
Postcranial Osteogenesis of the Helmeted Water
Toad Calyptocephalella gayi (Neobatrachia:
Calyptocephalellidae) With Comments on the
Osteology of Australobatrachians

Paula Muzzopappa,1,2* L. Anal�ıa Pugener,3 and Ana Mar�ıa B�aez1,2,4

1Secci�on Paleontolog�ıa de Vertebrados, Museo Argentino de Ciencias Naturales “Bernardino Rivadavia,” Av. �Angel
Gallardo 470, C1405DJR, Ciudad Aut�onoma de Buenos Aires, Argentina
2CONICET, Av. Rivadavia 1917 (C1033AAJ) Ciudad Aut�onoma de Buenos Aires, Argentina
3Facultad de Ciencias Exactas y Naturales, Universidad Nacional de La Pampa, Uruguay 151, CP 6300, Santa
Rosa, La Pampa, Argentina
4Departamento de Ciencias Geol�ogicas, Facultad de Ciencias Exactas y Naturales, Laboratorio de Paleontolog�ıa Evolu-
tiva de Vertebrados, Universidad de Buenos Aires, Intendente G€uiraldes 2160, C1428EGA, Ciudad Aut�onoma de Buenos
Aires, Argentina

ABSTRACT Calyptocephalella gayi is one of over 6,000
neobatrachians arranged into two main groups, Hyloides
and Ranoides. Phylogenetically, C. gayi is placed in Austral-
obatrachia, a Gondwanan clade that is either the most basal
clade of Hyloides or the sister group of Hyloidea, depending
on the cladistic hypothesis; as such, this species is a key
taxon in the study of the early evolution of Neobatrachia.
The ontogeny of the postcranial skeleton of C. gayi is
described in this article. The description is based on pattern
of chondrification and ossification of skeletal elements in a
growth series of tadpoles, on juveniles and adult individu-
als. Particular attention was devoted to some developmental
aspects and morphological traits of the adult skeleton. The
body of Presacral Vertebra VIII is formed from three centers
of ossification, in contrast to the usual two dorsolateral cen-
ters observed in the remaining vertebrae of C. gayi, as well
as in most anuran taxa for which the development of the
axial skeleton is known. Each half of the pelvic girdle arises
from a single cartilaginous element. The early development
of the autopodia of both the forelimb and hindlimb includes
the presence of an additional chondral element, which
occurs during the formation of Distal Carpal 5 and the tran-
sient formation of Distal Tarsal 4 before the latter is incor-
porated in the cartilaginous distal end of the fibular. Some
osteological aspects of other australobatrachian anurans
also are reviewed (e.g., presence of intervertebral discs)
based on reports in the literature, as well as first hand
observations. In the course of this study, it became evident
that further osteological studies are needed to formulate a
clear picture of the evolution of skeletal characters not only
within Australobatrachia, but also within Neobatrachia. J.
Morphol. 277:204–230, 2016. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The aquatic helmeted frog, Calyptocephalella
gayi, has attracted the attention of herpetologists

since its description by Dum�eril and Bibron
(1841). It is endemic to the moist Temperate For-
est of Chile, where it is a conspicuous inhabitant
of swamps, lakes, ponds, and quiet streams west
of the Andes from the Coquimbo region
(2985700000S) to Puerto Montt (4182800000S) (Krieg,
1924; Cei, 1962; Rabanal and Nu~nez, 2008). Krieg
(1924) provided the only known report on some
aspects of the frog’s natural history; the presence
of tadpoles belonging to widely different develop-
mental stages in autumn (May) led him to suggest
that the larval development might take 1 or 2
years. The external features of larvae and adults
have been described by several authors (e.g.,
Dum�eril and Bibron, 1841; Nieden, 1923; Krieg,
1924; Cei, 1962; D�ıaz and Valencia, 1985; Lavilla,
1988); in addition, there are anatomical studies of
early organogenesis of the larvae (Jorquera and
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Izquierdo, 1964; Jorquera and Pugin, 1975) and
the skin histology of the adult (Moreno et al.,
1978). However, few studies have dealt with the
skeletal anatomy, the most important publications
on this topic being those of Parker (1881) and
Reinbach (1939) that focused on the skull of larvae
and adults. Decades later, Reig (1960) briefly
described the postcranial skeleton and Lynch
(1971, 1978) provided some anatomical informa-
tion on this species in his studies on the relation-
ships of the former “leptodactylid” frogs.

In the last decade, several broad-scale phyloge-
netic analyses based on molecular and combined
molecular and morphological data sets have been
performed. In the few studies in which C. gayi
was part of the taxon sampling, it was retrieved

as a member of an early diverging neobatrachian
clade, named Australobatrachia by Frost et al.
(2006; C. gayi was named Caudiverbera caudiver-
bera in that paper) (Fig. 1). The clade also
includes the Australopapuan Myobatrachoidea (5
Myobatrachidae 1 Limnodynastidae) (San Mauro
et al., 2005; Frost et al., 2006; Van der Meijden
et al., 2007; Pyron and Wiens, 2011), which is the
sister group of Calyptocephalellidae (i.e., Calypto-
cephalella and its sister taxon, the Chilean Telma-
tobufo, sensu Frost, 2015). The phylogenetic
position of C. gayi has significant biogeographic
implications and also imparts a key role to this
taxon in informing our understanding of the early
cladogenesis of Neobatrachia. Currently, no mor-
phological characters support this evolutionary
hypothesis (Frost et al., 2006: 193) in part because
little is known about australobatrachid anatomy.
In addition, the inter-relationships within Myoba-
trachoidea have not been unambiguously resolved
(Frost et al. 2006; Pyron and Wiens, 2011), thereby
limiting the interpretation of available data.

Herein we describe the adult features and skele-
togenesis of the postcranial skeleton of C. gayi,
providing an initial insight into this interesting
clade, Australobatrachia, in the context of its phy-
logenetic position. As with the osteology, little is
known on the development of members of Myoba-
trachoidea (Davies, 1989) and Telmatobufo (Fab-
rezi, 1992). This precludes detailed comparisons of
the skeleton and development of C. gayi with
those of its closest relatives.

MATERIALS AND METHODS

Most specimens of the developmental series examined were
obtained in March 2007 in Puc�on, Chile, from a frog farm
authorized by the SAG (Servicio Agr�ıcola Ganadero, Ministerio
de Agricultura, Gobierno de Chile). There, they grew in natural
ponds under wild conditions (i.e., intensive indoor frog culture
techniques, such as larval rearing, were not applied in this
farm). Once captured, anurans were euthanized with sodium
pentobarbital (60–100 mg/kg of body weight) administered
intrapleuroperitoneally in adults; larvae were euthanized in 4%
formaldehyde (previously neutralized with disodium phos-
phate). Adults and larvae were fixed in 4% formaldehyde;
adults were transferred to 70% alcohol and larvae to a fresh
solution of 4% formaldehyde for storage.

Measurements were obtained with 0.02 mm-error calipers.
Larvae were staged according to Gosner (1960); because the
staging table for C. gayi by Jorquera and Izquierdo (1964)
includes only the earliest stages of development, it could not be
used in this study. Specimens MACN 39901.ej1 (approximately
Stage 41) and MACN 39901.ej2 (approximately Stage 43) were
staged according to the degree of development and erosion of
cranial osseous and cartilaginous elements, respectively. Speci-
mens are housed in the Museo Argentino de Ciencias Naturales
“Bernardino Rivadavia,” Divisi�on Herpetolog�ıa. Specimens were
collected and euthanized according to the regulations specified
by the Institutional Animal Care and Use Committee of the
Facultad de Ciencias Exactas y Naturales, Universidad de Bue-
nos Aires (Res C/D 140/00). The specimens examined are listed
in Table 1.

Fig. 1. Simplified phylogenetic hypothesis of Australobatrachia
based on Frost et al. (2006). Node 1: Myobatrachoidea; Node 2:
Calyptocephalellidae; Node 3: Limnodynastidae; Node 4: Myoba-
trachidae. The asterisk (*) indicates the species included in the
analysis by Frost et al. that were examined in the present study.
Frost et al. (2006) reffered to Calyptocephalella gayi as Caudi-
verbera caudiverbera.
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Institutional Abbreviations

CPBA-V—Departamento de Ciencias Geol�ogicas, Paleon-
tolog�ıa, Vertebrados, Universidad de Buenos Aires, Ciudad
Aut�onoma de Buenos Aires, Argentina; KU—The University

of Kansas, Lawrence, Kansas; MACN—Museo Argentino
de Ciencias Naturales “Bernardino Rivadavia,” Divisi�on
Herpetolog�ıa, Ciudad Aut�onoma de Buenos Aires,
Argentina.

TABLE 1. Examined material

Taxon Collection number and description of specimen

Adelotus brevis
(G€unther, 1863)

KU 56242, M (Male), DS (Dry Skeleton); KU 147213, F (Female), DS; KU 179912, M, SVL
39.3 mm, c&s; KU 186773, M, DS; KU 186774, M, SVL 23 mm, DS.

