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Barbourula busuangensis Taylor and Noble, 1924 is a poorly known basal aquatic frog from the Philippines. Here
we describe some features of the head anatomy of B. busuangensis, with a focus on jaw and eye musculature and
the cranial skeleton, based on 3D reconstructions from serial histological sections of a metamorphosed but not
fully grown (subadult) female and two fully grown adults, one of which was investigated by synchrotron x-ray imaging. Examination of two different post-metamorphic stages allowed tentative assessment of the development of
some characters from the subadult to the adult condition, e.g., shape and size of the parahyoid or arrangement of
some jaw adductors. The subadult specimen of B. busuangensis also possesses some unique cranial characters,
including a salamander-like arrangement of the jaw adductors, which is obscured in fully grown adults, and
a well-developed basal (= basicranial) articulation resembling that of temnospondyls. The facial nerve of B. busuangensis does not fuse with the trigeminal ganglion. Head anatomy confirms that Barbourula is a basal anuran,
and comparison with other basal taxa suggests that B. busuangensis most closely resembles the hypo-ossified taxa
Alytes and Bombina, and Discoglossus with respect to degree of ossification.
Keywords: Anura; Barbourula; Liaobatrachus; head anatomy; evolutionary trends; relationships; cranium;
palatoquadrate; cranial nerves; jaw adductors; extrinsic eye muscles.

INTRODUCTION
The genus Barbourula contains two species, B. busuangensis Taylor et Noble, 1924 and B. kalimantanensis
Iskandar, 1978, which are endemic to Palawan and Borneo, respectively. The genus is considered to be closely
related to Bombina and Discoglossus (Taylor and Noble,
1924; Myers, 1943; Inger, 1954; Sanchiz, 1984; Clarke
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and Cannatella, 1993; Ford and Cannatella, 1993; Iskandar, 1995; Blackburn et al., 2010). Based on molecular
evidence, Blackburn et al. (2010) suggested that Barbourula diverged from Bombina in the Paleogene, and that
both Barbourula species diverged from one another in
the Late Miocene. The earliest fossil material of Bombina
is from the Early Miocene of Germany (Sanchíz and
Schleich, 1986) and thus the divergence time between
Bombina and Barbourula cannot be confirmed by paleontological data. Early Eocene anuran fossil material
from India, represented by ilia, vertebrae and urostyles,
may be related to Barbourula (Folie et al., 2013).
Barbourula specimens are relatively rare in museum
collections, but additional specimens have been collected
in the last decade (e.g., Bickford, 2008; Blackburn et al.,
2010); due to its relative rarity, few morphological accounts have been published. There are a few osteological
notes on B. busuangensis (Taylor and Noble, 1924;
Trueb, 1973; Iskandar, 1978), and a description of the
skeleton by Clarke (1987). Pelvic and thigh muscles in
B. busuangensis were described by Pøikryl et al. (2009).
Barbourula kalimantanensis is, besides Telmatobius cu-
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leus from lake Titicaca, the only other known frog that
has strongly reduced lungs (Bickford et al., 2008; Hutchinson, 2008). Tadpoles are unknown.
Barbourula is of special interest because osteologically it resembles Liaobatrachus, an Early Cretaceous
anuran from China (Roèek et al., 2012; Dong et al.,
2013). Both Liaobatrachus and Barbourula have an
elongated frontoparietal fontanelle, exhibit similar configurations of the maxilla and the maxillo-premaxillar
contact, the parahyoid, and possess free ribs with uncinate processes, the shapes and positions of which are
identical between both taxa. Liaobatrachus and Barbourula both possess broadly dilated sacral diapophyses, and
a urostyle with a pair of transverse processes. However,
the shapes of the vertebral centra and the numbers of
presacral vertebrae differ between both taxa (Clarke,
1987; Roèek et al., 2012). For phylogenetic placement of
Barbourula among archaeobatrachian frogs see Cannatella (1985), Gao and Wang (2001), Blackburn et al.
(2010), Pyron and Wiens (2011), and Dong et al. (2013).
Based upon serial histological sectioning of a metamorphosed but not fully developed (subadult) individual,
synchrotron x-ray examination of a fully developed individual and anatomical analysis of a second adult specimen, here we provide new information on the mandibular
adductor musculature in Barbourula, its extrinsic eye
muscles and their skeletal supports, try to identify trends
in its post-metamorphic development, and comment
upon the evolutionary implications of these observations.
We anticipate that the new data presented here on this
poorly known basal anuran group will be of great utility
for future phylogenetic analyses, comparative and functional evaluations, and other studies into anuran biology
and evolution.
MATERIAL AND METHODS
Barbourula specimens. Three specimens of Barbourula busuangensis were examined (see Table 1). ZRC
1.10828 is a complete fixed ?male specimen from Puerto
Princessa, Palawan, Philippines, deposited in the collections of National University of Singapore (NUS). DP
FNSP 6554 comprises an articulated skull, disarticulated
postcranial skeleton, alizarin-stained hindlimbs, and a

hyoid and pectoral girdle stored in formalin; the specimen is in possession of the Department of Paleontology,
Charles University, Prague, currently on permanent loan
to the Geological Institute of the Academy of Sciences,
Prague. The origin of the specimen is unknown, but it is
suspected to be from Palawan; it was a gift to the late
Prof. Zdenìk V. Špinar of Charles University from the
Department of Biology, Silliman University, Dumaguete
City, Philippines, during the 1960’s. DP FNSP 6582 is a
sectioned skull of a fixed female specimen, originally
from the collections of the Department of Botany and Zoology, University of Stellenbosch, South Africa, now
transferred in the collections of the Department of Paleontology, Charles University, Prague (Fig. 1). The sections are deposited at the repository of the Geological Institute, Academy of Sciences, Prague. The specimen was
collected from Palawan, Philippines, but the precise locality is unknown. It was presented to Prof. Cornelius de
Villiers of Stellenbosch University by Edward H. Taylor,
who collected the Philippine herpetofauna until 1927.
Other material examined. Alytes obstetricans (DP
FNSP 6457, 6539); Ascaphus truei (DP FNSP 6537,
6538, 6550); Bombina bombina juv. (DP FNSP 6563);
Bombina variegata (DP FNSP 6282, 6441, 6590); Bombina orientalis (DP FNSP 6557, 6583); Discoglossus
jeanneae (DP FNSP 6586); Discoglossus pictus (DP
FNSP 6514, 6570, 6575, 6589; Hubrecht collection of
serially sectioned premetamorphic and metamorphic
stages); Discoglossus sardus (DP FNSP 6571, 6574,
6584); Liaobatrachus sp. (CYH 004; DNM D 2166,
2167; GM V2126; IVPP V11525, V12510, V12541,
V12717, V13235B, V13236, V13238, V13239 [15],
V13245, V13379, V13380, V14068, V14203, V14269,
V14270, V14979 [15]; LPM 0030; MV 77).
Age determination. The relative degree of development was inferred from mid-femoral diameter for DP
FNSP 6582 and DP FNSP 6554 (Table 1). Although DP
FNSP 6582 is adult judging by its external appearance
and body size (Table 1, Fig. 1), histological sections
show that it is markedly hypo-ossified. This raised the
question concerning age of DP FNSP 6582, and whether
slightly bigger individual DP FNSP 6554 was older.
We used skeletochronological methods, based on the
number and pattern of growth layers formed in bone tis-

TABLE 1. Barbourula Specimens Examined
Specimen
DP FNSP 6582
DP FNSP 6554
ZRC 1.10828

Locality

Date collected

Sex

Snout-vent
length, mm

Mid-femoral
diameter, mm

Approximate age

Palawan, Philippines
?Palawan, Philippines
Palawan, Philippines

Before 1927
Before 1970
—

Female
—
?Male

59
>60
66

1.48
1.82
—

Subadult (skeletally immature)
Adult (skeletally mature)
Adult (skeletally mature)
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sue (Castanet and Smirina, 1990), to estimate the age of
DP FNSP 6582 and DP FNSP 6554. Annual periodicity
in the formation of these layers in Temperate Zone amphibians with a biphasic growth rhythm, when periods of
activity alternate with periods of hibernation, is well
known and was proven experimentally (Smirina, 1972,
1994; Castanet et al., 1977; Francillon, 1979). Growth
layers also occur in tropical and subtropical amphibians
(Guarino et al., 1995, 1998; Wake and Castanet, 1995;
Esteban et al., 1996; Pancharatna and Deshpande, 2003;
Lai et al., 2005; Pancharatna and Kumbar, 2005; Mao
et al., 2012). However, annual growth rhythms in amphibians living in regions without sharp seasonal fluctuations of temperature are less pronounced and annual
growth layers are indistinct and not easy to recognize.
Lines of arrested growth (LAGs), which in Temperate
Zone amphibians are used for estimating number of
years, often are doubled or multiplied in amphibians
living in regions without sharp seasonal fluctuations of
temperature, because their formation is influenced by
changes of dry and wet seasons (not necessarily corresponding to annual rhythm), seasonal variation in food
availability, reproduction, and other periodical exogenous and endogenous factors (Smirina, 1972; Wake and
Castanet, 1995; Esteban et al., 1996). Barbourula busuangensis is an aquatic frog living in the tropical region,
so it is possible that torrential rains plus food deficiency
during wet seasons may be the most important factors
that determine seasonal rhythms of its growth.
Age of both individuals was determined by examination of transverse cross-sections of the left femur in the
middle of the diaphysis at the level of (or close to) the foramen nutricium (Fig. 2A, B ). The bone was decalcified
in 5% nitric acid for 16 hours. Sections were cut at 20 ìm
with a freezing microtome, stained with Ehrlich hematoxylin, and embedded in glycerin (Kleinenberg and Smirina, 1969).
Histological sectioning and 3D reconstruction.
DP FNSP 6582 was serially sectioned for histological
study and for 3D reconstruction. Because the original
method of fixation of the specimen was unknown (it may
only be inferred from separation of muscle fibers that it
was alcohol based), it was transferred to 4% formalin,
then decapitated, and the head was embedded in paraffin,
serially sectioned (20 ìm), and stained with azan according to Domagk. We basically followed the same method
as described in Kleinteich and Haas (2007), the differences were only in used software (see below). All histological sections were digitized using Zeiss Stemi 2000-C
microscope with a Nicon Coolpix 950 digital camera
mounted on it. Magnification was adjusted according to
the largest sections. The images were saved as JPEG files
at 2272 × 1704 pixel resolution. A micrometer scale was
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Fig. 1. Barbourula busuangensis subadult, not fully grown female
(DP FNSP 6582), used for 3D reconstructions based on serial histological sections: lateral (A ), dorsal (B ), and ventral (C ) aspects. Scale
bar is 10 mm.

photographed with the same camera and microscope settings. 3D reconstruction was assembled in modeling and
rendering software 3D Studio Max R3.1. As the initial
step, we defined the viewport background by selecting
the background image with the largest section and with
the micrometer scale. The grid was set to 1.0 mm. Then
we loaded images of histological sections one after
another; the images were loaded in the same scale as
viewport background. The first major step was to manually derive contour lines of skeletal structures, muscles,
and nerves from the images of all sections, and convert
them to NURBS curves. Because all sections were composed of several curves, each curve was given its special
number (and color); each set of such curves received a serial number which was identical with that of a real
histological section. It was possible to adjust the curves
by moving or adding points in higher magnification.
Altogether, we produced curves from 893 sections.
The second major step was to arrange all these curves in
a frontal view (using Front viewport). This alignment
was done manually, using combination of distinctive, an-

Zbynìk Roèek et al.

