobius) (Zeng et al., 2006). This clustering was
confirmed by further molecular studies (Zhang et al.,
2006; Zheng et al., 2011; Xia et al., 2012; Weisrock et
al., 2013). Consequently, Zeng et al. (2006) transferred L.
tsinpaensis into the genus Liua.
Skull morphology in particular has proven useful for
systematics and phylogeny in Urodela (Wake, 1966;
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Duellman and Trueb, 1994; Ehmcke and Clemen,
2003). Zhao and Zhang (1985) cursorily described the
skeleton of L. tsinpaensis and L. shihi, but this work is
not sufficiently detailed to provide the basis for effective
interspecific comparisons. In the present study, we
systemically describe and compare the skull elements
of L. tsinpaensis and L. shihi. Our aims were to present
precise schematic drawings to illustrate details more
clearly than in previous studies, and to draw attention to
species-specific characteristics.

2. Materials and Methods
Seven adult specimens of L. shihi (4 males and 3 females)
were collected from the type location, Wushan County,
Chongqing Municipality, China (Figure 1). Four adult
specimens of L. tsinpaensis (4 females) were collected
from the type location, Zhouzhi County, Shanxi Province,
China (Figure 1). Upon arrival at the laboratory, animals
were euthanized via submergence in a buffered MS222 solution. The anesthetized animals were prepared,
fixed in 10% formalin, and then cleared and doublestained using a standard bone-cartilage staining procedure
(Hanken and Wassersug, 1981). The specimens were
skinned, and the eyes and viscera removed from the
body cavity; the specimens then were washed in several
changes of distilled water and placed in a solution of
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alcian blue 8GX for cartilage staining. For dehydration,
the specimens were treated twice with absolute alcohol;
re-hydrated through a graded, decreasing series of alcohol
solutions; and then macerated twice in distilled water.
For bone staining, the specimens were then placed in a
solution of 0.5% KOH to which an alizarin red S stock
solution had been added until the solution turned deep
purple. Subsequently, the specimens were transferred to
100% glycerin via a graded series of glycerin 0.5% KOH
solutions for clearing. Finally, the specimens were stored
in fresh glycerin. The prepared skull was examined and
photographed with a LEICA MZ6.0 binocular dissecting
microscope (Leica Microsystems GmbH, Wetzlar
Germany). Figures were drawn according to the method
of Liu and Xiong (2013). Voucher specimens were
deposited at the Museum of Sichuan University (SCUM).
For the nomenclature of skull morphology, we
primarily adhered to the terminology of Jömann et al.
(2005), which has also been adopted by Xiong et al.
(2007, 2011a, 2011b, 2013) and Peng et al. (2010).

3. Results
The skulls of L. shihi and L. tsinpaensis consist of two
components: cartilage and bone. Most of the skeletal
elements are bone, and a few are cartilage. In L. shihi,
the shape of the upper jaw describes a trapezium and