Calyptocephalella gayi
(Dum�eril and Bibron, 1841)

MACN 39894, 4 specimens, GS 34, c&s; MACN 39895, 5 spcm (specimens), GS 35, c&s; MACN
39896, 4 spcm, GS 36, c&s; MACN 39897, 3 spcm, GS 37, c&s; MACN 39898, 4 spcm, GS 38,
c&s; MACN 39899, 1 spcm, GS 39, c&s; MACN 39900, 1 spcm, GS 40, c&s; MACN 39901, 2
spcm, GS 41 (ej1) and GS 43 (ej2), c&s; MACN 45741, M, SVL 100.1 mm, c&s; MACN 45742,
F, SVL 112.4 mm, c&s; MACN 45743, M, SVL 100.5 mm, c&s and DS; MACN 45744, F, SVL
122.1 mm, c&s and DS; MACN 45745, F, SVL 162.4 mm, c&s and DS; MACN 45746, F, SVL
162.8 mm, c&s and DS; MACN 45747, F, SVL 154.1 mm, c&s and DS; MACN 45748, M,
140.9 mm, c&s and DS; MACN 45749, c&s and preserved in ROH 70%; MACN 45750, F, SVL
56.2 mm, c&s; MACN 45751, DS.

Crinia bilingua
(Martin, Tyler,
and Davies, 1980)

KU 180030, M, SVL 20.0 mm, c&s.

Crinia parinsignifera
(Main, 1957)

KU 56248, c&s; KU 56249, c&s.

Crinia sign�ıfera
(Girard, 1853)

KU 56243, M, c&s; KU 56244, M, c&s; KU 56245, F, c&s; KU 56246, M, c&s; KU 56247, F, c&s;
KU 56348, F, c&s; KU 56349, F, c&s; KU 56364, F, c&s; KU 186775, DS.

Hadromophryne natalensis
(Hewitt, 1913)

KU 195926, c&s.

Limnodynastes dumerilii
(Peters, 1863)

KU 93553, F, DS; KU 186779, DS.

Limnodynastes fletcheri
(Boulenger, 1888)

KU 93559, c&s; KU 186780, DS.

Limnodynastes peronii
(Dum�eril and Bibron, 1841)

KU 93566, F, c&s.

Limnodynastes tasmaniensis
(G€unther, 1858b)

KU 93573, F, c&s; KU 93574, F, c&s

Metacrinia nichollsi
(Harrison, 1927)

KUH 110332, c&s; KU 186781, F, DS.

Mixophyes fasciolatus
(G€unther, 1864)

KU 56627, F, DS; KU 147227, DS.

Myobatrachus gouldii
(Gray, 1841)

KU 110333, c&s.

Neobatrachus aquilonius
(Tyler, Davies,
and Martin, 1981)

KU 93578, F, DS.

Neobatrachus pictus
(Peters, 1863

KU 69278, M, c&s; KU 186777, F, DS.

Notaden nichollsi
(Parker, 1940)

KU 93580, c&s; KU 93581, M, SVL 45.6 mm, c&s; KU 93582, c&s.

Philoria frosti
(Spencer, 1901)

KU 50699, c&s; KU 186782, DS.

Philoria sphagnicolus
(Moore, 1958)

KU 110331, c&s.

Platyplectrum ornatum
(Gray, 1842)

KU 179936, F, SVL 33.2 mm, c&s; MACN 42620.

Pseudophryne bibronii
(G€unther, 1858a)

KU 93588, M, c&s; KU 93587, F, SVL 26.0 mm, c&s.

Pseudophryne semimarmorata
(Lucas, 1892)

KU 186783, DS; KU 186784, DS.

Taudactylus acutirostris
(Andersson, 1916)

KU 124233, F, c&s.

Telmatobufo venustus
(Philippi, 1899)

KU 159811, DS; KU 161439, F, SVL 87 mm, DS.

Uperoleia fusca
(Davies, McDonald,
and Corben, 1986)

KU 180028, M, SVL 19.6 mm, c&s; KUH 205027, c&s.

Uperoleia rugosa
(Andersson, 1916)

KU 109861, F, c&s; KU 186785, DS.

Uperoleia russelli
(Loveridge, 1933)

KU 125355, M, c&s.
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Cartilage and Bone Staining. Dry Skeletons

Larvae and some adult specimens (see Table 1) were cleared
and double-stained using the protocol of Taylor and Van Dyke
(1985) modified as follows 1) larvae transferred to the Alcian
Blue solution directly from formaldehyde and 2) enzymatic
solution exposed to sunlight. These modifications significantly
reduced the time to complete the treatment and also produced
a more transparent musculature. Some adult specimens were
dried (except for the pectoral girdle, forearm, hyoid, and laryn-
geal skeletons, which were cleared and double-stained) follow-
ing the methodology of Simmons (1986), using a bleach to
water ratio of 1:4 for several minutes to a few hours (depending
on the part of the skeleton) and finally neutralizing the bleach
with 96% ethanol for 15 min.

Histological, Anatomical, and Taxonomic
Nomenclature

Because of the different use of some histological terms and
to avoid confusion, we define the histological terms used herein.
Those bones that have a cartilaginous precursor are enchondral
(sensu Roček, 2003); they include endochondral and perichon-
dral ossifications (sensu Castanet et al., 2003; Witten and
Huysseune, 2007). In contrast, the terms dermal or membra-
nous ossification often are used synonymously (e.g., Roček,
2003; Castanet et al., 2003) and refer to bones that are not pre-
formed in cartilage.

Morphological nomenclature follows that of Lynch (1971),
unless otherwise stated. In particular, the vertebral nomencla-
ture follows that of Pugener and Maglia (2009) and the carpal
nomenclature follows that of Fabrezi (1992). We follow the taxo-
nomic framework of Frost et al. (2006), in which C. gayi (as
Caudiverbera caudiverbera) is a member of the Calyptocepha-
lellidae (originally Batrachophrynidae, but later renamed;
Frost, 2015) and the latter, the sister group of Myobatrachoidea
(5 Myobatrachidae 1 Limnodynastidae); in turn, Calyptocepha-
lellidae and Myobatrachoidea compose Australobatrachia, a
basal clade within neobatrachian Hyloides. Pyron and Wiens
(2011) obtained the same general topology, although the phylo-
genetic schemes differ in the internal relationships of Myoba-
trachidae and Limnodynastidae.

Illustrations were prepared with the aid of a Zeiss Stemi SV
and Keerbrug Wild type 308700 stereo microscopes with cam-
era lucida. The figures were prepared using Adobe Photoshop
and Adobe Illustrator.

Anatomical Abbreviations

DC: Distal carpal. DT: Distal tarsal. MtC: Metacarpal. MtT:
Metatarsal. NA: Neural arch. PV: Presacral vertebra. TP:
Transverse process.

RESULTS
Observations on Larval External Morphology

We collected specimens of a wide array of devel-
opmental stages in the early autumn (end of
March 2007), thereby supporting the hypothesis
that the larval period may last 1 year or more
(Krieg, 1924). In life, the tadpoles were observed
to retract their hind limbs into a saccular struc-
ture located at the posterior end of the abdomen.
The structure consists of a fold of the body wall
that covers the vent tube and wraps the hind
limbs, leaving a posterior opening through which
limbs emerge. As the larvae develop, their limbs
are further exposed until they no longer fit within
the fold (Fig. 2). The presence of a similar struc-
ture has been reported for a few anuran taxa (e.g.,
the leiopelmatid Ascaphus truei, Stephenson,
1951; the hylid Hyloscirtus, L€otters et al., 2005
and S�anchez, 2010). A saccular structure inside
which the hind limbs develop and resembling that
of C. gayi was observed in Telmatobufo larvae
(pers. obs.) and described for the larvae of the
myobatrachid genus Mixophyes (Gradwell, 1975;
Anstis, 2013).

Adult Postcranial Skeleton

The axial skeleton of C. gayi consists of eight
procelous, presacral vertebrae (PVs I–VIII), one
sacral vertebra (IX), and the urostyle (Fig. 3). The
vertebrae are nonimbricate; however, the atlas has
a high and robust neural spine that partially roofs
the space between the neural arches of PV I and
PV II. The atlas has two kidney-shaped cotyles
that are narrowly separated medially (Type II of
Lynch, 1971; Fig. 3C), a feature that persists even
in the oldest specimens examined (MACN 45746
and MACN 45747). The atlantal cotyles form the
ventral margin and half of the lateral margins of
the neural canal. In dorsal view, the neural arches
are quadrangular with extensive zygapophyses.
The neural laminae of PVs IV and V are the larg-
est of the vertebral series, whereas the sizes of the