166

A

B
Fig. 2. Barbourula busuangensis, haematoxylin stained cross-sections
of femur: A, subadult, not fully grown female (DP FNSP 6582);
B, adult, fully developed individual (DP FNSP 6554); PB, periosteal
bone tissue; EB, endosteal bone tissue; MC, marrow cavity; fn, foramen nutricium; circles, resting lines or lines of arrested growth
(LAGs); triangles, additional lines; asterisk, difficult to determine
whether it is LAG or additional line. Scale bar for both sections is
0.5 mm.

tero-posteriorly oriented structures, such as nerves, midpoints of the bottom of the braincase and its dorsal margins, etc., and in series of at least 10 adjacent sections
(using Display and Hide tools). Then, as the third major
step, we arranged the curves along the longitudinal axis
in Side and Top viewports. The distance between subsequent sections in the 3D model was set up according to
the grid (1 mm). Because the object was sectioned in
20 ìm, we used multiplies of 20 from start point 0.000
(where the first section was positioned); thus, the second
section would be 0.02 mm from the first section, the
second section 0.04 mm, etc. Because of the total number
of serial histological sections (893), we could use 50 sec-

tions to represent 1 mm of the skull length, but because
size of reconstructed anatomical structures did not require small details, we used only each second section
(i.e., 25 sections within 1 mm) for volume rendering.
Moreover, in case that a histological section was damaged, we could use adjacent section. All curves of resulting wire 3D model were then extruded, which means that
the model received stepped surface. Such output was
used for initial, preliminary assessments. For graphic
presentation, we created loft surfaces for each sub-object
separately from the wire 3D model, using the Force
2-sided rendering option. A necessary prerequisite was
that the starting points of all NURBS curves were in the
same position (e.g., on the most extreme point of the first
curve of a sub-object, and all other curves of the same
sub-object had to have their start points in approximately
same position). In such case, the curves could be aligned
automatically (by Auto Align Curve tool). Minor artifacts in the alignment were rectified by shifting points of
curves, which could be still activated. Finally, for presentation purposes the 3D model was rendered to Corel
PhotoPaint and if necessary, it could be (but was not necessarily) graphically improved (e.g., when incident light
inadvertently emphasized minor irregularities of loft
surfaces).
Synchrotron x-ray imaging. Specimen ZRC
1.10828 was fixed in 3.7% formalin, transferred to 75%
alcohol and then rehydrated before being placed in an
8-cm polypropylene tube and embedded in Agarose at
3% (without air bubbles), for synchrotron x-ray imaging
(Boistel et al., 2011a, 2011b). We used the ID17 long
(144 m) imaging beamline of the European Synchrotron
Radiation Facility (Boistel et al., 2009; Loetters et al.,
2011) with a large field of view and monochromatic
beam. The x-ray beam available at ID17 ESRF beamline
was produced by a double-Laue monochromator (Suorti
et al., 2000). The size of the beam at the sample level
was 100 × 3 mm2 and the energy was tuned to 53 keV
to obtain a suitable signal/noise ratio with this kind
of sample. The x-ray detector was an in-house FReLoN
(Fast Readout Low Noise) camera. It consisted of a
2048 × 2048-pixel CCD-chip cooled to –17 degrees.
The pixel size was 15 × 15 ìm2. However, to obtain a
suitable Field Of View (FOV), the chip was coupled with
a tapered bunch of optical fibers to magnify the FOV and
the size of the pixel to 80 × 80 mm2 and 45 × 45 ìm2, respectively. The x-ray beam was converted to visible light
by means of a Phosphor/Gadolinium screen, 60 ìm thick
and glued at the surface entrance of the tapered optical
fibers. The sample was fixed on a rotating stage located
3 m from the detector. The effective viewing area on the
detector is 2048 columns × 50 lines. The detector electronics were set to select only this region to increase the
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acquisition speed. Tomographic data were recorded at
each vertical slice by rotating the sample in synchronization with the FReLoN acquisition. The acquired sinogram consisted of a 2048 × 3000-pixel angular projection
through a 360° sample rotation. One angular projection
corresponded to 0.12°. The speed of the rotation was
3°/sec resulting in one angular projection every 40 msec
and 120 sec for one slice. The 40 msec are divided in
22 msec effective integration time and 18 msec readout
time. To protect the detector from incoming x-rays during
the readout time, a fast rotating beam chopper (Renier
et al., 2005) was placed upstream from the sample in synchronization with the rotation motor and the FReLoN detector. The final images were reconstructed using dedicated in-house software called HST for “High Speed Tomography” (Chilingaryan et al., 2011). 3D renderings
were obtained after semi-automatic segmentation of the
volume of interest (VOI) of the skeleton and muscle,
using Avizo 7.1 (VSG, Visualization Sciences Group,
Merignac, France). After obtaining labels, we converted
these into binary images and used them as a mask on the
raw data, using the public domain program ImageJ.
The direct volume rendering (DVR) technique was applied for the VOI of each bone of the skull. The iso-surface function was used to build a smooth 3D surface from

167
a sub-set of selected voxels of muscles and middle ear
structures (cartilage, cavity and bone).
Anatomical nomenclature. Unless otherwise stated,
osteological terminology is based on Bolkay (1919), and
the nomenclature of the anuran muscles on Luther
(1914), with slight modifications (Carroll and Holmes,
1980). Luther developed for the most part the nomenclature of jaw adductors in extant amphibians, which was
later modified to some extent. In order to facilitate comparisons with published information on adults of other
anurans and caudates, we give an overview of the names
used by other authors (Table 2), even for those terms for
which partial synonymies have been published (e.g.,
Edgeworth, 1935; Iordansky, 1996; Johnston, 2011).
Synonyms used by earlier authors than Gaupp (1896) are
not included here (but see Luther, 1914). Gaupp (1896) is
included because it is widely used reference book. One
can agree with Haas (2001) that communicating in anatomy is possible only when the same terms are used for
the same (i.e., homologous) structures. Thus if we disregard the main deviation from the nomenclature developed by Luther (1914) which, as emphasized by Johnston
(2011), was caused by Edgeworth’s (1935) differentiating between the terms “adductor” and “levator” (because
some authors used other definitions for these two muscle

TABLE 2. Synonymy of Jaw Adductors in Anura and Caudata
Synonymy

Authors, in chronological order

m. adductor mandibulae externus (MAME)
M. masseter major
Extratemporal
Mandibularis externus
Adductor mandibulae externus
Levator mandibulae externus and levator mandibulae anterior subexternus
M. adductor mandibulae externus
adductor mandibulae externus superficialis
musculus levator mandibulae externus
Adductor mandibulae externus
Adductor mandibulae externus
M. adductor mandibulae externus
M. adductor mandibulae externus + M. adductor mandibulae lateralis
m. levator mandibulae externus + portion of m. levator mandibulae externus
m. levator mandibulae externus + m. levator mandibulae lateralis
Adductor mandibulae A2
Adductor mandibulae externus
m. adductor mandibulae posterior subexternus (MAMP-subext)
Adductor mandibulae posterior (Portio subexterna)
Adductor mandibulae posterior subexternus
Adductor mandibulae posterior subexternus
Adductor mandibulae posterior subexternus
M. adductor mandibulae posterior
M. adductor mandibulae articularis

present paper
Gaupp (1896) (Rana)
Edgeworth (1911) (Anura)
Lubosch (1938) (Anura)
Luther (1914) (Caudata, Anura)
Edgeworth (1935) (Caudata, Anura)
Säve-Söderbergh (1945) (Caudata)
Säve-Söderbergh (1945) (Anura)
De Jongh (1968) (Rana)
Carroll and Holmes (1980) (Caudata) Anura)
Carroll and Holmes (1980) (Anura)
Iordansky (1992, 1996) (Caudata)
Iordansky (1992, 1996) (Anura)
Haas (2001) (Caudata)
Haas (2001) (Anura)
Diogo (2008); Diogo et al. (2008) (Ambystoma)
Johnston (2011) (Anura)
present paper
Luther (1914) (Caudata)
Luther (1914) (Anura)
Säve-Söderbergh (1945) (Anura)
Carroll and Holmes (1980) (Caudata, Anura)
Iordansky (1992) (Caudata)
Iordansky (1992) (Anura)
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TABLE 2 (continued)
Synonymy

Authors, in chronological order

M. adductor mandibulae posterior seu articularis
m. levator mandibulae externus
m. adductor mandibulae posterior lateralis (MAMP-lat)
M. masseter minor
m. adductor mandibulae posterior lateralis
Levator mandibulae anterior lateralis
M. adductor mandibulae posterior lateralis
musculus levator mandibulae anterior lateralis
Adductor mandibulae posterior lateralis
Adductor mandibulae lateralis
m. levator mandibulae lateralis
Adductor mandibulae lateralis
m. adductor mandibulae posterior articularis (MAMP-art)
Adductor mandibulae posterior articularis
Adductor mandibulae posterior (P. articularis)
Levator mandibulae anterior articularis
M. adductor mandibulae posterior articularis
M. temporalis internus
musculus levator mandibulae anterior articularis
Adductor mandibulae posterior articularis
Adductor mandibulae posterior
m. levator mandibulae articularis
Adductor mandibulae posterior
m. adductor mandibulae posterior longus (MAMP-long)
M. temporalis
Adductor mandibulae posterior longus
Adductor mandibulae posterior (P. longa)
Levator mandibulae posterior
M. adductor mandibulae posterior longus
musculus levator mandibulae posterior
Adductor mandibulae posterior longus (temporalis)
m. levator mandibulae longus
Adductor mandibulae longus
m. adductor mandibulae internus (MAMI) divided into main, middle and posterior parts
M. pterygoideus
Pterygoideus
M. pterygoideus
Pterygoideus anterior
Levator mandibulae anterior
M. pseudotemporalis superficialis + M. pseudotemporalis profundus
musculus levator mandibulae anterior
M. temporalis externus (only MAMI-middle part)
Adductor mandibulae internus — divided into pterygoideus and pseudotemporalis
(further subdivided into a superficialis and profundus head) portions
Adductor mandibulae internus
M. pseudotemporalis anterior (seu profundus) +
+ M. pseudotemporalis posterior (seu superficialis)
M. pseudotemporalis (= M. pseudotemporalis anterior of Caudata)
m. levator mandibulae internus
Adductor mandibulae A3” + Adductor mandibulae A3’
Adductor mandibulae internus (rostralis, caudalis)