Figure 1 The localities of specimens used in this study. The collection site of Liua shihi is marked by a black circle; the collection site of
Liua tsinpaensis is marked by a red square.
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the space between the maxillaries is smaller than the
space between the quadrates (Figure 2), whereas in L.
tsinpaensis, the shape of the upper jaw describes a semicircle and the space between the maxillaries is nearly
equal to the space between the quadrates (Figure 3). The
elements of the skulls of the two species are as follows
(Figures 2 and 3).
Premaxilla: The paired premaxillae—articulated with
each other at the most anterior point of the skull—have
three distinct regions: the pars dentalis, the pars palatina,
and the processus dorsalis praemaxillaris (also called
the pars frontalis). The toothed pars dentalis forms the
anterior border of the upper jaw and the ventral border
of the external naris. The posterolateral edge of the
pars dentalis articulates with the anterior tip of the pars
dentalis of each maxilla. The joint is covered by the
nasal cartilage in the dorsal view. The pars palatina—
attached to the posterior margin of the pars dentalis and
forming the anterior portion of the bony palate—is the
posterior extension of the pars dentalis. The posterior
edge of the pars palatina articulates with the anterior
margin of the body of the vomer. The processus dorsalis
praemaxillaris—ascending dorsally from the pars
dentalis, parallel to the longitudinal axis of the skull, and
forming the anterolateral border of each external naris—
is deeply embedded in the nasal bone. The processus
dorsalis praemaxillaris is longer and more attenuate in L.
shihi and shorter and more robust in L. tsinpaensis.
Maxilla: The paired maxillae, together with the
anteromedial premaxillae, form the upper jaw. Similar to
the premaxillae, the maxilla is composed of three regions:
the pars dentalis, the pars palatina, and the processus
facialis maxillaris. The tooth-bearing pars dentalis, the
primary component of the maxilla, articulates with the
pars dentalis of the premaxilla anteriorly and extends
posteriorly to form the arch of the upper jaw. The ventral
surface of the pars dentalis bears numerous pedicellate
teeth, except on the posterior portion. The length of the
toothless portion of the pars dentalis is shorter in L.
tsinpaensis than in L. shihi. The posterior end of the pars
dentalis is more attenuate and reaches the middle of the
orbit in L. tsinpaensis, whereas it is more robust and
reaches one-third of the orbit in L. shihi. The posterior
end of the pars dentalis is not sutured to the anterior end
of the pterygoid and only connects with the pterygoid
via cartilaginous tissue. The cartilaginous tissue is
conjoint with the posterior end of the pars dentalis in L.
tsinpaensis and not conjoint in L. shihi. The pars palatina
is the extension of the pars dentalis into the oral cavity.
This structure forms the anterolateral portions of the
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palate and the anterolateral border of the orbit. The pars
palatina terminates near the toothless region of the pars
dentalis. The processus facialis maxillaris arises from the
anterior portion of the pars dentalis and extends dorsally,
overlapping with the anterior portion of the lacrimal bone
and the lateral portion of the prefrontal bone. The anterior
margin of the processus facialis maxillaris forms the
lateral border of the external naris; the posterior margin
forms the anterodorsal border of the orbit.
Septomaxilla: The paired septomaxillae, embedded in the
nasal cartilages of the nasal capsules at the lateral edge of
the nasal vacuity, are small and irregular in shape. These
structures are larger in L. shihi than in L. tsinpaensis.
Nasal: The paired nasals are bony plates that cover much
of the dorsal surface of the cartilaginous nasal capsule.
The anterolateral margin of the nasal bone forms the
posterolateral edge of the external naris. The nasal bone
articulates with the processus dorsalis praemaxillaris
anteriorly, slightly overlapping the anterior portion of the
frontal posteriorly. The premaxillary fontanelle is situated
between the premaxillaries and nasals. The premaxillary
fontanelle is larger in L. tsinpaensis than in L. shihi.
The nasal articulates posterolaterally with the anterior
portion of the prefrontal bone and the lacrimal bone in L.
tsinpaensis but does not articulate with these two bones in
L. shihi due to a gap.
Prefrontal: The paired prefrontal bones are located
immediately anterior to the orbit and form its anterodorsal
border. These bones are widely separated and do
not contact each other at any point. The prefrontal
is rectangular, slightly covered by the nasal bone
anterolaterally and by the lacrimal bone anteriorly,
and overlapped the anterolateral portion of the frontal
posterolaterally in L. tsinpaensis. The prefrontal is a long
strip covered by the lacrimal anteriorly and overlapped a
greater portion of the frontal posterolaterally in L. shihi.
Frontal: The paired frontals, which are close to each
other mesially without fusing, form the anterior roof
of the braincase. The anterior portion is covered by the
posterior edges of the nasal and prefrontal. Posteriorly,
the attenuate end overlaps the anterior edge of the
parietal. The lateral edge descends and articulates with
the orbitosphenoid. The anterolateral portion forms the
dorsal rim of the orbit. The frontal of L. tsinpaensis is
more robust than it is in L. shihi, but the posterior end is
more attenuate in L. shihi than it is in L. tsinpaensis.
Parietal: The paired parietals are close to each other
and cover the posterior braincase. The anterior portion
of the parietal underlies the posterior edge of the frontal
anteriorly, overlaps the anteromedial portion of the
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Figure 2 Diagrammatic drawing of skulls of Liua shihi. A: skull, dorsal view; B: skull, ventral view; C: lower jaw, dorsal view; D: lower
jaw, ventral view; E: the hyobranchial apparatus. Bones are shown in black or white with black dots (in deeper zones of the skull); cartilage
is shown in gray or white with gray dots (in deeper zones); teeth are represented by open circles; and gaps or foramina are shown in white.
Abbreviations: ac–antorbital cartilage, ag–angular, at–articular, c–choana, d–dentary, ex–exoccipital, f–frontal, l–lacrimal, m–maxillary, mc–
Meckel’s cartilage, n–nasal, nc–nasal cartilage, o–operculum, os–orbitosphenoid, p–parietal, pa–prearticular, pf–prefrontal, pm–premaxilla,
po–prootic, ps–parasphenoid, pt–pterygoid, q–quadrate, s–squamosal, sm–septomaxilla, v–vomer, bb–basibranchial, c–cornua, rl–radial loop,
ch–ceratohyal, chc–complex of hypobranchial I and ceratobranchial I, hb2–hypobranchial II, cb2–ceratobranchial II, uh–urohyal. Figure 2E:
Adapted from Xiong et al. (2013).
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Figure 3 Diagrammatic drawing of the skull of Liua tsinpaensis. Abbreviations and coloring as in Figure 2.