Fig. 2. Calyptocephalella gayi. Detail of the posterior portion of the abdomen at different larval developmental stages. (A) Stage
36. (B) Stage 39. (C) Stage 40. Note that at early stages a saccular structure (i.e., a fold of the body wall) completely envelops the
hind limbs when retracted. At later stages, the limbs no longer fit in the fold.
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other neural laminae decrease from that point
both anteriorly and posteriorly. The neural spines
of Vertebrae II–IX are posteriorly directed, but
none extends beyond the level of the postzyga-
pophyses. In the oldest individuals examined, the
well-ossified neural arches almost completely cover
the intervertebral spaces and the neural spines of
the entire vertebral column are relatively uniform
in height. The TPs of PV II–IV are the largest of
the series. Those of PV II are the stoutest and
widest, being as wide as the pedicle proximally
and wider than it distally. The TPs of PV III have
a marked ventral orientation, and are wide and
distally expanded; their posterior margins bear
uncinate processes. The TPs of PV IV are posteri-
orly and ventrally oriented. The distal ends of TPs
of PVs III and IV bear cartilaginous hook-like
expansions that extend posteriorly. PVs V–VIII
bear acuminate, relatively long transverse proc-
esses that decrease in length posteriorly. The sac-
ral diapophyses are markedly dorsally and
posteriorly oriented; their anterior margins are
perpendicular to the longitudinal axis of the verte-

bral column, whereas the posterior margins form
an angle of about 308 with the same axis. The rela-
tive lengths of TPs are the same either considering
their distal cartilaginous tips or considering only
the ossified portion: IV � III> II � IX>V�
VI>VII � VIII. The sacrum bears two subcircular
condyles, separated by a deep notch, for the articu-
lation with the urostyle. The urostyle is as long as
the presacral region of the vertebral column and it
has neither prezygapophyses nor transverse proc-
esses. A crest extends along the anterior three
quarters of the dorsal surface of the urostyle; the
crest is highest anteriorly and diminishes in
height posteriorly. A foramen occurs on each side
of its anterior portion. The two cotyles are oval to
circular, separated by a shallow notch.

None of the PVs are fused with one another;
however, partial fusions of vertebral centra (not
including neural arches) occur either between PVs
I and II (MACN 45745) or between PV VIII and
the sacral vertebra (MACN 45744 and MACN
45747). Reig (1960) also noted an incipient fusion
between PVs I and II. Asymmetrical sacralization

Fig. 3. Calyptocephalella gayi. Axial skeleton; drawings based on dry skeletons lacking the cartilaginous distal ends of the trans-
verse processes. Vertebral column in (A) dorsal and (B) ventral views (MACN 45743). (C) Atlas in anterior view (CPBA-V 1533). (D)
Urostyle in lateral view (MACN 45743). Abbreviation: PV 5 Presacral Vertebra.
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of PV VIII occasionally occurs; for example, in
MACN 45745 and an unnumbered CPBA-V speci-
men, the sacral diapophysis is present only on the
left side. Marelli (1927) also reported a similar sit-
uation that involved the sacral vertebra and the
urostyle, both of which bore a sacral diapophysis.
Neither the vertebral centra nor the neural spines
have ornamentations or foramina, but in some of
the oldest specimens the neural spines and the
margins of the TPs are rugose. The vertebral cen-
tra are protuberant in ventral aspect; those of PVs
IV–VIII are round in cross-section and relatively
small compared with the total size of the vertebra,
whereas the remaining centra are slightly
depressed dorsoventrally.

The pectoral girdle (Fig. 4) is arciferal; the epi-
coracoid cartilages overlap broadly and are fused
at their most anterior portion. The fenestra inter-
coracoidealis (sensu Havelkov�a and Roček, 2006)
or coracoid fenestra (fide Baleeva, 2009) (i.e., the
space framed by the epicoracoid cartilage, the pro-
coracoid cartilage, and the coracoid) is filled with a
membrane pierced by one or two foramina; these
vary in position in different individuals and they
may correspond to the foramen which the coraco-
clavicularis nerve, artery, and vein (fide Gaupp,
1896) traverse. The large cartilaginous omoster-
num is fungiform in shape and bears a semilunar,
flat anterior extension, the lateral ends of which
project posteriorly. The maximum width of the
omosternum matches the mediolateral length of
the coracoids; despite the large size of the element,
it is neither mineralized nor ossified in any speci-
men. The sternum is also large; its anteroposterior
length is equivalent to that of the omosternum
plus the epicoracoid cartilages. The sternum has
an irregular margin and a deep posterior notch.

Paired mineralizations, which may unite at the
midline, occur in the largest specimens (MACN
45745, MACN 45746, and MACN 45747). The
clavicles are robust and deeply curved anteriorly.
Each element covers the anterior edge of the pro-
coracoid cartilage, extending partially over the
dorsal and ventral surfaces of the cartilage; the
ventral part of the clavicle covers more of the pro-
coracoid cartilage than does the dorsal part. In
aged individuals (e.g., MACN 45746), the medial
end of the procoracoids overlap. The lateral end of
the clavicle articulates with the medial margin of
the scapular pars acromialis. The coracoid is
robust; its medial end is flat and asymmetrically
expanded with the anteromedial part being more
expanded than the posteromedial part. The maxi-
mum anteroposterior expansion of the medial end
of the coracoid is equivalent to 80–90% of the max-
imum overall length of the bone. The glenoidal
(lateral) end of the coracoid is oval to quadrangu-
lar in cross section; it is in contact with the clavi-
cle anteriorly and the scapular pars glenoidalis
laterally, thereby forming part of the glenoid cav-
ity. In young adults, there is cartilage between the
lateral end of the coracoid and the pars glenoida-
lis, as well as between the former bone and the
clavicle. In older specimens, these cartilages are
ossified and the three elements are in tight contact
(Fig. 4D). In one of the specimens examined
(MACN 45741, Fig. 4A,B), the leading edge of the
coracoid has an anterior projection (especially evi-
dent on the left side) that extends into the fenestra
intercoracoidealis. The scapula is robust: it is trap-
ezoidal and wider than long. The maximum medio-
lateral length is about 110% that of the coracoid
(contra Reig, 1960, who described the scapular
length as being more than twice that of the

Fig. 4. Calyptocephalella gayi. Pectoral girdle. Right pectoral girdle of an adult individual in (A) glenoidal and (B) dorsal views
(MACN 45741). Right pectoral girdle of an old individual in (C) dorsal and (D) glenoidal views (MACN 45745). Note the presence of
cartilage between the coracoid and the pars glenoidalis and between the coracoid and the clavicle. In older specimens, these carti-
lages are ossified and the three elements are in tight contact. Blue denotes cartilage, red denotes bone. Abbreviations: n 5 nerve;
v 5 vein; a 5 artery.
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coracoid). The medial end is bicapitate and the
anterior margin bears a conspicuous anterior crest
(tenuitas cristaeformis of Bolkay, 1919) that
extends from the medial end to near the lateral
end of the bone. The pars acromialis is more
extensive than the pars glenoidalis. Laterally, the
scapula is continuous with the ample suprascapu-
lar cartilage. The cleithrum and the scapula are
separated by a strip of suprascapular cartilage;
however, in the older, more-ossified individuals,
these elements are in contact. The suprascapular
cartilage is equal in size or even larger than the
scapula; distally, it is expanded and convex. The
cleithrum is uniramous and invests approximately
50–75% of the dorsal surface of the suprascapular
cartilage, extending along its proximal and leading
edges.

The forelimb is well ossified. The humerus is
robust; the distal end is sharply curved laterally.
The proximal end is completely ossified in the
largest specimens. On the ventral surface of the
diaphysis there is a high deltoid (or ventral) crest,
the distal half of which diminishes abruptly in
size. Another crest projects on the medial side of
the deltoid crest, forming a groove with the latter
for the tendon of the m. coracoradialis. The distal
end of the humerus is configured into two promi-
nent, similarly developed ulnar (or medial) and
lateral epicondyles that flank a well-ossified hum-
eral ball. The diameter of the ball constitutes
more than 50% of the distal width of the humerus.
The curvature of the humerus results in the ball
being laterally displaced with respect to the long
axis of the diaphysis. The radioulna bears a well-
developed olecranean process proximally and its
broad distal end is in contact with the basal ele-
ments of the autopodium. The carpus is composed
of seven elements (Fig. 5). The radiale, a large
Element Y, and two prepollical elements (pp1,
pp2) compose the preaxial series. The prepollical
distal element (pp2) is elongated and conical. The

postaxial series comprises the ulnare, a large DC
4 1 5, a small DC 3 (the smallest of the carpal ele-
ments), and a small DC 2. In young adults, only
the radiale, ulnare, Element Y, and a portion of
the DC 4 1 5 are ossified (Fig. 5A,B), whereas all
of the carpal elements are ossified in old individu-
als (Fig. 5C). The longest metacarpal is MtC IV,
followed by MtC III, MtC V, and MtC II. The pha-
langeal formula is 2-2-3-3. Each of the conical ter-
minal phalanges has a distal constriction that
results in a rounded dilation at the apex.

The pelvic girdle (Fig. 6) is composed of two
pairs of bones, the ilia, and ischia, along with the
cartilaginous remnants of the puboisquiadic plates
(cartilago remanens of Gaupp, 1896). When articu-
lated, the ilia confer a V-shape to the pelvic girdle
in dorsal view. Each ilium bears a high dorsal
crest with a slight medial deflection that extends
along the posterior two thirds of the shaft. A long
dorsal protuberance occurs on a dorsal prominence
confluent with the base of the crest. At the level of
the articulation between the ilium and the sacral
diapophysis, a cartilaginous ovoid sesamoid is
present. The relative size of the ischium varies
ontogenetically; overall, it is oval with a rounded
posterior margin. The acetabulum is deep, not
pierced at its bottom, and approximately circular;
its dorsal margin has a small notch. A discrete
ossified pubis was not discernable in any of the
specimens examined. In some mature, well-ossified
individuals, only a minimal strand of puboischia-
dic cartilage separates the ilium from the ischium
in the ventral portion, or the bony elements artic-
ulate with one another therein.