Iordansky (1996) (Caudata, Anura)
Haas (2001) (Anura)
present paper
Gaupp (1896) (Rana)
Luther (1914) (Anura)
Edgeworth (1935) (Anura)
Säve-Söderbergh (1945) (Anura)
De Jongh (1968) (Rana)
Carroll and Holmes (1980) (Anura)
Iordansky (1996) (Anura)
Haas (2001) (Anura)
Johnston (2011) (Anura)
present paper
Luther (1914) (Anura)
Luther (1914) (Caudata)
Edgeworth (1935) (Anura)
Säve-Söderbergh (1945) (Anura)
Stephenson (1951) (Leiopelma)
De Jongh (1968) (Rana)
Carroll and Holmes (1980) (Caudata, Anura)
Iordansky (1996) (Anura)
Haas (2001) (Anura)
Johnston (2011) (Anura)
present paper
Gaupp (1896) (Rana)
Luther (1914) (Anura)
Luther (1914) (Caudata)
Edgeworth (1935) (Anura)
Säve-Söderbergh (1945) (Anura)
De Jongh (1968) (Rana)
Carroll and Holmes (1980) (Caudata, Anura)
Haas (2001) (Anura)
Johnston (2011) (Leiopelma, Ascaphus )
present paper
Gaupp (1896) (Rana)
Edgeworth (1911) (Caudata)
Luther (1914) (Caudata, Anura)
Lubosch (1938) (Anura)
Edgeworth (1935) (Caudata, Anura)
Säve-Söderbergh (1945) (Anura)
De Jongh (1968) (Rana)
Stephenson (1951) (Leiopelma)
Carroll and Holmes (1980) (Caudata)
Carroll and Holmes (1980) (Anura)
Iordansky (1992) (Caudata)
Iordansky (1992, 1996) (Anura)
Haas (2001) (Caudata)
Diogo (2008); Diogo et al. (2008) (Ambystoma)
Johnston (2011) (Leiopelma, Ascaphus)

Note. Synonyms used by authors earlier than Gaupp (1896) are not included (but see Luther, 1914). Gaupp (1896) is included because it is widely used
reference book.
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categories, and because the term “jaw adductors” became
widely used), the problem is shifted to criteria of
homology. It is generally agreed that the most reliable
criterion is innervation of muscles, because the nervous
system, in terms of its morphological adaptations, is one
of the most conservative organ systems of vertebrates.
But for jaw adductors this criterion is too general. Topographic relations to branches of the trigeminal nerve as a
principal criterion of identity of jaw adductors was criticized by Iordansky (1992, 1996), and Haas (2001) and
his collaborators. Here we use it for practical reasons, as
a complement to anatomical description, but we take the
origins and insertions of muscles as the main criteria of
homology, although we admit that the location and extent
of muscle origins and insertions may change due to
changes in muscle function.
We use the term ‘angulare,’ which was introduced by
Cuvier (1824: 89 – 90), rather than ‘angulospleniale,’ because the splenials were already lost in late Paleozoic
temnospondyls. With the exception of Xenopus (Bernasconi, 1951), the dermal part of the anuran lower jaw
takes its origin from only two ossification centers, those
of the dentale and angulare. Compare the situation in
urodeles, in which the goniale (= prearticulare) is preserved (Duellman and Trueb, 1986; Lebedkina, 2004).
Anatomical abbreviations. CN1, nervus olfactorius; CN2, nervus opticus; CN3, nervus oculomotorius;
CN4, nervus trochlearis; CN6, nervus abducens; CN10,
nervus vagus; LAG, layer of arrested growth; LC, length
of skull; LtC, width of skull; MAME, m. adductor mandibulae externus; MAMI, m. adductor mandibulae internus; MAMP-art, m. adductor mandibulae posterior articularis; MAMP-lat, m. adductor mandibulae posterior lateralis; MAMP-long, m. adductor mandibulae posterior
longus; MAMP-subext, m. adductor mandibulae posterior subexternus; MLB, m. levator bulbi; MO-inf, m. obliquus inferior; MO-sup, m. obliquus superior; MR-ext,
m. rectus externus; MR-inf, m. rectus inferior; MR-int,
m. rectus internus; MR-sup, m. rectus superior; MRB, m.
retractor bulbi.
Institutional abbreviations. CYH, Chaoyang Bird
Fossil National Geopark, Chaoyang, Liaoning, China;
DNM D, Dalian Natural Museum, Dalian, Liaoning,
China; DP FNSP Department of Palaeontology, Faculty
of Natural Sciences, Charles University, Prague, Czech
Republic; GM, Geological Museum of China, Beijing,
China; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China; LPM, Liaoning Paleontology Museum, Shenyang, Liaoning, China; MV, Nanjing Institute of Geology and Paleontology, Chinese
Academy of Sciences, Nanjing, Jiangsu, China; ZRC,
National University of Singapore, Singapore.
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RESULTS
Age of the Barbourula Specimens
We interpret the dark LAGs (Fig. 2B ) as annual
growth rings, with some additional lines present in the
larger individual, DP FNSP 6554. Our interpretation is
based on the observation that both DP FNSP 6582 and
DP FNSP 6554 have the same pattern of growth layers,
despite they were collected independently, at different
times. Thus, it seems unlikely that the same pattern of
LAGs be induced by occasional climatic events.
The LAGs interpreted as corresponding to the first to
second year of life of DP FNSP 6582 and DP FNSP 6554
are indistinct, with numerous additional, false lines
(Fig. 2A, B ). The large distance between the first and
second LAG indicates rapid growth. After the second
year, annual layers abruptly became narrow, which indicates attaining sexual maturity and arrest of growth. The
outermost, fourth LAG is close to the surface of the bone.
We cannot be fully certain that the number of LAGs
observed in DP FNSP 6582 and DP FNSP 6554 accurately reflects age, because one-year-old individuals,
which in other species indicate rate of early endosteal resorption (Leclair and Castanet, 1987; Smirina and Makarov, 1987; Castanet and Smirina, 1990), were not available. Resorption of innermost one or more LAGs, corresponding to the first years of life, reduces actual age of
the animal by one or more years. Nevertheless, we can
estimate from the number of distinguishable LAGs that
both individuals are not younger than four years. Based
on these considerations, we consider 4 – 5 years for
DP FNSP 6582 and 4 – 6 years for DP FNSP 6554 a reasonable estimate of age.
ZRC 1.10828 could not be examined skeletochronologically. It is an adult of relatively large size (Table 1).
Anatomical Description
Exocranium. We focus our description of the
exocranium of Barbourula busuangensis on features not
described in the previous accounts by Trueb (1973) or
Clarke (1987, 2007), with the exception of features
for which our observations disagree with these earlier accounts, and features that change during postmetamorphic
development.
The facial process of the premaxilla is vertical and
short, and well separated from the nasal. The maxilla
lacks a zygomatico-maxillar process (Fig. 4C, O ) and
lacks contact with the squamosal (Fig. 4C, D ). Its anterior part is deep, terminated by two or three processes
(Clarke, 2007). Only the ventral process abuts the
premaxilla, whereas the dorsal process terminates freely
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Fig. 3. Dorsal view of skull of Barbourula (ZRC 1. 10828) with three
tomograms taken at the levels indicated by cross-lines, to show distinction of bones and muscles on tomograms. MAMP-long on the left side
of tomograms highlighted in red. A photograph of a histological section of the specimen DP FNSP 6582 corresponding to the lowermost
tomogram is shown for comparison. Note orientation of muscle fibers,
separated from each other after alcohol based fixation.

(marked by arrow in Fig. 4C ). The frontal process is
pointed, abutting against the lateral process of the nasal
(Fig. 4D, O ). The pterygoid process is moderately extended. Posteriorly, the maxilla has an extensive contact
with the quadratojugal (Fig. 4D ). In subadult female
DP FNSP 6582 the quadratojugal is not fused to the
quadrate, which is still cartilaginous, but it is coalesced to
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the quadrate in fully grown adults. A calcified sesamoid
is present in ZRC 1.10828 (Fig. 4F ).
The medial margins of the nasals are long and
straight; only their posterior sections are divergent. The
nasals are bordered anteriorly by a rhomboid field
between the nasals and frontoparietals, where the dorsal
surface of the sphenethmoid is exposed (Fig. 4B ). In the
subadult female, the nasals are still small, covering only
part of the nasal capsules (Fig. 5H ). In the fully grown
adult specimens, the antero-lateral margin of each nasal
bears a pointed parachoanal process (Fig. 4B, D, F, J ),
directed towards the dorsal process of the anterior end of
the maxilla (Fig. 4D ). Laterally, the nasal consists of two
layers that enclose the dorso-medial part of the lateral diverticulum of the nasal organ (Fig. 4J; see also Jurgens,
1971). Serial sections show that in the subadult female,
this region was preformed by two parallel tissue layers.
The frontoparietals are fused in the midline, and the
line of coalescence is marked by a low median ridge
(Fig. 4B, C ). In the subadult female, the frontal portions
of the frontoparietals are separated by a narrow fontanelle, extending over the anterior part of the frontoparietal fenestra of the sphenethmoid. Remnants of the fontanelle may be preserved in adults (Fig. 4D ). The anterior
tips of the frontoparietals are widely divergent
(Fig. 4B, L, M ). The middle portion of the frontoparietals has ventrally deflected margins, which give the bone
a semi-tubular shape. The parietal portion of the frontoparietal produces a pair of prominent spike-like processes (Fig. 4B, D, L). Incrassations on the inner surface
of the frontoparietal, which fit into the fenestrae in the
roof of the braincase, consist of an anterior and a posterior part (Fig. 4M ). The posterior part of the alar lamella
of the squamosal is strongly reduced whereas its anterior
portion is long, but not in contact with the maxilla
(Figs. 4C, D ). The ramus paroticus is poorly developed
(Fig. 4D ) and connected to the crista parotica of the otic
capsule by soft tissue.
The vomer has a well-developed anterior portion,
which approaches the horizontal lamina of the premaxilla, but the vomer and premaxilla do not contact each
other. Because the anterior portion of the vomer borders
the choanal opening anteriorly, the posterior part of
the vomer may be considered a homolog of the anterior
choanal process. The posterior choanal process, which
borders the choana posteriorly, is slender and short.
A free palatine is absent. The cultriform process of the
parasphenoid is relatively broad in its posterior third, at
which point it bears prominent ridges along its margins.
These ridges diverge onto each lateral ala, where they delimit a sloping surface to which the retractor bulbi muscle
(MRB) is attached. The lateral margins of the cultriform
process taper abruptly in the middle of the prootic fonta-
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Fig. 4. Barbourula busuangensis. Exocranium of DP FNSP 6554 in ventral (A ), dorsal (B ), and in left dorsal and slightly anterior (C ) aspect;
D – O, ZRC 1.10828, synchrotron x-ray images. Cartilaginous parts not illustrated; D, in same aspect as C; in ventral (E ) andin dorsal (F ) aspects,
with dermal bones of left half illustrated for topographic orientation as if transparent, to show endocranial ossifications (sphenethmoid, prootico-occipital, columella); G, skull in posterior aspect, to demonstrate topographic relationships of middle-ear components; H, left angular in dorsal aspect,
with ossified articular; I, ossifications of the hyoid (hyoid in the same aspect as in C and D ); J, left nasal in dorsal view, to show thickened lateral
portion with two layers that enclose the dorso-medial part of the diverticulum laterale of the nasal organ; K, left prootico-occipital in anterior aspect,
to show basipterygoid process; L – N, frontoparietals in dorsal (L), ventral (M ), and left lateral (N ) views. Note frontoparietal incrassations in M; O,
left maxilla in lingual aspect. Arrow in (A) marks position of choana, arrow in (C ) marks dorsal process of anterior part of maxilla, arrow in (F )
points to sesamoid bone. Scale bars in (A, B ) and (E, F ) are 5 mm.