exoccipital, articulates with the posterior part of the
orbitosphenoid ventrally, and contacts the squamosal and
prootic laterally. The posterior tip of the parietal reaches
the caudal end of the skull. The parietal is longer in L.

shihi than in L. tsinpaensis.
Lacrimal: The paired lacrimal bones—specific
to hynobiid, rhyacotritonid, and dicamptodontid
salamanders—are situated laterally to the prefrontals. The
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anterior portion forms the rim of external naris, the lateral
portion is covered by the processus facialis maxillaries,
the posterolateral portion is overlapped the prefrontal,
and the posterior portion does not extend to the orbit. The
anterior portion of the lacrimal is overlapped by the nasal
in L. tsinpaensis but not overlapped by the nasal in L.
shihi.
Squamosal: The paired squamosals extend from the otic
capsules to the quadrates and are fixed to the lateral area
of the upper skull. This structure has three processes. The
anterior process articulates with the prootic, the posterior
process articulates with the lateral portion of the parietal
and the operculum, and the ventral process—the largest
process—overlaps the quadrate and the posterior portion
of the pterygoid. The squamosal is less developed in L.
tsinpaensis than in L. shihi.
Prootic: The paired prootics are the primary component
of the otic capsule. In the dorsal view, they articulate with
the parietal and the squamosal and slightly overlaps the
pterygoid anteriorly. In the ventral view, they articulate
with the parasphenoid and the pterygoid.
Exoccipital: The paired exoccipitals enclose the foramen
magnum and form the posteromedial walls of the otic
capsule. In the dorsal view, the exoccipital articulates
with the posterior portion of the parietal anteriorly and
with the operculum laterally. There is a space among
the parietal, the exoccipital, the operculum, and the
squamosal that accommodates the posterior process of the
squamosal. In the ventral view, the exoccipital articulates
with the posterior portion of the parasphenoid and the
operculum. Similar to the dorsal view, there is a space
among the parasphenoid, the exoccipital, the operculum,
and the prootic. The posterior portion of the exoccipital,
called the occipital condyle, arises as a cylindrical, bony
extension lateroventral to the foramen magnum. The
occipital condyle and the odontoid facet, on the lateral
wall of the foramen magnum, articulate with the condylar
facet and odontoid process of the atlas, respectively.
Operculum: The operculum is located along the
posterolateral surface of the squamosal, and together with
the exoccipital and prootic, forms the otic capsule. The
external surfaces of the operculum are slightly convex,
and a distinct columella is fused with the operculum. The
operculum articulates with the exoccipital posteriorly
and with the squamosal anteriorly. The distal end of
operculum is attached by a cartilaginous piece to the
pterygoquadrate cartilage. In L. shihi, the operculum
cannot be seen in the dorsal view because it is covered by
the squamosal.
Vomer: The paired vomers form the dorsal and anterior
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roof of the oral cavity as well as the posterior floor of the
nasal capsule. The anterior portion is a broad, toothless,
and dorsally convex plate that contacts with the pars
palatina of the premaxilla anteriorly and the maxilla
anterolaterally. There is a wide gap between the vomers,
which is the site of a glandular complex that extends from
the roof of the oral cavity to the dorsal surface of the
head, between the frontal processes of premaxillae. This
gap is larger in L. tsinpaensis than it is in L. shihi.
The posterolateral portion of the vomer forms the
medial rim of the internal naris. The posterior portion of
the vomer overlaps the anterior portion of the
parasphenoid. The middle and posterior portions of the
vomer bear small teeth on the medial edge, called
vomerine teeth, which occur in rows. In L. shihi, there are
only a few teeth (ranging from 4 to 7) and the vomerine
tooth rows are not connected at the midline, thus forming
a “ ” shape. The tooth rows can be distinguished as an
inner and an outer series. The outer series is longer than
the inner series. The inner series begins at the middle of
the vomer, and the outer series ends at the posterior
choanae. The anterior portion of the tooth rows extends
beyond the anterior edge of the internal nare. In L.
tsinpaensis, there are more teeth (ranging from 6 to 9)
than in L. shihi and the vomerine tooth rows are not
connected at the midline, thus forming a “
” shape.
The tooth rows can also be distinguished as an inner and
an outer series; the inner series, however, is nearly equal
to the outer series. The inner series begins at the end of
the vomer, and the outer series ends at the posterior
internal nare; the anterior portion of the tooth rows does
not extend beyond the anterior edge of the internal naris.
Orbitosphenoid: The vertically oriented orbitosphenoid
is an endochondral ossification that forms the lateral
portion of the braincase. Its shape is nearly rectangular.
The orbitosphenoid articulates dorsally with the ventral
surface of the frontal, parietal, and prefrontal and
articulates with the vomer and parasphenoid ventrally.
Quadrate: The quadrate, a blocky bone, is part of the
suspensory apparatus of the mandible. The quadrate is
overlain dorsally by the squamosal, covers the pterygoid