The hind limb is approximately 50% longer than
the forelimb. The femur and tibiofibula are about
the same length, whereas the length of the proxi-
mal tarsals is more than one half the femur
length. The femur bears a lateral crest that
extends along the proximal half of the posterior
aspect of the element (Fig. 6D). The proximal and

Fig. 5. Calyptocephalella gayi. Manus. Right manus (A) in dorsal view and (B) detail of the carpus in palmar view (MACN 45741).
(C) Left manus of an old individual showing a detail of the carpus in palmar view (MACN 45745). Note the differences in the degree
of ossification of the distal carpals and prepollical elements. Blue denotes cartilage, red denotes bone. Abbreviations: II 5 Digit II;
V 5 Digit V; DC 5 Distal Carpal; pp5 prepollical element; r 5 radiale; u 5 ulnare; y 5 Element Y.
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distal cartilaginous epiphyses of the tibiale and
fibulare are fused. Distal to the latter bones, the
tarsus is composed of a preaxial series comprising
a conspicuous Element Y and a prehallux, and a
postaxial series formed by a DT 2 1 3 and a DT 1
(Fig. 6E). The prehallux has a large basal element
with a proximally directed spur and two or three
distal elements of much smaller size. All tarsal
elements (except the tibiale and fibulare) are carti-
laginous in adults but mineralized in the most
mature individuals. MtT IV is the longest, followed
by MtTs V and III, MtT II, and MtT I—in order of
decreasing size. The phalangeal formula is 2-2-3-4-
3. The conical terminal phalanges have rugosities
on the plantar surfaces of the distal tips.

Postcranial Development of C. gayi

The following description is organized by skele-
tal units (axial skeleton, pectoral girdle and fore-
limb, and pelvic girdle and hind limb). Each
section includes a detailed description of the corre-
sponding skeletal elements at Stage 34, the ear-
liest stage examined, followed by an account of the
main modifications of each element in subsequent
stages. A synthesis of the osteogenesis is provided
in Table 2.

Axial skeleton. In Stage 34, the axial skele-
ton is mostly cartilaginous (Fig. 7A). The NAs of
Vertebrae I–IX, as well as the rudiments of NA X,
are present as paired hemilaminae. Specimens
MACN-HE 39894.ej1 and MACN-HE 39894.ej3
also have primordial NAs of two additional post-
sacral elements (XI and XII). A strip of loose carti-
lage unites the left and right hemilaminae of NAs
I–IX, suggesting a recent fusion of the two halves.
The NAs are short and separated from the adja-
cent arches by a distance equivalent to their ante-
roposterior length. The anterior margin of each
NA is concave; this curvature becomes progres-

sively more pronounced caudally, so that the ante-
rior margins of NAs IV–IX are semicircular. The
width of the NAs decreases posteriorly; hence, the
width of NA IX is one half that of the atlas. The
NA X is represented by two small, parallel strips
of cartilage that are widely separated along the
midline. The TPs of all of the PVs project laterally
from the respective NAs; those on PVs II and III
are 50% longer lateromedially than the corre-
sponding NAs, whereas in PVs IV–VIII, they are
represented only by conical primordia. Neither
TPs nor zygapophyses are evident on the postsac-
ral elements. The pedicles (the portions of NA that
contact the vertebral centrum) of all vertebrae are
cartilaginous. Ossification of the NAs has already
started in Stage 34; thus, ossifications on the lat-
eral portions of the neural laminae are visible at
PVs I–VIII. Ossification is more extensive in the
anterior vertebrae, where it invades the proximal
halves of TPs of PV II and the proximal one thirds
of TPs of PV III, but the zygapophyseal regions
are unossified in all vertebrae.

Throughout ontogeny, ossification of the neural
arches spreads medially and laterally, extending
over the transverse processes. The zygapophyses,
the middorsal portion, and especially the pedicles
remain cartilaginous until early postmetamorphic
juvenile stages. The TPs of the anterior PVs develop
more rapidly than those of the posterior presacral
and sacral vertebrae (Fig. 7A–F). The presacral NAs
lengthen at Stage 36, resulting in reduced interver-
tebral spaces. In Stage 37, NAs I and II are closer to
each other than previously, and those of PVs V–VIII
are more quadrangular, resembling the adult mor-
phology. The zygapophyses of the NAs widens at
Stage 43; thus, the overlap between prezygapophy-
ses and postzygapophyses is more extensive than in
previous stages. The ossification of NA IX is first
observed at Stage 35 as bilateral. The postsacral

Fig. 6. Calyptocephalella gayi. Pelvic girdle, femur, and distal tarsus. Pelvic girdle in (A) dorsal, (B) ventral, and (C) lateral views
(MACN 45743). Femur in (D) dorsal (left) and ventral (right) views and detail of lateral crest in lateral (center) view (MACN 45743).
(E) Left tarsus in dorsal view (MACN 45742). Abbreviations: IV 5 Digit IV; DT 5 Distal Tarsal; ph 5 prehallical element; f 5 fibulare;
t 5 tibiale; y 5 Element Y. In A–D, light gray denotes cartilage and dark gray denotes bone; in E, blue denotes cartilage and red
denotes bone.
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NAs are better developed in Stage 35 than in the
previous stage, although they remain as paired
structures dorsolateral to the neural tube. NA X is
nearly completely ossified and is bridged by a strip of
cartilage on each side of the vertebral column with
NA XI; this bridge ultimately forms the margin of a
spinal nerve foramen. The right and left halves of
NA X are connected by a dorsal bridge of cartilage at
their anterior margins in Stage 37 (MACN 39897.ej1
and MACN 39897.ej3); they change their relative
positions at Stage 39, when they settle more dorsally,
giving to the coccyx a triangular appearance in dor-
sal view. Posteriorly, NAs XI and XII remain as two
elongate strips of cartilage at Stage 35 (NA XI
ossified in MACN 39895.ej4). The ossification of NA
XI is variable at Stage 37 (it is either completely

ossified––MACN 39897.ej3––half ossified––MACN
39897.ej1––or entirely cartilaginous and poorly
developed––MACN 39897.ej2), but present in all the
specimens examined by Stage 38. NAs XII (MACN
39897.ej2, MACN 39897.ej3) and XIII (MACN
39897.ej1) are present as two pairs of longitudinal
strips of cartilage at Stage 37, and they are con-
nected by cartilaginous strings at either side of the
vertebral column by Stage 38. The coccyx is formed
by Stage 43 through fusion of the postsacral NAs for-
merly separated dorsomedially into right and left
portions. On each side, there are two foramina—one
large foramen between NAs X and XI and a smaller
one (about one fourth the size of the former) in a
more dorsal position between NAs XI and XII, but
only one spinal foramen on each side remains after

TABLE 2. Chondrification and ossification sequence of C. gayi*

Stage Chondrification Ossification

34 Neural Arches I–X
(6Neural Arches XI, XII)

Vertebral centra I–IX
Hypochord
Procoracoid
Coracoid
Scapula
Suprascapula
Humerus
Radius
Ulna
Carpal elements: u, u’, r, r’,

DC 5 1?, DC 4, DC 3, y, y’
Metacarpals II–V
Puboischiadic plate
Femur
Tibia
Fibula
Tibiale
Fiulare
DT 4, DT 2 1 3
Metatarsals II–V
(6Metatarsal I)

Neural Arches I–VIII
Vertebral Centra I–VI
Cleirthum
Humerus
(6Scapula)
(6Ulna)
Femur
Tibiafibula
(6Ilial shaft)

35 Neural Arches XI, XII
(present in all specimens)

Epicoracoid complete
DC 2, pp1
Tarsal Element
Y, ph 1 Metatarsal I

Neural Arch X
(6Neural Arch XI)
(6Vertebral Centra VII, VIII)
Additional ossification on
Vertebral Centrum VIII
Vertebral Centrum IX
Clavicle
(6Coracoid)
(6Radius)
Metacarpals IV, V

36 DT 1 Tibiale, Fibulare
Metatarsals II–V

37 Neural Arch XIII
pp2, Manus Phalangeal formula, complete

Metacarpals II, III
Metatarsals I, II

38 pp3, ph2 Hypochord
39 ph3
40 ph4 Ischium
Juvenil Omosternum

Sternum
r, u, y, DC 4 1 5 (partial)

Adult Distal carpals, Prehallux

*Bones are listed by first Gosner Stage in which they appear.
Abbreviations: DC 5 Distal Carpal; DT 5 Distal Tarsal; ph 5 prehallical element; pp 5 prepollical element; r 5 radiale; u 5 ulnare;
y 5 Element Y.

212 P. MUZZOPAPPA ET AL.

Journal of Morphology



metamorphosis. Postmetamorphic specimens lack
ossified neural spines; instead, the middorsal por-
tions of all neural arches, including the urostyle, are
cartilaginous. The pedicles of the NAs have ossified,
joining the NAs to the corresponding vertebral cen-
tra (Fig 8A–C). The atlantal cotyles are formed by
the neural arches, the pedicles of which extend ven-
trally, wrapping the vertebral centrum.