nelle, and where the cultriform process adjoins the posterior part of the sphenethmoid; thus the anterior third of

the process tapers to a thin point. The maxillary ramus of
the pterygoid (Fig. 4B, D, F ) abuts not only the ptery-
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goid process of the maxilla along its entire dorsal surface,
but also leans against the medial surface of the vertical
part of the maxilla. Similarly, the interior ramus is attached perpendicularly to the basipterygoid process of
the prootic. The ventral flange (sensu Trueb, 1973) is
prominent, and its lateral surface serves as a guide for the
lower jaw (Fig. 4A ).
The angulare (angulospleniale of some authors; see
Anatomical Nomenclature section) bears an extensive coronoid process (Fig. 4H ). The V-shaped parahyoid bone
had not yet developed in the subadult female specimen,
but was present in ZRC 1.10828 (Fig. 4I ).
Endocranium. The serially sectioned subadult female endocranium confirms many of the details of the
anatomy and innervation of the ethmoidal region of Barbourula busuangensis described by Jurgens (1971), including the origin of the inferior prenasal cartilage from
the solum nasi, the large fenestra nasobasalis, and the
narrow anterior part of the tectum nasi (Figs. 5A, 6A ).
The nasal cavity extends far posteriorly along the anterior
portion of the braincase, and the posterior parts of both
nasal capsules are widely separated by the braincase, as
in Ascaphus, Leiopelma, and Bombina (Pusey, 1943;
Jurgens, 1971). The lateral portion of the inferior
diverticle extends into the mouth cavity (Fig. 5F, G, H );
the medial portion, termed the diverticulum mediale or
Jacobson’s organ by Jarvik (1942), is restricted to the
prechoanal part of the nasal sac. However, the medial
portion of the inferior diverticle is markedly exceeded by
the principal diverticle, which extends into the most posterior part of the nasal cavity, as far as the level of the anterior half of the orbit. At the level of the postnasal wall
(Fig. 5G ), both nasal capsules are separated from one another by only a thin nasal septum, which terminates at the
level of the anterior part of the eye. As a result, both olfactory canals are very short and the olfactory tracts run
unseparated in the braincase. Another characteristic feature of Barbourula is that the anterior portion of the lateral diverticle of the olfactory sac turns, as an accessory
sac, dorsally over the lateral surface of the oblique cartilage (Fig. 5E; Jurgens, 1971). The preformation of the
anterior portion of the nasal in the subadult female specimen and the isolated nasals of the adult Barbourula specimens (Fig. 4J ) confirm that the accessory sac inserts between two layers of the lateral part of the nasal, which
form a deep longitudinal trough, as noted by Jurgens
(1971).
The sphenethmoid and the orbital part of the braincase are tube-like (Figs. 4E, F and 6A ). Based on comparison between the subadult and adult specimens, ossification of the sphenethmoid begins posteriorly and
spreads anteriorly and laterally into the postnasal walls.
The lateral wall of the ossified part is pierced by a canal
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(Figs. 5I and 6A ) for the ramus medialis n. ophthalmici,
and the roof opens via a long frontal fenestra, which is
separated from the parietal fenestra by the tectum
transversum (Fig. 6A ). In articulated skulls, the fenestrae
are filled with the frontoparietal incrassations (Fig. 4M ).
The prootic fontanelle (Fig. 6A ) is divided by a horizontal partition in the dorsal and ventral portions. Cranial
nerve (CN) 5, CN6, and CN7 pass through the dorsal portion. A similar division of the prootic fontanelle can be
seen in Ascaphus, but unlike Barbourula, Ascaphus has a
separate foramen for CN7 (de Villiers, 1934).
The crista parotica of the otic capsule is adjoined
anteriorly by the otic process of the palatoquadrate
(Fig. 7B ). The otic process of the palatoquadrate is cartilaginous even in fully grown adults, whose otic capsules
are completely ossified. In our sectioned subadult
female, the crista is histologically distinguishable from
the cartilaginous capsule, and preserves its identity as a
derivative of the palatoquadrate.
The palatoquadrate is a vertical plate, the dorsal margin of which is deflected laterally to form a horizontal
lamina that supports the Eustachian tube ventrally
(Figs. 6A and 7B ). Posteriorly, the vertical part decreases
in depth and only the horizontal lamina continues to the
jaw joint (Fig. 7E, F ). In our subadult female, a thin subocular bar (the larval commissura quadrato-cranialis anterior) is fused to the lateral end of the postnasal wall,
which is a typical condition for adults (Fig. 6A ). This
contrasts with the otic and basal articulations of the palatoquadrate, which are still separated from the otic capsule
(Figs. 7A, B and 8I ). The basal articulation (Figs. 4D,
7A, B, and 8I ) consists of separate basal and basipterygoid processes, even in mature adults; the basipterygoid
process is ossified and manifested as a prominent outgrowth on the anterior surface of the prootic (Fig. 4K ),
surrounded by the flared tip of the medial ramus of the
pterygoid.
The quadrate and articular are cartilaginous in the
subadult female specimen, but calcified and fused to the
quadratojugal and angular (Fig. 4H ), respectively, in
fully grown individuals. Sesamoids were regularly found
in adults (Fig. 4F; see also Clarke, 1987). The mentomeckelian element is ossified and fused to the dentale.
The middle ear apparatus is complete (Figs. 4G and
6B ). The columella consists of extended and moderately
bifurcated pars interna plectri, a slender, ossified shaft
termed pars media plectri, and the pars externa embedded
in the tympanic membrane (Fig. 6A, D ). The membrane
is stretched within the anulus tympanicus, which is an almost complete cartilaginous cup-like structure interrupted only on its dorsal side. The pars externa seems to
have a movable joint with the pars media, and is con-
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Fig. 5. Transverse sections through the nasal region of Barbourula busuangensis (DP FNSP 6582): A, anterior part of the head at the level of facial
process of premaxilla; B, section at the level of external naris; C, subdivision of anterior part of nasal capsule; D, origin of ductus nasolacrimalis;
E, antero-lateral, double-layered portion of nasal (here still represented by connective tissue) with dorsal extension of diverticulum laterale (accessory sac); F, choana, posterior part of recessus lateralis, and anterior orifice of the canal for the ramus lateralis narium proper; G, anterior end of
main part of MAMI; H, attachment of commissura quadrato-cranialis anterior to the neurocranium; I, origin of the olfactorius tract within the most
anterior part of braincase; J, overlapping of the nasal capsules and braincase posterior to the postnasal wall. Sections not to scale. Only left halves of
sections are illustrated in (B – J ).
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Fig. 6. Three-dimensional reconstruction of endocranium of Barbourula busuangensis (DP FNSP 6582): A, anterolateral and slightly dorsal aspect. White arrow marks fenestra nasolateralis, black arrows mark frontoparietal fenestra divided by tectum transversum; B, left plectral complex
with some associated structures in posterolateral aspect; C, hyoid (same view as in A ); D, otic region of skull in dorsal aspect. Cartilage blue,
endochondral bone yellow. Only (A) and (C) are at the same scale.

nected to the lower surface of the crista parotica by a thin
processus ascendens.

The hyoid (Figs. 4I and 6C ) has two endochondral
ossifications within the main body, which belong to the
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Fig. 7. Transverse sections through the otic region of Barbourula busuangensis (DP FNSP 6582): A, anterior end of otic capsule and basal articulation; B, processus oticus palatoquadrati. Note its fusion to crista parotica; C, Eustachian tube and series of adductors below it. Note posterior part of
MAMI and MAMP-long; D, processus ascendens of pars externa plectra; E, middle ear structures and posterior attachments of jaw adductors; F, relations between cornu anterior hyoidei and operculum; G, section anterior to jaw joint; H, jaw joint (note it consists still of cartilage), posterior part
of MAME, and depressor mandibulae. Only left parts of sections are illustrated.
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Fig. 8. Transverse sections through the orbital region of Barbourula busuangensis (DP FNSP 6582): A, anterior part of braincase; B, posterior termination of nasal capsules; C, anterior end of MAMP-long; D, anterior end of middle part of MAMI; E, passage of the optic nerve through
braincase wall; F, anterior end of MAME; G, connection of MAME with MAMP-long by means of MAMP-subext; H, posterior termination of main
part of MAMI, and its connection with middle part of MAMI. Broken line marks area illustrated in (F ) and (G); I, connection between middle and
posterior parts of MAMI. Only left halves of sections are illustrated in (A – E) and (H – I ).

Head Anatomy of Barbourula
posterolateral processes. The ossified posteromedial processes extend beyond the main body of the hyoid.
Cranial nerves. In Barbourula busuangensis, CN5
splits into three branches, CN5-1 (n. ophthalmicus),
CN5-2 (ramus maxillaris), and CN5-3 (ramus mandibularis), similar to other anurans. CN5-1 leaves the braincase through the dorsal portion of the prootic fontanelle
and runs between the middle portion of the adductor
mandibulae internus muscle (MAMI) and the dorsal surface of the MRB anteriorly (Fig. 8E ). CN5-2 and CN5-3
leave the trigeminal ganglion by a common stem, which
passes through the dorsal portion of the prootic fontanelle
and runs anteriorly between MAMI and the adductor
mandibulae posterior longus muscle (MAMP-long). The
two rami split from one another above the posterior part
of the eye-ball; CN5-2 terminates above the lateral part
of the eye-ball, whereas CN5-3 runs along the lateral surface of MAMP-long posteriorly, where it passes between
the posterior part of the adductor mandibulae posterior
subexternus muscle (MAMP-subext) and the adductor
mandibulae externus muscle (MAME). Iordansky (1992)
and Haas (2001) reported that the position of CN5-3
varies among anuran genera and passes laterally to the
MAME in some taxa (e.g., Bombina, Discoglossus).
Variation in the course of CN5-3 is most probably a result
of posterior rotation of the palatoquadrate below the otic
capsule during metamorphosis (Iordansky, 1992).
CN7 originates from the medulla oblongata and
closely adjoins CN8 (n. statoacusticus) ventrally (n.
acusticofacialis of de Villiers, 1934). After separating
from one another, CN7 passes anteriorly, enters the medial wall of the otic capsule, and runs within the wall of
the braincase to the posterior end of the trigeminal ganglion, where it returns to the braincase cavity. However,
it does not merge with the ganglion. Instead, it turns
laterally into the dorsal portion of the prootic fontanelle.
It should be noted that in Ascaphus, CN8 runs through a
separate facial foramen posterior to the ventral portion of
the prootic fontanelle (de Villiers, 1934). There it receives a sensory branch, the ramus palatinus, which comes from the mucous membrane of the mouth palate.
From this point, the main stem is termed the ramus hyomandibularis. It turns around the basal articulation posteriorly and crosses the Eustachian tube dorsally. Posterior
to the columella, it splits into three branches; one of them
meets the ramus communicans of CN9, thus constituting
Jacobson’s anastomosis (Schlosser and Roth, 1995).
Thus the characteristic feature of CN7 of Barbourula is
that it does not enter the trigeminal ganglion, nor does it
have any connection between the trigeminal ganglion
and the ramus palatinus of CN7 by means of a commissural nerve, as in Ascaphus.
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Adductors of the lower jaw. As mentioned above
(see the section Anatomical Nomenclature), homologies
of lower jaw adductors have been inferred among terrestrial tetrapods from topographic relations to principal
branches of CN5 (Luther, 1914; Säve-Söderbergh, 1936;
Carroll and Holmes, 1980). For practical reasons, we
maintain notes on relations of these muscles to CN5 in
our descriptions, but consider muscle origins and insertions as other relevant and significant criteria for decisions on muscle homology. See also Table 2 for synonyms used in papers of other authors. Muscles in the posterior part of the orbit, which run between CN5-1 and
CN5-2, are called collectively the adductor mandibulae
internus (MAMI). Those that lie between the common
stem of CN5-2 and CN5-3, and the distal, posteriorly
running CN5-3, are called the adductor mandibulae posterior (MAMP). Those that are lateral to the distal, posteriorly running CN5-3 are called adductor mandibulae
externus (MAME; but see the note on variation of CN5-3
above).
The MAME of Barbourula busuangensis is strongly
reduced compared, e.g., with Rana. It has an antero-posteriorly extensive insertion on the lateral surface of the
lower jaw (Figs. 9A and 10A ), but is only attached to the
upper jaw close to the jaw joint. Further anteriorly, it is
either attached by means of the MAMP-subext to
MAMP-long (Figs. 9A and 10B ), or, close to its anterior
end, it terminates freely just behind the mouth corner
(Fig. 8F ). Posteriorly, it is well separated from the depressor mandibulae; the latter muscle originates at the
posterior end of the articulare (if ossified); if the posterior
end of the articulare is still cartilaginous, as is the case in
the subadult female (DP FNSP 6582), then the entire depressor mandibulae originates from the angulare and
outer surface of MAME, similar to the most posterior
part of the MAME in the adult condition. The MAME decreases in size anteriorly, and its insertion is shifted onto
the lateral surface of the angulare. Two parts of MAME
can be distinguished. In its posterior portion, the lower,
outer part consists of horizontal fibers, whereas the upper, inner part consists of vertical fibers attached to the
lateral surface of Meckel’s cartilage. Anterior to the jaw
joint and below the anulus tympanicus, the conditions are
reversed — the outer layer of MAME consists of vertical
fibers stretched between the quadratojugal and outer surface of the angular, and the inner layer consists mainly of
horizontal fibers.
MAMP is subdivided into four easily recognizable
portions that were considered separate anuran muscles by
Luther (1914): the subexternus portion (MAMP-subext),
which usually originates on the medial surface of the
lamella alaris of the squamosal, the lateralis portion
(MAMP-lat), which originates on the medial surface of
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Fig. 9. Three-dimensional reconstructions of jaw adductors of not fully grown Barbourula busuangensis (DP FNSP 6582) and their topographic
relationships with endocranium, nasals and frontoparietals: A, complete system of jaw adductors; B, same as in (A ), but MAMP-subext and MAME
removed; C, same as in (B ), but MAMP-long removed; D, same as in (C ), but MAMP-art removed, to show composition and extent of MAMI; E,
MAMI in lateral view. The main part of MAMI is transparent to show its relationship with the middle part of MAMI; A – D, in the same aspect as in
Fig. 6A, D, in left lateral aspect. Dermal bones (frontoparietals and nasals) brown, color code of endoskeletal structures same as in Fig. 6.