dorsolaterally, and articulates with the prootic laterally.
The lateral surface accommodates an articular surface
between the quadrate and the articular.
Parasphenoid: The single, sword-shaped parasphenoid
is the largest bone in the skull. This bone forms the
posterior roof of the oral cavity and the floor of the
braincase. It also provides support for the posterior
portion of the nasal capsule and overlaps the otic capsule
posteriorly. The posterior end of the parasphenoid reaches
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the foramen magnum. The parasphenoid articulates with
the orbitosphenoid dorsally, with the vomers anteriorly,
with the prootic laterally, and with the exoccipital
posterolaterally. The anterior half is slightly narrower than
the posterior half. The widest portion of the parasphenoid
is situated slightly behind the prootic.
Pterygoid: The L-shaped pterygoid is another part of
the suspensory apparatus of the mandible and has three
obvious processes (anterior, lateral, and posterolateral).
The anterior process extends toward the maxilla. The
lateral process is the shortest of the three processes.
The posterolateral process is the longest and most stout
process. The pterygoid forms the ventral border of the
orbit and articulates with the inner side of the quadrate
and the anterior wall of the prootic posteriorly. The
pterygoquadrate cartilage is involved as well in pterygoid.
Dentary: The dentary is the major bone of the mandibular
ramus. Its anterior portion, approximately three-quarters
of the length of the dentary, bears teeth. The posterior
portion of the dentary resembles a vertically oriented, thin
blade and gradually becomes attenuate.
Meckel’s cartilage: Meckel’s cartilage is enclosed by the
dentary and the prearticular, and the anterior end nearly
reaches the anterior end of the dentary. The posterior end
is ossified to the articular in L. shihi, whereas it is not
ossified in L. tsinpaensis.
Prearticular: The prearticular inserts on the lingual side
of the dentary, forming the lingual border of the posterior
half of the ramus. A coronoid process arises on its dorsal
surface and inflects lingually.
Articular: The articular, lies between dentary and
prearticular and originates from the ossification of the
posterior part of Meckel’s cartilage, articulates with the
quadrate of the skull to form the mandibular joint. In L.
shihi, the ossified articular is present in six specimens (the
degree of ossification is same as shown in Figure 2) and
absent in one smallest specimen. In L. tsinpaensis, the
ossified articular is absent in all examined specimens.
Angular: The angular is located at the posteroventral side
of the mandibular ramus and forms the posterior portion
of the mandibular ramus. The angular is longer in L. shihi
than it is in L. tsinpaensis.
Basibranchial: The basibranchial is located in the
midline of the hyobranchial apparatus, which is a
cartilaginous element and articulates with the paired
hypobranchials. The central portion of the basibranchial
bears a tubercle. The ends of the paired radial loops
are fused and articulate with the basibranchial via the
tubercle. The basibranchial is rhombic in shape in L. shihi
and rod-shaped in L. tsinpaensis.
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Cornua: The cornua is a cartilage situated under the
radial loop. The cornua is fan shaped in L. shihi, whereas
it has two cylindrical branches gradually tapering
anterolaterally to a pointed tip in L. tsinpaensis.
Radial loop: The paired radial loops lie in the anterior
portion of the basibranchial; these loops cross in a figureeight fashion over the midline and connect the two
ceratohyals in L. tsinpaensis, and they cross in an “o”
shape in L. shihi. The tip of the radial loop articulates with
the ceratohyal in L. shihi and fuses with the ceratohyal in
L. tsinpaensis.
Ceratohyal: The paired ceratohyals are broad, flat
cartilages that lie lateral and anterior to the other parts
of the hyobranchial apparatus. The anterior portion of
each forms a flattened blade, and the posterior portion
is cylindrical. The ceratohyals are partially ossified in L.
shihi but are not ossified in L. tsinpaensis.
Complex of the hypobranchial I and the
ceratobranchial I: The complex of the hypobranchial
I and the ceratobranchial I is composed of cartilage.
The anterior ends of the complex are broad and become
gradually attenuated posteriorly. The ends of the
complex extend over the ends of the ceratohyal and the
ceratobranchial II and gradually taper posterolaterally,
forming curved ends in L. tsinpaensis and an undulating
shape in L. shihi.
Hypobranchial II: The paired hypobranchial II are
ossified, slightly sigmoidal and cylindrical, and longer
than the ceratobranchial II. The hypobranchial II appears
more robust in L. shihi than in L. tsinpaensis.
Ceratobranchial II: The posterior ends of the
ceratobranchial II are not completely ossified. The
posterior end of the ceratobranchial II and the complex
of the hypobranchial I and ceratobranchial I overlap the
posterior end of the ceratohyal in L. tsinpaensis, but they
do not do so in L. shihi. Similar to the hypobranchial II,
the ceratobranchial II is more robust in L. shihi than it is
in L. tsinpaensis.
Urohyal: The single urohyal lies medially, slightly
posterior to the level of the ends of the ceratobranchial II.
The urohyal is present as a small rod of ossified tissue in
L. tsinpaensis and has a decidedly tri-radiate shape in L.
shihi.