The lengths of the TPs of PV III exceed those of
PV II and the distal ends of the former TPs
acquire cartilaginous hook-like processes that per-
sist into adulthood from Stage 35 onward. TPs of
PV II become larger than the corresponding NA
and dilated at midlength to produce a spindle
shape by Stage 41; at the same stage, the ante-
rior–posterior widths of the TPs of PV III are
greater than that of the corresponding NA. TPs of
PV IV become robust and rectangular with blunt
ends at Stage 37, but are acuminate, with an ante-
riorly curved cartilaginous distal end at Stage 41.
In juveniles, the cartilaginous tips of TPs of PV IV
are hook-shaped, resembling those of PV III. The
TPs of PVs V–VIII resemble small domes at Stage
36, but are somewhat lengthened by Stage 40. The
sacral diapophyses start to lengthen at Stage 39,
although they are still short and robust by Stage
40. The ossification is extensive on the anterior

PVs early in ontogeny; thus at Stage 36, those of
PV II are almost completely ossified, while the
proximal halves of PVs III and IV are ossified;
their ossification is almost complete at Stage 37.
On the contrary, the posterior PV (PVs V–VIII)
remains mostly cartilaginous until the latest
larval stages; ossification is restricted to their
bases by Stage 40 but is extensive in postmeta-
morphic specimens. In contrast, the sacral dia-
pophyses are already extensively ossified by Stage
40. The relative overall lengths of the TPs also
change during ontogeny; they are
III> II> IV>V� IX>VI�VII 5 VIII at Stage
35––but if only the ossified portion is considered,
the order is II> III> IV>V––and it is
III> II� IV>V� IX>VI>VII>VIII at Stage 39.
Considering only the osseous partion––distal carti-
lages were not preserved––the relative lengths by
Stage 41 are III> II> IV> IX>V>VI 5 VII 5 VIII
and change to III> IV> II � IX>V>
VI 5 VII 5 VIII at Stage 43.

The vertebral centra form on the ventral side of
the axial column and subsequently ossify from the
perichordal cartilage that surrounds the notochord
(Mookerjee, 1931). In Stage 34, this cartilage
forms discrete perichordal arches that extend from
the dorsolateral region to the middorsal and

Fig. 7. Calyptocephalella gayi. Ontogeny of the axial skeleton. Dorsal view at (A) Stage 34 (MACN 39894.ej1), (B) Stage 35 (MACN
39895.ej2), (C) Stage 36 (MACN 39896.ej2), (D) Stage 37 (MACN 39897.ej2), (E) Stage 40 (MACN 39900), and (F) juvenile (MACN
57750). Lateral view at (G) Stage 37 (MACN 39897.ej1), (H) Stage 38 (MACN 39898.ej1), and (I) Stage 40 (MACN 39900). Note the
additional center of ossification in Presacral Vertebra VIII. Abbreviations: VIII–X 5 number of posterior neural arches; PV 5 Presac-
ral Vertebra. Blue denotes cartilage, red denotes bone.
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midventral sides of the notochord. The arches are
longest in PV I, where they are nearly in contact
ventrally to form a cartilaginous ring; in contrast,
they are shortest in Vertebrae VII–IX, where only
the dorsolateral portions are present (in some
cases without dorsomedial fusion of left and right
halves). There are paired centers of ossification in
each centrum dorsolateral to the notochord and
deep in the perichordal arch (i.e., where the peri-
chordal arch is in contact with the notochord—
clearly evident in PV III of MACN 39894.ej1). The
degree of ossification varies among the specimens
examined. It is restricted to the most dorsal region
of PVs I–III in the least ossified specimen (MACN
39894.ej1), but it already surrounds the notochord
in PV I and PVs IV–VI, forming an osseous peri-
chordal ring in the most ossified specimen (MACN
39894.ej4). Ventral to the notochord, a cartilagi-
nous rod identified as the hypochord is visible
below the NA X and the following four myotomes.
The ventral surface of the hypochord is convex
and its posterior end underlies a deep concavity on
the ventral surface of the notochord (MACN
39894.ej1 and MACN 39894.ej3).

The ossification of the vertebral centra is
restricted to the inner portion of the perichordal
cartilage by Stage 35. It encircles the notochord
forming osseous perichordal rings in PVs IV–VI in
all of the specimens examined at Stage 35, thus
being these the first centra to complete the peri-
chordal ossification. PVs I and VII have an osseous
perichordal ring in most specimens at Stage 35
and in all specimens at Stage 36. The osseous peri-
chordal rings of PVs II and III are among the last
to be formed; they may be either completely closed
ventrally or have a small constriction at the mid-
ventral line––suggesting a recent fusion of both
sides of the arch––by Stages 35–40 (MACN
39895.ej3; MACN 39897.ej1, MACN 39899, MACN
39900). The osseous perichordal rings are antero-
posteriorly shorter than the pedicles of the corre-
sponding NAs in Stage 35; noteworthy, that of PV
I is twice as long as any other PV. The vertebral
centra lengthen at Stage 39, reducing the interver-
tebral spaces, and are close to one another by
Stages 41–43––closure decreases craniocaudally.
At Stages 41–43, the perichordal rings of PVs IV–
VII have a midventral posteriorly directed projec-
tion. The vertebral centrum of PV VIII has a carti-
laginous arch that extends along the dorsal and
dorsolateral portions of the perichordal arch and a
small dorsal ossification in its inner portion at
Stage 35. Furthermore, PV VIII has an additional
ossification ventral to the notochord, which seems
not to be related to the cartilaginous perichordal
structure (Fig. 7G, see figures in Additional Sup-
porting Information). This ossification appears in
Stage 35 (MACN 39895.ej1), and is still evident by
Stage 39, when a lateral constriction is evident on
the frog’s right side of the perichordal ring––at

Stage 37, either a dorsal perichordal arch sepa-
rated from the ventral element (MACN 39897.ej2)
or two lateral contrictions resulting from the
fusion of these ossifications (MACN 39897.ej1) can
be observed at the perichordal ring (Fig. 7G–I).
The aforementioned morphology has been
observed in PV VII, instead of PV VIII, in one
specimen (MACN 39897.ej3). The presacral verte-
bral centra of postmetamorphic specimens have
prominent notochordal canals (Fig. 8A); the peri-
chordal ring is thick dorsally and much thinner
ventrally in postmetamorphic specimens. The sac-
ral vertebra is the least developed of the series.
The perichordal arch is restricted dorsal to the
notochord and lacks any evidence of ossification at
Stage 35; by Stage 37, the ossification is weak,
restricted to two separated ossification centers dor-
solateral to the notochord; by Stage 40, the peri-
chordal arch extends barely farther than the
pedicles of the NA (Fig. 7I). In postmetamorphic
specimens, the sacral centrum is still poorly

Fig. 8. Calyptocephalella gayi. Juvenile specimen (MACN
45751). Axial elements in anterior view: (A) Presacral Vertebra
V, (B) sacral vertebra, and (C) urostyle. (D) Scapula in ventral
view. Abbreviations: PV 5 Presacral Vertebra. Note the notochor-
dal canal in PV V, the sacral condyles and urostylar cotyles
(which form from the neural arches during the development of
the sacrourostylar articulation), and the incipient anterior crest
on the leading edge of the scapula.
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ossified, restricted to the dorsal portion of the
notochord and enclosed between the ossified pedi-
cles of the NA. Despite the poor development of
this vertebral centrum, one can observe the incipi-
ent formation of the condyles for the articulation
with the urostyle; at least initially, they are
formed from the NAs (Fig. 8B). Posterior to the
vertebral series, the hypochord extends along five
myotomes at Stage 37, but it is difficult to observe
clearly at this stage. A center of ossification is first
observed at midlenght of the cartilaginous hypo-
chord by Stage 38, and it spreads to the entire ele-
ment but the posterior portion by Stage 40. The
hypochord is U-shaped in cross section, surround-
ing the ventral portion of the notochord by Stages
41–43. At Stage 40, the hypochord is well sepa-
rated from the coccyx; it fuses to the ossified post-
sacral NAs in postmetamorphic specimens. In
anterior view, the cotyles of the urostyle are
clearly visible; they form from NA X (Fig. 8C).

It should be noted that no chondrification or
ossification of postsacral vertebral centra were
observed during development. Additionally, some
abnormalities should be mentioned, such as the
presence of rudimentary transverse process on the
right side of the NA X in MACN 39895.ej4. Also,
the right half of each vertebral element is dis-
placed forward to the left half in MACN 39898.ej2.
This displacement is especially marked posterior

to PV V, where the halves of NA VI are separated
from one another and in alternate positions with
the right half of PV VII. The left half of NA VII is
adjacent to the right half of NA VIII, with which it
is fused, a pattern that is repeated posteriorly
(Fig. 9A). Both sacral diapophyses develop from
NA IX; the displacement of right and left NA of
this element would have resulted in an adult spec-
imen with an asymmetrical sacralization––the left
sacral diapophysis would have been in Vertebra
VIII and the right one, in Vertebra IX. The verte-
bral displacement is also evident in the vertebral
centra. As with the dorsal elements, the displace-
ment is more evident posterior to PV V. In PVs VI
and VII, each of the ossification centers of the
perichordal arch extends ventrally forming hemi-
perichordal arches that reach the ventral portion
of the notochord (Fig. 9B).