the posterior part of the lamella alaris squamosi and
quadratojugal, the articularis portion (MAMP-art), originating from the ventral surface of the palatoquadrate, and

the longus portion (MAMP-long), which is the strongest
of all adductors (Figs. 7 and 9A, B ). It originates from the
parietal and adjacent parts of the otic capsule, and runs
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Fig. 10. Three-dimensional reconstructions of jaw adductors of fully grown Barbourula busuangensis (ZRC 1.10828; synchrotron x-ray images)
and their topographic relationships with the skull: A, complete system and its relations to jaws and squamosal; B, complete system of adductors after removal of posterior parts of jaws. Note functional complex of MAMP-long, MAMP-subext, and MAME (compare Fig. 9A); C, same as in (B ),
but MAMP-subext removed (compare Fig. 9B ); D, same as in (C ), but MAMP-long removed. Note courses of posterior parts of MAMI and
MAMP-art (compare Fig. 9C ); E, same as in (D ), but MAMP-art removed; F, Right MAMI in medial aspect; G, H, both MAMI in dorsal and ventral aspects; I, left MAMI in lateral aspect (compare Fig. 9E ). Note that MAMI is not subdivided in fully grown individuals; A – E, in same aspects
as in Fig. 9A – C. Posterior parts of jaws removed in (B – E ).

antero-laterally into the posterior part of the orbit, where
it turns ventrally and inserts on the medial surface of the
lower jaw.
In Barbourula busuangensis, MAMP-subext inserts
on MAME (Figs. 9A and 10B ), either on its medial surface or, anteriorly, on its dorsal surface. It adjoins the lat-

eral fascia of MAMP-long, and the parallel course of fibers of both muscles suggests that both have the same
function. It originates from the inner surface of the
lamella alaris squamosi (Fig. 10A ). Posteriorly, it adjoins
the anterior wall of the Eustachian tube.
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MAMP-art (Figs. 9B, C and 10C, D ) is a short but
strong muscle located close to the jaw joint between
MAMP-subext and the insertion of MAMP-long. Its posterior part is stretched between the ventral surface of the
palatoquadrate and Meckel’s cartilage, whereas its anterior portion lies between the ramus paroticus squamosi
and the angulare. Anteriorly, it terminates at the level of
the otic articulation (Fig. 9C ).
MAMP-long is the principal muscle of the adductor
mandibulae posterior group, and the main adductor of the
mandible. It has a narrow, antero-posteriorly elongated
insertion on the angulare, medial from the insertion of
MAMP-art and below the insertion of MAMI. Further
anteriorly it runs below the palatoquadrate, where it is attached to the fascia of MAMI. Below the Eustachian tube
it is robust and well separated both from MAMP-art and
MAMI. It emerges from below the crista parotica in the
orbit, where it turns dorsally and passes onto the roof of
the otic capsule, where it runs posteriorly and posteromedially. It originates on the spikes and cristae of the parietal portion of the frontoparietal and adjacent areas of the
otic capsule.
In the sectioned subadult female specimen
(DP FNSP 6582), MAMI consists of three parts
(Fig. 9E ): an anterior, robust main part, a middle part,
and a posterior part. The main part begins as a thin and
narrow sheet above the medial margin of the nasal, separated from its counterpart on the opposite side by a thin
aponeurosis. It gradually becomes broader posteriorly,
and at the level of the anterior end of the frontoparietal it
extends beyond the lateral margin of the braincase. It is
isolated from the nasals in the subadult female, which
might be an artifact, and becomes attached to the skull
roof along the midline only at the level of the anterior end
of the frontoparietals (Fig. 5F, G ). Here, its fibers are oriented antero-posteriorly. Further posteriorly, its lateral
margin is deflected ventrally (Figs. 8B – D, 9A – D, and
10A – E, H ) and muscles of both sides originate exclusively from the median aponeurosis. The posterior part of
the main portion of MAMI terminates within a fascia that
continues onto the middle part of MAMI.
The middle part of MAMI begins as a thin sheet adjoining the lateral wall of the braincase, covered laterally
by the main part (Fig. 8D ). It originates on the median
aponeurosis by means of a delicate but well discernible
tissue layer (Fig. 8E ). The middle part of MAMI then
runs horizontally and becomes attached to the fascia
where the main part of MAMI terminates. This fascia
runs postero-ventrally as a thickened tissue layer (tendon,
termed ‘subarticular aponeurosis’ by Iordansky, 1996)
along the medial surface of MAMP-long. It then passes
below the crista parotica and palatoquadrate, and runs
parallel and dorsal to MAMP-long where the latter be-
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comes a thin bundle of fibers close to the medial surface
of Meckel’s cartilage. Ultimately, it has a common insertion with MAMP-art, but separate from MAMP-long,
onto the medial surface of the angular, close to the jaw
joint (Figs. 7F, 9D, and 10E ).
Synchrotron x-ray imaging shows that MAMI was
not subdivided in the fully developed adult specimen
ZRC 1.10828 (Fig. 10), although the enormous extent of
the muscle on the cranial roof is similar to DP FNSP
6582. This suggests that in ZRC 1.10828 the separate
parts of the MAMI fused together, or that the synchrotron
x-ray imaging was unable to record the delicate details of
MAMI muscular anatomy (Fig. 3). Ontogenetically,
the cascade-like structure of MAMI, consisting of three
discrete units (Fig. 9C – E ) in the subadult Barbourula
specimen (DP FNSP 6582), may fuse later in life
(Fig. 10I ), or the observed differences could reflect
intraspecific variation or limitations of the imaging
equipment.
Extrinsic eye muscles. The obliquus inferior muscle
(MO-inf) originates on the braincase floor, close behind
the postnasal wall (Fig. 11A ). Its lateral portion, with fibers oriented transversely, is comparatively thick, whereas its medial portion is thinner and consists of antero-posteriorly oriented fibers. Both parts are easily distinguishable anteriorly, but become confluent posteriorly.
The MO-inf adjoins the lower margin of the sclerotic cartilage, and inserts on the antero-medial surface of the eye
bulb (Fig. 12B, C ).
The obliquus superior muscle (MO-sup) originates
immediately posterior to, but well separated from, the origin of MO-inf (Fig. 11B ). Its anterior part inserts into
the upper eyelid and its more posterior part onto the eye
bulb.
The retractor bulbi mucle (MRB) is the most powerful of all eye muscles. Its origin extends from the anteromedial part of the lower surface of the ala parasphenoidei
onto the cultriform process. The MRB runs anteriorly below the prootic fontanelle, where the basal articulation is
impressed on its dorso-lateral surface (Fig. 12C ). Further
anteriorly, it is divided horizontally by a thin ligament of
the rectus externus muscle (MR-ext; see below), attached
to the lateral edge of the cultriform process of the parasphenoid (Fig. 11H, I ). At the level of the optic foramen,
the MRB spreads out to form a cone that inserts on the
postero-medial surface of the eye bulb around the optic
peduncle. The cone is interrupted medially by a passage
for the optic nerve out of the interior of the cone. The lateral surface of the MRB is adjoined by a thick and broad
tendon that bifurcates anteriorly; its dorsal portion runs
around the inner surface of the eye bulb dorso-medially
between the MO-sup and the levator bulbi (MLB) to insert in the upper eyelid. The ventral portion of the tendon
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Fig. 11. Extrinsic eye muscles of Barbourula busuangensis (DP FNSP 6582) as revealed in transverse sections: A, origin of MO-inf on basis of
braincase; B, origin of MO-sup on basis of braincase, posterior to MO-inf; C, anterior attachments of MLB; D, medial attachments of MLB and anterior termination of MR-int; E, arrangement of eye-muscles around posterior end of eye bulb; F, arrangement of eye-muscles in posterior part of
orbit; G, anterior division of MRB; H, relation of MR-ext to MRB; I, origin of MR-ext; J, origin of MRB. Only left parts of sections are illustrated.
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Fig. 12. 3D reconstructions of extrinsic eye muscles of not fully grown Barbourula busuangensis (DP FNSP 6582): A, isolated left MLB; B, isolated extrinsic muscles of left eye; C, extrinsic eye muscles in skeletal context. All are in same view as in Figs. 6A and 9A – D. Color code of
endoskeletal structures same as in Fig. 6.

runs medially over the surface of the cone, ultimately dividing the most anterior part of the cone into thin dorsal
and ventral parts. The tendon then continues to the anterior corner of the eye, where it merges with the nictitating
membrane.
The rectus externus muscle (MR-ext) originates from
a thin, flat tendon from the lateral edge of the cultriform
process (Fig. 11H ), anterior to the origin of the MRB. Its
posterior part is completely surrounded by MRB, but it
then runs anterolaterally within the MRB. Where the
MRB begins to spread out into a cone, the MR-ext appears on its surface (Fig. 11F ). Here it is supplied by a
terminal branch of CN6. The MR-ext then expands as a
thin horizontal sheet around the posterior part of the eye
bulb. Because the MRB also expands laterally, both fuse
into a single layer, in which MR-ext loses its identity.