4. Discussion
The skulls of L. shihi and L. tsinpaensis are generally
similar in structure; however, some obvious differences
can be detected (i.e., the shape of vomerine tooth row,
the relative lengths of the inner and outer series, the
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spatial relationship between the vomerine tooth rows
and the choanae, ossified articular, and the shape of the
basibranchial, the radial loops, the urohyal, the cornua,
and the upper jaw) (Table 1).
In the systematics of the hynobiid salamanders,
vomerine teeth (including the shape of the vomerine tooth
rows, as well as the spatial relationship between the
vomerine tooth rows and the choanae) are important,
especially in the diagnoses of genera (Liu, 1950; Zhao
and Hu, 1984; Zhao and Adler, 1993; Fei et al., 2006). In
this respect, L. tsinpaensis differs from L. shihi (Table 1).
First, the vomerine teeth of L. tsinpaensis are arranged in
” shape, and the inner series is nearly equal in
a“
length to the outer series, whereas those of L. shihi are
arranged in a “ ” shape, and the outer series is
obviously longer than the inner series. Second, the
vomerine tooth rows of L. tsinpaensis do not extend
beyond the choanae and the inner series begins at the end
of vomer, whereas the vomerine tooth rows of L. shihi
extend beyond the choanae and the inner series begins at
the middle of the vomer.
The morphology of the adult hyobranchial apparatus
has played an important role in studies on the systematics
of urodeles. For example, Wake (1963) used the
absence or presence of the anterior process of the first
basibranchial (basibranchial in the present study) and the
relative length of the second basibranchial (urohyal in the
present study) to diagnose the genera Aneides, Plethodon,
and Ensatina. Moreover, Wake (1966) used the following
characters to diagnose the subfamilies Desmognathinae
and Plethodontinae: absence or presence of the anterior
first basibranchial expansion; the first ceratobranchials
(hypobranchials in the present study) or the epibranchials
(ceratobranchial in the present study) as the longest of
the articulated hyobranchial elements; the length of the
first and second ceratobranchials; the relative lengths
of the epibranchials and the first basibranchials, the
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epibranchials and the first ceratobranchials, and the
second ceratobranchials and the first basibranchials; and
the absence or presence of the second basibranchials
(urohyal in the present study). Xiong et al. (2013)
compared the hyobranchial apparatus of eight hynobiid
species (representative of eight genera of Hynobiidae)
and noted that the following differences could be used
as diagnostic characters for species or genera: the
basibranchial of O. zhangyapingi is ossified; the posterior
ends of the ceratohyals are ossified in B. pinchonii, P.
shangchengensis, and L. shihi; the hypobranchial I and
ceratobranchial I are present as separate elements in O.
zhangyapingi, P. shangchengensis, and R. sibiricus; the
hypobranchial I of P. shangchengensis is ossified; and
the urohyal is absent in O. zhangyapingi. In the present
study, the characteristics of the hyobranchial apparatus
in L. tsinpaensis (a rod-shaped basibranchial, a figureeight radial loop, a rod-shaped urohyal, a cornua with
two cylindrical branches, and the end of the ceratohyal
not ossified) are different from those of L. shihi (Table 1).
These differences reflect species-specific differences and
could be used as diagnostic characters for species.
The habitats of L. tsinpaensis and L. shihi are
considerably different. L. tsinpaensis is terrestrial and
occurs in streams only during the breeding season,
whereas L. shihi is aquatic for its entire life. Habitats drive
morphological diversity among salamanders (Buckley et
al., 2010) because morphological specializations are the
result of natural selection on morphology in response to
specific functional or ecological demands (Herrel et al.,
2009). For example, the habitat of organisms determines
their available prey items and exerts a strong influence
on their feeding behavior (Özeti and Wake, 1969). The
aquatic salamanders capture prey by rapidly expanding
the mouth and throat, capturing prey by suction, whereas
the terrestrial salamanders project a sticky tongue from
the mouth to snare prey (Deban and Wake, 2000). The