Pectoral girdle and forelimb. In Stage 34,
the pectoral girdle is composed of separate halves,
each located at the posterolateral corner of the
chondrocranium and formed by a continuous carti-
laginous sheet in which the procoracoid, coracoid,
scapular, and suprascapular cartilages can be dis-
cerned (Fig. 10A); however, the boundaries of
these elements are not evident. Poorly organized
cartilaginous tissue between the scapular and
suprascapular cartilages, only visible at this stage,
may correspond to the emerging cartilaginous
bridge that unites the inferior and superior scapu-
lar cartilages, originating the scapula/suprasca-
pula complex (Baleeva, 2001). The procoracoid and
coracoid cartilages are poorly developed. The for-
mer is elongated lateromedially and bears a poste-
riorly directed hook on its medial end; this may
represent the incipient development of the epicora-
coid cartilage (Fig. 10B). The coracoid cartilage is
subeliptical and half the length of the procoracoid
cartilage. The funnel-shaped scapular cartilage is
slightly shorter than the suprascapula. The partes
acromialis and glenoidalis are apparent, circum-
scribing the glenoid foramen. The scapular carti-
lage has traces of perichondral ossification at
midlength in MACN 39894.ej3 and MACN
39894.ej4. The subtriangular suprascapular carti-
lage overlaps the distal end of the corresponding
transverse process of PV II. The cleithrum is pres-
ent and well ossified in every specimen; it invests
two thirds of the central portion of the anterior
half of the suprascapular cartilage. The zeugo and
stilopodia are approximately the same length
(except in MACN 39894.ej3, in which the stilopo-
dium is half the length of that of the zeugopo-
dium). The radius and ulna are independent, well-
chondrified elements (Fig. 11A). Incipient peri-
chondral ossification is present in the diaphyses of
the humerus and the ulna (except in MACN
39894.ej1, still cartilaginous). The carpus com-
prises nine isolated, cartilaginous condensations
identified as ulnare, ulnare’, radiale, radiale’, DC

Fig. 9. Calyptocephalella gayi. Vertebral column of an abnor-
mal specimen (MACN 39898.ej2) in (A) dorsal and (B) ventral
views. Abbreviation: II–XI 5 number of axial elements. Dark
gray denotes cartilage, white denotes bone, light gray denotes
the notochord, and black represents the silhouette of the neural
arches. Note the displacement of right and half sides of the axial
elements.
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5 1 ?, DC 4, DC 3, Element Y, and Element Y’
(aligned, distal and preaxial to the radiale) (Fig.
11A). All the chondrifications are oval, but they
differ in size. The configuration and size of DC 5
suggest that two cartilaginous condensations are
involved in the formation of this element. There is
a large one associated with the bases of MtCs IV
and V, and a small one lateral to this; both con-
densations are immersed in the same cartilaginous
nucleus. Distally, MtCs II–V and the first phalange
of Digits III–V are present (Fig. 11A). In all speci-
mens, MtC IV is the most developed, whereas MtC
II is the least.

With respect to the overall structure of the pecto-
ral girdle, the glenoid cavity is large and well
formed by Stage 35 reflecting the development of
its proximal and distal walls (fovea acetabulum and
superficial articulation sensu Procter, 1921) formed
by the coracoid and scapula, respectively. The gle-
noid cavity has an obvious ventral orientation in
the early stages of development (Stages 34–36), but
during later stages, it rotates; by Stage 37, the cav-
ity has a slight posteroventral orientation, and by
Stage 43, it faces more clearly posteroventrally. By
Stage 40, the halves of the pectoral girdle are close
to each other, but the epicoracoid cartilages do not
overlap. The poor state of preservation of the avail-
able specimens precludes establishing the relative
positions of these cartilages with respect to each
other at later stages of metamorphosis.

The epicoracoid cartilage is completely devel-
oped by Stage 35 (Fig. 10B) and it increases in

width at the level of the fenestra intercoracoidealis
by Stage 40. The clavicle is present at Stage 35
and invests the anterior margin of the procoracoid
cartilage (Fig. 10B); however, the degree of devel-
opment varies individually. At its least develop-
ment, the clavicle is a splint on one side (MACN
39895.ej5); subsequently, it increases in size to
extend along the entire anterior margin of the pro-
coracoid cartilage (Stage 36, MACN 39896.ej3 and
MACN 39896.ej4) and then overlaps the anterior
half of the dorsal and ventral surfaces of the pro-
coracoid (MACN 39896.ej4). By mid-
metamorphosis (Stage 43), the lateral end of the
clavicle completely overlaps the medial margin of
the pars acromialis (Fig. 10D).

The coracoid cartilage has an incipient periosteal
ossification at the middle of the diaphysis in some
Stage-35 specimens (MACN 39895.ej4 and only on
the right side in MACN 39895.ej3). The same
occurs to the scapular cartilage, where the perios-
teal ossification is variable by Stage 35 (from two
fifths in MACN 39895.ej1 and MACN 39895.ej3 to
almost the complete diaphysis in MACN 39895.ej4).
By Stage 38, the diaphyses of coracoid and scapula
are well ossified. The scapular partes glenoidalis
and acromialis remain cartilaginous until postme-
tamorphic stages. The ossified scapula of juveniles
bears an incipient to well-formed anterior crest at
the anterior margin of the diaphysis (Fig. 10E),
which expands during postmetamorphic ontogeny.

The cleithrum reaches the leading edge of the
suprascapular cartilage in Stage 35 and thereafter

Fig. 10. Calyptocephalella gayi. Ontogeny of the pectoral girdle. Right half of the pectoral girdle in glenoidal (upper) and dorsal
(lower) views at (A) Stage 34 (MACN 39894.ej1), (B) Stage 35 (MACN 39895.ej1), (C) Stage 37 (MACN 39897.ej1), and (D) Stage 43
(MACN 39901.ej2). (E) Right half of pectoral girdle of a juvenile in glenoidal (left) and dorsal (right) views––the sternum is incom-
plete (MACN 45741). Blue denotes cartilage, red denotes bone. Note the continuous cartilaginous sheet in which the procoracoid,
coracoid, scapular and suprascapular cartilages are present in Stage 34. The cleithrum is already well ossified by Stage 34. The epi-
coracoid cartilage is completely developed at Stage 35, probably from the procoracoid. Sternal elements are present in juvenile
individuals.
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increases rapidly in size. The dorsal surface of the
cleithrum bears a keel along the lateromedial
extent of the element, a feature that is evident
from Stage 37 (Fig. 10C) onward.

Among the specimens examined, the omoster-
num and sternum are first observed in juveniles
(Fig. 10E); the former element is small and fungi-
form, whereas the latter is relatively large, has

nearly adult proportions, and is posteriorly
bilobed.

Despite an incipient cartilaginous bridge that
connects them distally, the radius and ulna remain
discrete until Stage 37. The development of the
compound radioulna occurs after the radius and
ulna start to ossify independently in Stage 35;
subsequently, their ossified diaphyses fuse with
one another (incipient in MACN 39897.ej3),
whereas their cartilaginous portions remain
clearly separated. The radioulna is formed at
Stage 39, and by Stage 40, the diaphyses of the
humerus and radioulna are ossified, and only their
epiphyses remain cartilaginous.

Remarkable changes occur in the carpal region
between Stages 34 and 38, when the adult mor-
phology is achieved (Fig.11). In Stage 35, the carti-
laginous elements ulnare and ulnare’, formerly
separated and still identifiable, are embedded in a
large, loose cartilaginous mass; the same is true
for DCs 4 and 5. In contrast, radiale and radiale’
are indistinguishably fused to form a single sub-
rectangular element, the radiale. Two elements
appear in Stage 35: DC 2, which consists of a
small chondrification, and the basal element of the
prepollex, located preaxial to Element Y and Ele-
ment Y’. By Stage 36, chondrifications ulnare and
ulnare’ form a single element, the ulnare; the
same occurs with Element Y and Element Y’ that
constitute Element Y, which is as large as the
radiale. The loose cartilaginous mass that includes
DCs 4 and 5 is more consolidated, uniting these
chondrifications. Two additional prepollical ele-
ments appear aligned distal to the basal element
of the prepollex––one at Stage 37 and another (an
elongated chondrification) at Stage 38. Carpal tor-
sion occurs in this stage; according to Jenkins and
Shubin (1998), the carpal elements are twisted to
realign proximal end of the radioulna. Ossification
centers are present in the radiale, the ulnare, Ele-
ment Y, and DC 4 1 5 in juveniles.

The four MtCs are present in Stage 35; MtCs IV
and V start to ossify at this stage, whereas MtCs
II and III begin periosteal ossification at Stage 37.
The number of phalangeal elements varies among
individuals (it may also vary between right and
left manuses of the same specimen) until Stage 37,
when the hand has the adult phalangeal formula
(2 2 3 3). By Stage 36, Digit II starts to develop
and Digit IV reaches its final shape. This sequence
of development is repeated in the ossification of
the phalangeal elements, starting at Stage 37 on
Phalanx 1 of Digits III–V and on Phalanx 2 of
Digit IV and ending at Stage 40, when all of the
digital phalanges are ossified.