The rectus internus muscle (MR-int) originates from
the perichondrium of the ventral part of the braincase behind the optic foramen and extends anteriorly between
the MRB (impressed in its medial surface) and the
braincase. It inserts on the medial surface of the eye bulb,
anterior to the optic peduncle.
The rectus inferior muscle (MR-inf) originates in the
same area as the MR-int, but more ventrally, in a tissue
layer adjoining, but not directly attached to the lateral
margin of the cultriform process of the parasphenoid.
Although their origins seem to be confluent, the MR-inf
and MR-int can be recognized by the orientation of their
fibers. MR-inf runs from its origin antero-laterally as a
comparatively thick layer between the MLB and the cone
of the MRB, and terminates approximately at the level at
which the optic nerve leaves the eye bulb, without di-
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rectly inserting on its surface. It is the smallest of all the
extrinsic eye muscles.
The rectus superior muscle (MR-sup) originates in a
strip of tissue attached to the lateral margin of the cultriform process of the parasphenoid (Fig. 11H ). It runs anteriorly along the lateral surface of the braincase towards
the ventral margin of the optic foramen, where it passes
between the optic nerve and CN6 (Fig. 11G ). Ultimately,
it expands onto the dorso-medial surface of the eye bulb,
where it partly covers the end of the MR-ext (Figs. 11E
and 12B, C ), and inserts on the dorso-medial surface of
the eye bulb.
The levator bulbi muscle (MLB; Fig. 12A) in the subadult female (DP FNSP 6582) is represented by a thin
sheet which lies between the eye bulb and the roof of the
mouth cavity; thus it forms the elastic floor of the orbit.
Its medial margin, thick anteriorly, is attached to the frontoparietal (Fig. 11C ). Further posteriorly, it becomes
thinner and splits into two divergent layers. The lateral
layer inserts in a tissue that covers the main part of
MAMI, while the medial layer is attached to the frontoparietal (Fig. 11D ). Within the majority of the orbit,
MLB is a uniformly thin aponeurosis devoid of any muscle fibers. Further posteriorly, muscle fibers re-appear,
but MLB is still extremely thin, although it increases in
thickness laterally. Below the posterior end of the eye
bulb, MLB splits into two portions, the medial one partly
overlapping the lateral one (Fig. 11F ). The medial portion also terminates more posteriorly than the lateral one,
and is involved in the horizontal tissue layer stretched between the cultriform process of the parasphenoid and the
subocular bar.
DISCUSSION
Barbourula is similar in many skeletal features to the
early Cretaceous anuran Liaobatrachus Ji and Ji, 1998,
which is represented by several tens of extraordinary well
preserved fossils from the late Early Cretaceous (Lower
Aptian, slightly older than 125 Ma) of Liaoning Province, northeast China (Clarke, 1987; Roèek et al., 2012;
Dong et al., 2013). These similarities include a deep and
anteriorly bifurcated maxilla, basal articulation preserved
as a movable joint, V-shaped parahyoid, ossified posteromedial processes of hyoid, imbricate neural arches, free
ribs with uncinate processes on the 2nd, 3rd, and 4th presacral vertebrae, broadly dilated sacral diapophyses, and
a monocondylar sacro-urostylar articulation. Liaobatrachus is one of only a few articulated Mesozoic anurans
known (all others are represented by isolated bones), and
the only Mesozoic frog that is represented by 3D preserved adults (3D preserved pipoid tadpoles are known
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from the Early Cretaceous of Israel (Roèek and Van Dijk,
2006). It is therefore interesting to compare skeletal features of the extant basal anuran Barbourula with well
preserved, more than 100 million years old frogs.
Barbourula and Liaobatrachus — comparisons
between an extant basal frog and a frog from the Cretaceous. Although most of internal structures of the head
and the muscles are not preserved in Liaobatrachus from
the Early Cretaceous (131 – 120 Ma) of China, some
overall comparisons between Barbourula and Liaobatrachus, which are separated by at least 125 Ma, can be
made.
Barbourula resembles Liaobatrachus in the suite of
following features: Nasals meet in a long median contact;
maxilla is deep and bifurcated anteriorly, receiving
lateral end of the premaxilla in the depression between
the dorsal and ventral processes (Fig. 4D; Dong et al.,
2013: Fig. 3C2, 7D ); lamella alaris squamosi and maxilla are separated (because maxilla is without processus
zygomatico-maxillaris); ramus paroticus of the squamosal is absent (Fig. 4B; Dong et al., 2013: Fig. 7D ); processus frontalis of the maxilla is pointed (because nasal
and maxilla meet in an oblique suture; Fig. 4D ); basal
articulation is preserved as a movable joint, evidenced by
the pars medialis of the pterygoid deflected from the
prootic (Fig. 4D, K; Dong et al., 2013, Fig. 6B ), whereas
it is fused, e.g., in Pelobates (Roèek, 1981), Rana (Pusey,
1938), and Bufo (Ramaswami, 1937); long anterior fontanelle is between paired frontoparietals (present in adult
Liaobatrachus and immature Barbourula); columella is
present; mentomeckelian bones are present (Dong et al.,
2013, Fig. 7E ), also, e.g., in Scaphiopus (Hall a Larsen
1998); V-shaped parahyoid is present (Fig. 4I; Dong et
al., 2013), also in Pelobates (Roèek, 1981) and in some
discoglossids (Roèek, 2003), absent in Bombina (Slabbert, 1945); posteromedial processes of hyoid is ossified
(Fig. 4I; Dong et al., 2013); free ribs are present on the
2nd – 4th vertebrae; ribs on the 2nd vertebra are terminated
by transverse processes directed anteriorly and posteriorly (“hatchet-like” rib; Clarke, 1987: Figs. 8 and 9;
Dong et al., 2013); ribs on the 3rd vertebra are with uncinate process; transverse processes of sacral vertebra is
broadly dilated, fan-like; neural arches are strongly
imbricate; sacro-urostylar articulation is monocondylar
(Clarke, 1987); urostyle is provided with a pair of transverse processes (also, e.g., in Gobiates; Roèek and Nessov, 1993; Roèek, 2008); ilium lacks dorsal tubercle.
The combination of these features may be considered
characteristic for Mesozoic anurans and extant taxa that
display a similar set of characters may be considered
basal in their phylogenetic position.
On the other hand, Barbourula differs from Liaobatrachus in having a lower number of presacral vertebrae
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(8 vs. 9, respectively), and opisthocoelous vertebral centra (instead of amphicoelous in Liaobatrachus). These
two features are important differences, but the first may
be explained by the aquatic lifestyle of Barbourula (permanent water-dwellers, such as pipids and palaeobatrachids, show tendency to reduction of number of vertebrae
(e.g., Estes, 1977; Špinar, 1972), and the second by
the fact that opisthocoelous and procoelous vertebrae
evolved from the amphicoelous condition by the end of
Mesozoic in anurans (Roèek et al., 2010). The earliest
opisthocoelous anuran vertebrae are known from the earliest Cretaceous of Israel (Nevo, 1968), and the earliest
procoelous vertebrae from the earliest Cretaceous (possibly Berriasian) of Morocco (Jones et al., 2003; Rage
and Dutheil, 2008) and from the early Cretaceous (Albian) of Texas (Winkler et al., 1989).
Connections of the palatoquadrate. The palatoquadrate and Meckel’s element are principal jaw components of gnathostomes. In amphibians, both remain cartilaginous, except for little ossifications (quadrate and articulare, respectively) which form the jaw joint. In Devonian ancestors of tetrapods, the palatoquadrate was ossified, free, and connected to the neurocranium by several
articulations. In amphibians, including temnospondyl ancestors of anurans, some of these articulations became
immovable connections, generally termed “commissures” (which means a line or place at which two things are
joined; Wu et al., 2012), but mostly described under their
specific names (Shishkin, 1973; Reiss, 1997). One of
such immovable connections of the anterior part of the
amphibian palatoquadrate is the commissura quadratocranialis anterior (direct connection to the lateral wall of
the braincase) and two quadrato-ethmoidal commissures
(connections to the posterior wall of the nasal capsule,
the medial one, and lateral one). Because ossification of
the palatoquadrate and Meckel’s element in adult amphibians was arrested at cartilaginous level, we can infer
their shape and location only from imprints on the inner
surface of dermal bones. This is why very little is known
about the early stages of temnospondyl larvae; their earliest fossilized stages with preserved bones are only from
metamorphosis (Schoch, 1992). Nevertheless, comparisons of skulls of young and adult individuals of branchiosaurs (Boy, 1978) revealed different positions of the
quadrate relative to the otic capsule, possibly caused by
rotation of the palatoquadrate posteriorly (see also
Roèek, 2003: Fig. 62), similar to metamorphosing anuran
tadpoles (see below).
In early development of anuran larvae, the palatoquadrate and Meckel’s cartilage first rotate from their
original vertical position anteriorly to the horizontal position and the palatoquadrate becomes connected to the
cranial trabecle, just behind the nasal capsule, by the
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commissura quadrato-cranialis anterior (e.g., Spemann,
1898). Due to this rotational shift, Meckel’s cartilage remains short in anuran tadpoles and, more importantly,
larval jaws are represented by elements (upper and lower
labial cartilages) that are different from those in adults.
During metamorphosis, the palatoquadrate and Meckel’s
cartilage rotate posteriorly below the otic capsule.
Meckel’s cartilage becomes elongated and takes over the
function of the lower jaw. Consequently, the jaw joint is
located beneath the posterior part of the otic capsule.
In addition, direct connection of the palatoquadrate to the
braincase becomes interrupted, the vestigial quadratocranial commissure (called the subocular bar by some
authors) becomes connected to the nasal capsule only via
quadrato-ethmoidal commissures, as evidenced by Ascaphus (van Eeden, 1951), and supports the maxilla. As a
consequence of all these processes, the palatoquadrate
comes in contact with the otic capsule where a new connection is established, called the otic articulation (Pusey,
1938; Ramaswami, 1940; Barry, 1956). In our sectioned
specimen of Barbourula, the connection between the
palatoquadrate and crista parotica of the otic capsule is
a thin cartilaginous bridge (Fig. 7B ). The cartilaginous
crista parotica is histologically distinguishable from the
capsule, which was also cartilaginous in our not fully
grown female (Fig. 7B, C ). This indicates that the crista
does not develop from the capsule (see also de Villiers,
1934, Fig. 7D; Swanepoel, 1970), but is formed by condensation of cartilaginous cells from the disintegrated
hind end of the larval palatoquadrate (van der Westhuizen, 1961).
The otic articulation was not visible in the articulated
skulls of our two fully developed adults, but the crista
parotica and otic process are probably fused with one another, as in Ascaphus, Leiopelma, and Bombina (de Villiers, 1934; Stephenson, 1951), even though the two
structures might still be distinguishable histologically.
Another connection of the palatoquadrate with
the otic capsule is the basal articulation. Its terminology
in temnospondyl amphibians varies in accordance with
its position and components — whereas primarily it is
a potentially movable articulation between the basal
process of the palatoquadrate and the basipterygoid process of the prootic, these two processes may secondarily
fuse together and, in addition, to involve the parasphenoid and the pterygoid, thereby causing immobility in the
articulation.
It follows from what was said about the transformation of the mouth apparatus in the anurans that also the
basal articulation is established only in course of metamorphosis. In our sectioned specimen of not fully grown
Barbourula DP FNSP 6582, it preserves the structure of
a true joint (Figs. 7A and 8I ), whereas in the majority of
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other anurans it shows various levels of fusion. The connection by means of a joint with a preserved joint cavity
occurs not only in the subadult, but also in fully grown
Barbourula, as indicated by prominences on the anterior
surface of the prootic, covered by a funnel-like extension
on the medial ramus of the pterygoid in DP FNSP 6554
(Fig. 4D ) and ZRC 1.10828 (Fig. 4K ). However, the potential movability of this joint in Barbourula is hindered
by increased overlap of the parasphenoid ala by the medial ramus of the pterygoid with increasing size of individuals (Clarke, 1987). A similar joint with a preserved
joint cavity was observed in adult Bombina bombina.
In adult Heleophryne purcelli, the basal process leans
against the anteroventral surface of the otic capsule, but
does not fuse with it (van der Westhuizen, 1961: Fig. 40).
In adult Rana (Pusey, 1938) and Pelobates fuscus (Roèek, 1981), both processes are confluent. Thus, among
various anuran taxa, a developmental (and evolutionary)
sequence may be inferred, from the typical structure of a
joint (Barbourula, Bombina), through a mere contact between both processes (Heleophryne), up to immovable
fusion (Rana, Pelobates). The absence of the basipterygoid process in Leiopelma (Stephenson, 1951) is probably associated with its hypo-ossification.
Jaw adductors and anuran evolution. The basal
phylogenetic position of Barbourula among extant anurans may be inferred not only from comparisons of its
skeletal features with Cretaceous Liaobatrachus and
from molecular studies (Fig. 13; Blackburn et al., 2010),
but also from the arrangement of its jaw adductors.
Attempts to reconstruct jaw adductors in ancestral
temnospondyls were made by Säve-Söderbergh (1945)
and Carroll and Holmes (1980), however, with only tentative results. Both stressed that the jaw adductors must
have originated within a limited space of the adductor
chamber completely covered dorsally by dermal bones.
Säve-Söderbergh (1945) inferred muscle attachments
from tuberosities on inner skeletal surfaces of the chamber. He found one such attachment area along a crest on
the underside of the skull roof just laterally to the side
wall of the orbito-temporal region of the endochondral
braincase (for his m. pseudotemporalis superficialis;
Table 2), and in a roughened area at the junction of the
dorsal end of the epipterygoid and the side wall of the
braincase (for his m. pseudotemporalis profundus).
These muscles are undoubtedly parts of the MAMI complex. In addition, another muscle, which he homologized
with the MAMP group, originated from the posterior part
of the palatoquadrate. None of these adductors could
have originated from the otic region, because the otic
capsules were tightly adhered by dermal bones. All had
to insert on the coronoid process. Carroll and Holmes
(1980) supposed that jaw adductors were arranged in
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Fig. 13. Hypothetical phylogenetic relationships of Barbourula, based
on molecular data. From Blackburn et al. (2010).