Table 1 Comparison of major differences in skull characters between Liua tsinpaensis and Liua shihi.
Character

Liua tsinpaensis

Liua shihi

Equal

Outer longer than inner series

Not extending beyond the choanae

Extend beyond the choanae

Shape of vomerine tooth row
Length of inner and outer series
Spatial relationship between vomerine tooth rows and choanae
Articular

Not present

Present

Shape of basibranchial

Rod-shaped

Rhombic

Figure-eight shaped

O-shaped

Not ossified

Partially ossified

Shape of radial loops
End of ceratohyal
Shape of cornua

Two cylindrical branches

Fan-shaped

Shape of urohyal

Rod-shaped

Tri-radiate shape

Shape of upper jaw

Semi-circle

Trapezoid

120

Asian Herpetological Research

cranial architecture of salamanders is diverse and reflects
adaptations to a variety of terrestrial and aquatic habitats
(Duellman and Trueb, 1994). The posterior portion of the
ceratohyal is ossified in L. shihi but not in L. tsinpaensis.
The phenomenon of an ossified posterior portion of the
ceratohyal is also found in other aquatic salamanders
(Deban and Wake, 2000). The hyobranchial apparatus is
the central component of the salamander feeding system
(Deban, 2003). The cartilaginous ceratohyal may reduce
the constraints limiting tongue protraction in terrestrial
salamanders, and the ossified ceratohyal may increase
the suction that can be generated in aquatic salamanders
(Xiong et al., 2013). In these instances, a difference in
the ossification of the posterior portion of the ceratohyal
would represent an ecological adaptation. In a similar
fashion, the greater degree of ossification of the articular
may also represent an ecological adaptation. The articular
is the expanded posterior portion of Meckel’s cartilage
(Francis, 1934) and the fact that it is so heavily ossified
(typically not ossified in other salamanders, Duellman and
Trueb, 1994) suggests an ecological role in these largely
aquatic salamanders. The situation in L. tsinpaensis
represents the ancestral, default state and thus it cannot
be associated with a particular adaptation. However, the
ossified bone in L. shihi doubtless contributes strength to
the lower jaw and entire feeding system, likely improving
feeding function in the more resistant aquatic medium in
which feeding takes place.
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