Pelvic girdle and hind limb. In Stage 34,
the halves of the pelvic girdle are separated from
one another by a distance equivalent to the width
of the notochord; they lie ventral to the muscular
tail of the tadpole and posterior to the distal end

Fig. 11. Calyptocephalella gayi. Ontogeny of the manus. Left
hand at Stage 34 in (A) palmar and (B) dorsal views (MACN
39894.ej1). Right hand in palmar view at (C) Stage 35 (MACN
39895.ej2), (D) Stage 37 (MACN 39897.ej1), and (E) Stage 39
(MACN 39899). Abbreviations: II–V5 Digits II to V; DC 5 Distal
Carpal; pp 5 prepollical element; r 5 radiale; r’ 5 radiale’;
u 5 ulnare; u’ 5 ulnare’; y 5 Element Y; y’ 5 Element Y’. Blue
denotes cartilage, red denotes bone. Note the presence of a “?”
element during the formation of DC 4 1 5, and the presence of
two cartilaginous condensations for the formation of the radiale,
ulnare, and Element Y.
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of the hypochord. Each half is semicircular in lat-
eral aspect; the posterior margin is convex and the
dorsal margin has a U-shaped notch (“posterior
notch” of Green, 1931) (Fig. 12A). According to
Green (1931), this notch marks the boundary
between the dorsal and ventral elements––that is,
the ilium and puboischiadic plate, respectively. In
some specimens (MACN 39894.ej3 and MACN

39894.ej4), short ilial shafts are developed with
traces of ossification in their central portions.The
concavity of the acetabulum or fossa acetabularum
for the articulation of the hind limb is scarcely dis-
cernible. The femoral cartilage has a curved con-
cave margin and is slightly wider distally than
proximally. The tibia and fibula cartilages are
well-defined elements, the distal ends of which are

Fig. 12. Calyptocephalella gayi. Ontogeny of the pelvic girdle and tarsus. Pelvic girdle in lateral view at (A) Stage 34 (MACN
39894.ej1), (B) GS Stage (MACN 39895.ej2), (C) Stage 37 (MACN 39897.ej1), (D) Stage 39 (MACN 39899). (E) Stage 40 (MACN
39900), and (F) juvenile (MACN 48396). Right foot in dorsal view at (G) Stage 34 (MACN 39894.ej1), (H) Stage 35
(MACN 39895.ej2), (I) Stage 36 (MACN 39896.ej1), (J) Stage 37 (MACN 39897.ej1), (K) Stage 38 (MACN 39898.ej1), (L) Stage 39
(MACN 39899), (M) Stage 40 (MACN 39900), and (N) juvenile (MACN 48396). Abbreviations: I–V 5 Digits I to V; DT 5 Distal Tarsal;
ph 5 prehallical element; f 5 fibulare; t 5 tibiale; y 5 Element Y. Blue denotes cartilage, red denotes bone. Note the development of
the pelvic girdle from a single chondral element; the puboischiadic plate has a posterior notch at Stage 34, previous to the elongation
of the ilium into an ilial shaft. The cartilaginous distal end of the fibulare bears the Distal Tarsal 4, discernible until Stage 36.
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united by loose cartilage. The length of the latter
elements is about two thirds that of the femoral
cartilage. The femur, tibia, and fibula have traces
of periosteal ossification at the central third of
their diaphysis.The proximal tarsals––tibiale and
fibulare––are well chondrified and half the length
of the femoral cartilage. The tibiale is slightly
shorter and distinctly thinner than the fibulare.
The distal end of the fibulare has a mediodistal
projection of loose cartilage, which includes an
oval chondrification that develops therein (Fig.
12G–J). The latter chondrification extends to the
bases of MtTs III and IV and is identified as the
DT 4. Medial and distal to DT 4, DT 2 1 3 is pres-
ent as a circular chondrification between the bases
of MtTs II and III. MtTs II–V are present in all
the specimens examined, whereas MtT I is barely
chondrified. MtT IV is the best developed of the
series. Two individuals (MACN 39894.ej1 and
MACN 39894.ej2) have the first phalanx of Digit
IV, and MACN 39894.ej2 also has the first phalanx
of Digit V. None of the autopodial elements have
traces of ossification.

Throughout development, the pelvic girdle
rotates gradually, changing its position relative to
the axial column. In lateral view, the ilial shaft
shifts its orientation, from dorsal (at Stage 34) to
dorsoanterior (at Stage 39); ultimately, the entire
pelvic girdle comes to be situated ventral to the
notochord and posterior to the NAs X and XI. By
Stage 40, the ilial shafts parallel the axial column,
and by Stage 43, they reach the sacral diapophy-
ses. The articulation between the pelvis and the
axial column is well established in postmetamor-
phic individuals, when the sacral diapophyses are
well developed. In dorsal aspect, it is evident that
the plates (i.e., the posterior round portions) of the
pelvic girdle progressively approximate one
another. Thus, by Stage 36, the right and left
ischiadic portions remain separated but are four
times closer to each other than are the ilial por-
tions. At Stage 39, the controlateral puboischiadic
plates are in contact distally, thereby imparting a
V shape to the pelvic girdle; by Stage 43, these
plates as well as the acetabular portions of the ilia
are in medial contact.

The ilium has developed an ilial shaft in all
specimens examined at Stage 35; it is half the
length of the body of the pelvic girdle. By Stage
37, the shaft has increased in length to two and a
one-half times the length of the body of the pelvic
girdle, a ratio that persists in the adult
(Fig. 12C–F). Ilial ossification begins in the mid–
third of the shaft at Stage 35; the bone achieves
60% of its length by Stage 37 and forms the base
of the iliac body by Stage 38. By Stage 40, ossifica-
tion extends to the anterior margin of the poste-
rior notch, the anterior margin of the acetabulum
and part of the acetabular fossa. At this stage, the
ilial shaft has a low crest along the posterior two

thirds of its dorsal margin (Fig. 12E); subse-
quently, the ilial crest increases in length in pro-
portion to the ilial shaft. In contrast, the size of
the dorsal crest increases rapidly to one third of
the height of the ilial shaft in juvenile stages. In
postmetamorphic individuals, the ilial ossification
extends posteriorly to form one third of the acetab-
ular fossa. The ischium is first observed at Stage
40 (Fig. 12E), posterodorsal to the acetabular
fossa. In postmetamorphic individuals, it is well
ossified, forming more than one third of the puboi-
schiadic plate, including part of the acetabular
fossa and the posterodorsal margin (Fig. 12F). No
ossification that might correspond to the pubis
was observed in any of the developmental stages.

The femoral cartilage has a periosteal ossifica-
tion along the complete diaphysis at Stage 37,
whereas the spherical proximal head and the dis-
tal end are cartilaginous; the proximal head con-
tinues to develop in association with the
acetabular fossa. At Stage 39, an incipient ventral
crest is visible on the ventral surface of the femo-
ral diaphysis. The tibia and fibula cartilages are
united at their proximal ends by means of a carti-
laginous bridge in Stage 37; the fusion of their
ossified diaphyses is delayed until the last stages
of metamorphosis. The diaphyses of all of the
hind-limb bones are ossified by Stage 40, but their
epiphyses remain cartilaginous. In postmetamor-
phic individuals, the hind limb is twice the length
of the forelimb.

The proximal tarsals are united distally by a
cartilage that extends along the distal margin of
the fibulare to the laterodistal corner of the tibiale
in Stage 36 (Fig. 12I), when the tibiale is half as
wide as the fibulare and expanded at both proxi-
mal and distal ends. The distal end of the fibulare
is more chondrified than in previous stages and,
by Stage 37, DT 4 is no longer visible as a distinct
chondrification (Fig. 12J). Element Y and the prox-
imal element of the prehallux are first observed at
Stage 35; the former is an incipient, spherical
chondrification next to the anteromedial margin of
the tibia, whereas the prehallical element is
medial and distal to the Element Y. The first pha-
lanx of Digits III–V and the second phalanx of Dig-
its III and IV also are present. DT 1 is added to
the autopodium in Stage 36; it consists of a spheri-
cal chondrification between the bases of MtTs I
and II. The shape of DT 2 1 3 has changed from
spherical to triangular, with the element being
wedge under MtT II; a spherical, darker-staining
element observed within the taller side of this tri-
angular chondrification may correspond to DT 2.
The prehallux is composed by three elements,
which are formed between Stages 38–40 (Fig.
12K–M); the second prehallical element (ph2)
becomes spur-shaped, with the acuminate end
reaching the level of the proximal tarsals (Fig.
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12N); this morphology prevails in adults (see Fig.
6E).

The ossification is periosteal in all of the autopo-
dial elements, except the distal tarsals. The proxi-
mal tarsals, MtTs III–V and first phalanges of
Digits IV and V start to ossify on the central por-
tion of their respective diaphyses in Stage 36.
Later, by Stage 37, the central portion of each of
the five metatarsals is already ossified. The cen-
tral portion of phalanges ossify in Stage 38, except
for the distal ones, which ossify at Stage 39. In
postmetamorphic individuals, the epiphyses of all
of the hind-limb elements, as well as the distal
tarsals, Element Y, and the prehallux remain
cartilaginous.