three major divisions as in living caudates, and restored
their origins and insertions in two small labyrinthodonts,
Dendrerpeton and Doleserpeton, on the basis of their
typical areas in living lower tetrapods. They inferred the
origin of MAMI from the lateral wall of the braincase,
limited anteriorly by the level of the anterior margin of
the orbit, and posteriorly by the epipterygoid and prootic.
They were not able to recognize a superficial and profundus head of MAMI, but they attempted to illustrate this
subdivision in their Figs. 25 and 26. The MAME was in
the most external position, and would have originated on
the upper cheek region between the orbit and the otic
notch. The MAMP was limited laterally by MAME, anteriorly by MAMI, and its origin was inferred after the
quadrate ramus of the pterygoid (terminology after Carroll and Holmes, 1980).
In caudates, which are the closest relatives of the
anurans, MAME is large and typically originates from
the squamosal and palatoquadrate, with tendency to expand its area of origin to the fascia of the m. depressor
mandibulae, prootic and parietal. It inserts on the dorsal
and lateral surfaces of the lower jaw (Luther, 1914; Carroll and Holmes, 1980). It is a single muscle in primitive
living caudates (e.g., Hynobius ), but may be further subdivided in larger ones (e.g., Cryptobranchus; Fig. 14).
MAMP is a small muscle, either single or divided in three
heads (subexternus, articularis and longus). All these
heads originate from the squamosal and palatoquadrate,
medial to MAME, the subexternus head being the most
lateral and the articularis head the most medial. The
subexternus head inserts on the coronoid process and the
articular, the longus head on the tendon of the m. pseudotemporalis or directly on the jaw in its vicinity, and the
articularis head on the medial surface of the articular.
MAMI consists of two discrete portions: the pterygoide-
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Fig. 14. Dorsal and left lateral views of the skull in Cryptobranchus, a
primitive extant caudate, and in basal extant anurans Barbourula, Leiopelma, and Ascaphus, showing patterns of MAMI. Cryptobranchus
may indicate a possible original lissamphibian pattern, anurans gradual
exposure of skull roof (not necessarily in phylogenetic sequence). Note
large MAME, consisting of two heads in Cryptobranchus, whereas it is
strongly reduced in anurans (not shown in Barbourula, but see
Fig. 9A ). Reduction of MAMI results in exposure of skull roof, and the
main role among jaw adductors is taken over by MAMP-long. Ascaphus and Cryptobranchus reproduced from Carroll and Holmes (1980),
Leiopelma from Johnston (2011), Barbourula after DP FNSP 6554 and
6582.

us portion anteriorly (which may extend up to the nasals,
as is the case with Cryptobranchus; Carroll and Holmes,
1980), and the pseudotemporalis portion posteriorly; the
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latter is further subdivided into the anterior, profundus
head and the posterior, superficialis head. The superficialis portion is sometimes subdivided into an anterior and
posterior parts (Fig. 14). Despite the separate origins of
the caudate pterygoideus and both pseudotemporalis
heads, their insertion tendons tend to fuse with each other
distally, and this is probably why Luther (1914) considered them to be part of a single adductor. It was once believed that MAMI in the anurans represents the pterygoideus of the caudates (Luther, 1914; Gaupp, 1896; Lubosch, 1938), but this was later refuted (Carroll and
Holmes, 1980). MAMI may be a single, not subdivided
muscle originating from the lateral edge of the frontal
and parietal or, when the pterygoideus head is differentiated from the pseudotemporalis head, the pterygoideus
head originates from the lateral edge of the frontal and
the pseudotemporalis head (or its subdivisions) from the
parietal. Both the pterygoideus and pseudotemporalis
head (and subdivisions of the latter) insert by separate
tendons onto the dorsomedial surface of the coronoid
process and adjacent parts of the jaw ramus. The posterior parts of MAMI (but also all three heads of MAMP
and deep head of MAME) run anteroventrally. It may be
also of some importance that the origin of the pterygoideus head tends to migrate ventrally, below the pseudotemporalis head, but it still originates from the frontal and
parietal (Carroll and Holmes, 1980).
The origin of frogs was associated with a marked
shortening of the otic region of the skull, which can be already seen in Triadobatrachus, a proanuran amphibian
from the early Triassic (Induan, about 250 Ma) (Rage and
Roèek, 1989). This inevitably resulted in a distinct
change in muscle orientation. Those adductors which
were directed from their origins to insertions anteroventrally in ancestral temnospondyls (judging by situation in
living caudates) run posteroventrally in anurans. Little
can be added to what was already mentioned by Carroll
and Holmes (1980). MAME and MAMP-lat became
strongly reduced and may be even absent in the anurans;
the most important of the jaw adductors became the
longus head of the MAMP, and its origin migrated from
the adductor chamber onto the dorsal surface of the otic
capsule; origins of all MAMI portions either were reduced on the anterior (frontal) part of the frontoparietal,
or moved posteriorly, onto the lateral edge of the posterior (parietal) part of the frontoparietal. The skull roof became exposed and is covered only by skin.
It is of interest to examine the jaw adductors of Barbourula (which is similar to the early Cretaceous anuran
Liaobatrachus in many aspects) in the context of currently accepted phylogenies (Cannatella, 1985; Gao and
Wang, 2001; Blackburn et al., 2010; Pyron and Wiens,
2011; Dong et al., 2013). All of these, whether they are
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based on molecular or available morphological data,
present Barbourula and Bombina as sister taxa, both
most closely related to a clade comprising Alytes and
Discoglossus (Fig. 13). Leiopelma, which is a member of
the clade Ascaphus + Leiopelma, is generally considered
to be the sister taxon to all other living anurans, is considered more distantly related to Barbourula. Therefore, in
the descriptions below, we first assess the condition in
Bombina, Alytes and Discoglossus, and then in other extant basal frogs.
In Barbourula, MAME is vestigial but still present,
although as a part of more complex unit. It has also been
identified in larval Bombina and Alytes (Haas, 2001:
Figs. 1, 2) and in postmetamorphic Bombina and Discoglossus (Haas, 2001: Fig. 13). It is not clear whether it
persists in adult Alytes. It is present in larval and adult
Ascaphus (Pusey, 1943; Haas, 2001: Fig. 12; Johnston,
2011) and in adult Leiopelma (Stephenson, 1951; Johnston, 2011). The m. adductor mandibulae lateralis of Iordansky, situated ‘laterally under the jugal arch’ (Iordansky, 1996: 11, Fig. 2a) was considered an isolated, posterior portion of MAME (Iordansky, 1991, 1992). In Barbourula, it is represented by an outer layer of MAME,
stretched between the quadratojugal and angular and
clearly distinguishable by course of its fibers. It lost its
function not only because it has no dorsal skeletal attachment (thus, it became part of the body of MAME), but
also because it was pre-destinated for it by location of its
origin and insertion close to the jaw joint. Among anurans, the presence of MAME is clearly a primitive feature. Its presence in the larvae of basal anurans, but absence or reduced size in adults, suggests that the role of
this muscle has decreased or was taken over by other
muscles in the adult. However, because the MAME in
Barbourula (and possibly also in other frogs) constitutes
a functional unit with other muscles (such as MAMPsubext and MAMP-long), it should not be considered in
isolation, but rather in the context of other muscles.
Taking this into account, vestigial MAME can be considered a ventral portion of a complex adductor, the dorsal
part of which is MAMP-subext; MAMP-subext, in turn,
is attached to the fascia of MAMP-long and to the anulus
tympanicus and squamosal, as is the case with fully developed MAME. It should be added that vestigial
MAME, considered separately from other muscles,
would be non-functional, because it has no dorsal skeletal attachment; instead, it is attached to a fascia of
MAMP-subext (Fig. 7A – D ).
In most anurans, MAMI is reduced and less well developed than in caudates. Generally, it is a single muscle
which originates from the lateral margin of the frontoparietal and lateral wall of the braincase at the level of the
posterior part of the orbit, sometimes also from the
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antero-ventral surface of the prootic, leaving the skull
roof exposed. The proximal, fleshy part of MAMI tapers
distally and continues as a long, ribbon-like tendon
(termed ‘coronar aponeurosis’ by Iordansky, 1996) along
the medial surface of MAMP-long posteroventrally and
almost laterally towards the medial face of the coronoid
process where it inserts. This transverse course (Fig. 14)
is obviously associated with antero-posterior abbreviation of the otic region of the skull, and because it is unlikely to generate significant force for adducting the
lower jaw, it suggests loss of importance of MAMI
among jaw adductors. In Bombina (Fig. 15), Discoglossus, and Alytes, MAMI neither extends onto the skull
roof, nor is it subdivided into a cascade-like succession of
several portions, as is the case in subadult Barbourula.
The complete coverage of the interorbital portion of
the skull roof by the robust anterior part of MAMI in
Barbourula is reminiscent of primitive caudates such as
Cryptobranchus rather than anurans (Carroll and
Holmes, 1980: Fig. 20). The most similar to Barbourula
is the arrangement of MAMI in Leiopelma, one of the
most basal extant anurans. In Leiopelma, the origin of
MAMI extends far anteriorly, up to the anterior end of the
frontoparietal (Johnston, 2011), i.e., farther than in
Ascaphus and in most other frogs, but less far anteriorly
than in Barbourula (Fig. 14). In Leiopelma, MAMI is
composed of two parts discernible by manual dissection,
merging into one another: a rostral part, in which the fibers originate on the lateral edge of the frontoparietal but
converge posteriorly onto a flat tendon, and a caudal part
with a more ventral fiber direction (Fig. 14; Johnston,
2011). On the other hand, Leiopelma differs from Barbourula in an incomplete coverage of the skull roof by
MAMI, and by insertions of the both parts of MAMI —
whereas the anterior portion of MAMI inserts by a tendon on the mandible immediately medial to its articulation with the quadrate, the posterior portion of MAMI has
a fleshy insertion adjacent to the tendon of the anterior
part. Thus, Leiopelma has no cascade-like structure and
both parts of its MAMI insert independently, but close to
each other. Johnston (2011) termed both parts of MAMI
in Leiopelma the adductor mandibulae internus rostralis
and adductor mandibulae internus caudalis (Table 2) and
considered them both homologous with the m. pterygoideus of Luther (1914) or m. pseudotemporalis of Iordansky (1996). As regards Barbourula, it may be hypothesized that, judging by the area of its origin, the middle
portion of MAMI is a homolog of m. pseudotemporalis,
which inserts by a thin aponeurosis provided with some,
probably residual, muscle fibers, to the lower jaw.
Hypothetically, and because the muscle fibers obviously
have no or limited function (similar to, e.g., m. tensor
fasciae latae), this posterior part of MAMI could be a
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Fig. 15. Transverse sections through the skull of Bombina bombina (A – D ), Rana esculenta (E ), Rana temporaria (F ), Pelobates fuscus (G ), and
Hyla arborea (H ) to show MAMI and its relations to neighboring muscles: A, E, F, G, anterior part of MAMI and its attachment to frontoparietal
and braincase. Separate, deep layer of MAMI in Rana is marked by arrows; B, superficial fibers of MAMI join medial surface of MAMP-long in
Bombina; C, thin, posterior part of MAMI fuses with MAMP-long in Bombina; D, H, insertion of MAMI on medial surface of lower jaw in
Bombina and Hyla, respectively. Only left parts of sections are illustrated. Not to the same scale.

vestigial superficial head of the pseudotemporalis. The
main part of MAMI may be homologous with m. pterygoideus, because it originates above the nasals and
frontals.
It may be objected that the similarities of Barbourula
with Leiopelma in arrangement of MAMI do not reflect

real phylogenetic relationships, and that departures of
Barbourula from Bombina, Alytes, and Discoglossus
may be due to its much more aquatic way of life, and possibly also due to eating hard-bodied prey such as crabs
(Inger, 1954). A possibility of increasing of MAMI in
size in Barbourula as a result of its food specialization
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must be taken in account, but then it would be difficult to
explain why it would return back to the complex subdivision rather than to a simple increase in size (similar to
MAMP-long) from the condition found in Bombina and
other closely related taxa, and why such an increase in
size would not have been associated with strengthening
of its coronar aponeurosis.
The most important adductor of the lower jaw in the
Anura is MAMP-long. Generally, it originates on the dorsal surface of the otic capsule, runs along the anterolateral wall of the otic capsule, and inserts onto the coronoid process, close to the coronar aponeurosis of MAMI.
Thus, its course is nearly vertical, which is very advantageous from the functional point of view. Moreover, its
origin in Barbourula extends onto the parietal portion of
the skull roof where it meets, similar to the main portion
of MAMI, its counterpart from the opposite side of the
skull. This covering of the skull roof extends anteriorly to
the level of the posterior part of the orbit, so it partially
covers the main part of MAMI (Fig. 14). It is not subdivided (Fig. 7), so in contrast to MAMI, MAMP-long of
Barbourula may be considered secondarily increased
in comparison with its relative size in its close relatives.
The origin of MAMP-long is restricted to the roof of the
otic capsule in adult Bombina and postmetamorphic
juvenile Discoglossus (information on Alytes not available). MAMP-long originates exclusively from the roof
of the otic capsule also in Leiopelma and Ascaphus
(Johnston, 2011).
Remaining jaw adductors (MAMP-subext and
MAMP-art) are rather uniform in all anurans, because
they originate from the palatoquadrate and insert to the
lower jaw, and their whole extent is in the interior of the
adductor chamber. They run dorso-ventrally, and may be
considered the most primitive of all adductors, because
they are direct derivatives of the adductor mandibulae in
ancestors of tetrapods.
Notes on intracranial relations of CN5 and CN7.
In majority of anurans, the trigeminal and facial nerve
ganglia fuse together before emerging from the braincase
through a single prootic foramen, to form a single
trigemino-facial (prootic) ganglion (Gaupp, 1899). In larval anurans, the ganglia are separated and fusion occurs
in various stages of the late larval development and metamorphosis (Sokol, 1975; Fabrezi and Chalabe, 1997).
However, Leiopelma, Ascaphus, Discoglossus, Alytes,
and Bombina retain separate ganglia (and CN5 and CN7
even exit the braincase through separated foramina, separated by so-called prefacial commissure) until adult stage
(Sokol, 1977).
In our not fully grown Barbourula female, CN7 does
not enter the trigeminal ganglion and leaves the braincase
through the dorsal portion of the prootic fontanelle,
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where it splits into the r. hyomandibularis and r. palatinus. This most probably represents the ultimate stage,
similar to that found in Bombina.
Separate trigeminal and facial ganglia and the presence of a prefacial commissure are found in the caudates
and apodans, and may be considered original tetrapod
condition (Sokol, 1975). It seems that Barbourula, in
which CN7 passes through the prootic fontanelle, is more
derived than Ascaphus and Leiopelma, in which it passes
through a separate foramen.
Extrinsic eye muscles. Compared with the caudates
(e.g., Luther, 1914; Francis, 1934), the extrinsic eye muscles of frogs are less diversified. In Barbourula, two of
them deserve a special note. MLB is located at the bottom of the orbit and it is just a thin aponeurosis with, or in
some parts without, muscle fibers. Luther (1914) recognized three portions of this muscle in caudates — the
sagittalis portion originating from the prootic and partly
pterygoid, divided in the lateral and medial fascicles; the
principalis portion originating from the parietal, frontal,
prefrontal and postnasal wall, and inserting into the posterior part of the eyelid; and the transversalis portion,
originating from the lateral edge of the parietal and frontal, and inserting on the maxilla or the eyelid. In most
anurans, the sagittalis portion originates only from the
prootic, and consists only of the medial fascicle. The
principalis portion originates on the lateral edge of the
frontoparietal, and inserts onto the zygomatic process of
lamella alaris of the squamosal. The transversalis portion
is poorly developed or absent; however, it is still well-developed in pre-metamorphic larvae (Luther, 1914:
Fig. 17 – 20). It should be added that, according to Luther (1914), MLB arises in pre-metamorphic larvae as a
narrow fascicle originating from the lateral wall of the
braincase and inserting on the medial surface of the muscular process of the palatoquadrate above the system of
antero-posteriorly oriented jaw adductors. Before metamorphosis, it differentiates into three portions, the more
antero-posteriorly oriented transversalis portion, inserted
on the commissura quadrato-cranialis anterior, the principalis portion, which is developmentally the earliest part
of MLB stretched between the braincase and muscular
process, and the sagittalis portion, oriented postero-laterally. During metamorphosis, the three portions enlarge
their insertion areas and, due to disintegration of the muscular process of the palatoquadrate, the insertion of the
principalis portion is shifted to the inner surface of the
alar lamella of the squamosal. None of these portions can
be discerned in immature Barbourula even on histological sections. The posterior ends of its two partly overlapping layers are free, without being attached to any
skeletal structure. In contrast to Barbourula, MLB is
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thick in Bombina and its parts are easily discerned
(Iordansky, 1991; 1992).
MRB is a complex muscle which seems to occur in
all tetrapods (Corning, 1902; Edgeworth, 1911; Bradley,
1933), occasionally including man (Whitnall, 1911;
Krasny et al., 2011). It is generally defined as the most
powerful of all the eye muscles, and originates from the
lateral ala of the parasphenoid below the otic capsule, inserting as a cone on the medial surface of the bulbus oculi
within the ring formed by the rectus muscles; the cone is
interrupted by a slit through which the optic nerve passes
from the eye bulb. This arrangement is similar in Barbourula. It has been known for a long time that MRB and
MR-ext have the same topographic origin and share the
same innervation (CN6; Neal, 1918). It seems that MRB
arose in early tetrapods as a response to the need for eye
retraction (i.e., as one of the adaptations to the terrestrial
way of life), but not as a derivative of MR-ext, as suggested by developmental studies. Although MRB is absent from fishes, the coelacanth Latimeria chalumnae
possesses a basicranial muscle stretching along the base
of the neurocranium, reaching the posterior part of the orbit close to MR-ext (Millot and Anthony, 1965), and supplied by CN6 (Bemis and Northcutt, 1991). The same
situation was inferred from the osteological arrangement
in the Devonian basal sarcopterygian Eusthenopteron
foordi (Jarvik, 1980). This is consistent with the conclusion reached by Bemis and Northcutt (1991) that MRB
and basicranial muscles are homologous, and supports
the view that MRB is a derivative of the basicranial muscle of the Devonian ancestors of amphibians.
The main function of MRB is retraction of the eye
bulb, which may aid swallowing (Levine et al., 2004) and
also forms, by means of a tendon that encircles the posterior part of the eye bulb, the motor apparatus of the
nictitating membrane of the third eyelid (Whitnall, 1911;
Lande and Zadunaiski, 1970).
CONCLUSIONS
The basal phylogenetic position of Barbourula
within the Anura is supported by a cascade-like arrangement of MAMI, which consists of several parts. The arrangement of MAMI in Barbourula is reminiscent of the
arrangement in primitive caudates and, to a certain degree, Leiopelma. A poorly developed MAME is also
present in Barbourula, a muscle that has a variable distribution within the Anura. However, in anuran evolution
there appears to be a tendency towards the formation of
functional units from originally independent jaw
adductor muscles (e.g., MAME + MAMP-subext or
MAMP-long + MAMP-subext), and the reduced MAME

of Barbourula should therefore not be considered in isolation. Other characteristics of Barbourula that reflect its
basal phylogenetic position in Anura include the basal articulation, which preserves the structure of a true joint,
even in fully grown adults, and the otic articulation,
which is unfused, unlike the majority of extant anurans.
The middle ear apparatus of Barbourula is complete. Of
the extrinsic eye muscles, MLB is noteworthy because it
is only a thin aponeurosis, and not differentiated into separate portions as is the case with other anurans. MRB,
which main function is retraction of the eye bulb, is also
well-developed in Barbourula. Unfortunately, comparative assessment of the extrinsic eye muscles in Barbourula is prevented by lack of corresponding data on other
anuran taxa.
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