DISCUSSIONS

The few available anatomical studies hint at the
considerable diversity in Myobatrachoidea and the
uncertainties that remain with respect to their
evolutionary history. This lack of morphological
and developmental data makes it difficult to estab-
lish meaningful comparisons with their South
American relatives. The osteological observations
made on specimens housed at KU (indicated as
pers. obs.) are included herein to supplement the
scarse information in the literature.

Comparative Morphology of the Adult
Postcranial Skeleton

In C. gayi, the atlas and second presacral verte-
bra are discrete, in contrast to Telmatobufo, in
which the two vertebrae are fused (Lynch, 1978;
Formas et al., 2001; pers. obs.). The fusion of PVs
I and II is a character that has been evaluated in
the few analyses of the relationships within Myo-
batrachoidea based on morphology (Heyer and
Liem, 1976). Davies (2003) agreed with Littlejohn
et al. (1993) in the fact that the fusion of the first
two vertebrae supports Limnodynastidae, although
Mixophyes, included in this group at that time,
was mentioned as an exception. However, under
current phylogenetic hypotheses (in which Mixo-
phyes and Rheobatrachus constitute Myobatrachi-
dae taxa––Frost et al., 2006; Pyron and Wiens,
2011), the clade Limnodynastidae has these verte-
brae fused, whereas the opposite condition occurs
in Myobatrachidae (Table 3). Fusion of the atlas
and PV II occurs occasionally among anomocoelans
and at the base of Neobatrachia (e.g. Hadromo-
phryne natalensis, Lynch, 1971; pers. obs.), but the
general condition within Ranoidea and Hyloidea is
the presence of discrete elements. It is noteworthy
that a change of condition seems to have occurred
at least twice within Australobatrachia (once in
Calyptocephalellidae and once in Myobatrachoidea,
Fig. 13).

The great expansion of the sternal elements
(i.e., omosternum and sternum) is a distinctive

feature of the pectoral girdle of C. gayi. The omos-
ternum of Telmatobufo is also a well-developed,
anteriorly expanded element, according to Schmidt
(1952) and Formas et al. (2001). However, Parker
(1940) and Lynch (1971) reported that among Lim-
nodynastidae and Myobatrachidae, the occurrence
of an omosternum was variable. Additionally,
Lynch (1971) observed that, when the omosternum
is present, it is small, except in Mixophyes; this
concurs with observations by Keferstein (1868)
who reported the presence of a weak omosternum
in Limnodynastes dumerili, Crinia signifera (as C.
georgiana)1, C. tasmaniensis, Geocrinia (as Crinia)
laevis, and Platyplectrum ornatum (as P. marmor-
atum). However, Anderson (1916) described the
omosternum of Lechriodus (as Phanerotis) fletcheri
as a well-developed, cartilaginous, long narrow
style, while the illustrations of Keferstein (1868)
show the omosterna of Mixophyes fasciolatus and
Heleioporus albopunctatus (H. australiacus,
according to Moore, 1961) as a long, spatulate
structure. The omosternum was also described as
elongated in Assa darlingtoni (Tyler, 1972), long
and slender in Mixophyes hihihorlo (Donnellan
et al., 1990), but slim and short in Rheobatrachus
(Davies and Burton, 1982; Mahony et al., 1984).
We confirm the presence of omosternum in Nota-
den nichollsi, Platyplectrum ornatum, Adelotus
brevis, Crinia signifera, C. bilingua, Uperoleia
fusca, and Pseudophryne bibroni (pers. obs., Fig.
14); in these species, except in the latter taxon,
the omosternum is a relatively elongated and large
structure. Additionally, in Adelotus brevis it is
anteriorly expanded (Keferstein, 1868; pers. obs.).
The omosternum was reported as absent in the
fossorial species Myobatrachus gouldi and Areno-
phryne rotunda, as well as Pseudophryne guen-
theri (Tyler, 1976b; Davies, 1984). The presence of
an omosternum seems to be variable in Pseudo-
phryne, according to the aforementioned data and
observations. The omosternum is either present or
absent in Uperoleia also; it is present in U. russelli
(Stephenson, 1965), U. aspera and U. mjorbergi
(Tyler et al., 1981), U. grandulosa and U. altis-
sima (Davies and Roberts, 1985; Davies et al.,
1993), but it is absent in U. rugosa (Davies and
Mc Donald, 1985), U. laevigata, U. martini, and
U. tyleri (Davies and Littlejohn, 1986).

The sternum is conspicuous in C. gayi, being as
long as the omosternum plus the epicoracoid.
Despite its large size, it is cartilaginous in all but
the largest individuals examined in which some
loose mineralizations are present. The sternum of
Telmatobufo is also large, but, in contrast to that
of C. gayi, it is extensively mineralized in the

1According to Parker (1940), it corresponded to an individual of
Taudactylus acutirostris. Unfortunately, it was not possible to asses
the presence or absence of the omosternum in T. acutirostris from
KU 124233.
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three species for which the osteological description
is available (Schmidt, 1952; Lynch, 1971; Formas
et al., 2001; pers. obs.). The notch on the posterior
margin of the sternum of C. gayi also occurs in
Telmatobufo, although it is shallower in the latter
taxon. The notch is also present in Platyplectrum
ornatum (pers. obs.; Fig. 14C), Mixophyes fasciola-
tus, Heleioporus australiacus (Keferstein, 1868,
Taf. V, Figs. 4 and 6), and the basal neobatrachian
Hadromophryne natalensis (pers. obs.; Fig. 14A).
The sternum is also proportionally large and wide
in several myobatrachids, such as Rheobatrachus
silus (Davies and Burton, 1982), R. vitelinus (Mah-
ony et al., 1984), Pseudophryne guentheri (Tyler,

1976b), P. douglasi, P. coriacea, P. semimarmorata,
(Davies, 1984; Littlejohn et al., 1993), P. bibroni
(pers. obs.), Arenophryne rotunda (Tyler, 1976b),
Notaden nichollsi, Crinia signifera, C. bilingua,
Adelotus brevis, Uperoleia fusca (pers. obs.), U. rus-
selli (Stephenson, 1965), Mixophyes fasciolatus
(Keferstein, 1868), M. hihihorlo (Donnellan et al.,
1990), and Heleioporus australiacus (Keferstein,
1868). In contrast, the sternum of Myobatrachus
gouldii is slim and relatively small (Littlejohn
et al., 1993, pers. obs.), as well as that of Assa dar-
lingtoni, which is small although slightly expanded
anteriorly. The sternum is entirely cartilaginous in
all myobatrachoids (Lynch, 1971), although

TABLE 3. Condition of fused or unfused presacral vertebrae I and II within Australobatrachia

Species PV I, PV II Source

Adelotus brevis Not fused Lynch, 1971; pers.obs.
Arenophryne rotunda Fused Davies, 1984
Assa darlingtoni Fused Tyler, 1972
Calyptocephalella gayi Not fused Lynch, 1971; pers.obs.
Crinia bilingua Fused pers.obs
Crinia signifera Fused Lynch, 1971
Heleioporus australiacus Not fused Lynch, 1971
Heleioporus eyrei Not fused Lynch, 1971
Lechriodus aganoposis Not fused Zweifel, 1972
Lechriodus fletcheri Not fused Zweifel, 1972
Lechriodus melanopyga Not fused Zweifel, 1972
Lechriodus platyceps Not fused Zweifel, 1972
Lechriodus spp. Fused Lynch, 1971; Parker, 1940
Limnodynastes dorsalis Not fused Lynch, 1971
Limnodynastes fletcheri Not fused Lynch, 1971
Limnodynastes peroni Not fused Lynch, 1971; pers.obs.
Limnodynastes tasmanensis Not fused Lynch, 1971
Metacrinia nichollsi Fused Lynch, 1971
Mixophyes fasciolatus Fused Lynch, 1971; pers.obs
Mixophyes hihihorlo Fused Donnellan et al., 1990
Mixophyes schevilli Fused Wu, 1994
Myobatrachus gouldii Fused Lynch, 1971; Davies, 1984; pers.obs
Neobatrachus aquilonius Not fused Lynch, 1971 (as N. centralis); pers.obs.
Neobatrachus pictus Not fused Lynch, 1971; pers.obs.
Notaden bennetti Not fused Lynch, 1971
Notaden nichollsi Not fused Lynch, 1971; Wu, 1994; pers. obs.
Philoria frosti Not fused Lynch, 1971; pers.obs.
Philoria sphagnicolus Not fused Lynch, 1971 (as Kyarranus)
Platyplectrum ornatum Not fused pers.obs
Pseudophryne bibroni Fused Lynch, 1971; pers.obs.
Pseudophryne corroboree Fused Lynch, 1971
Pseudophryne douglasi Fused Davies, 1984
Pseudophryne occidentalis Fused Tyler and Davies, 1980
Rheobatrachus silus Fused Davies and Burton, 1982
Rheobatrachus vitelinus Fused Mahony et al., 1984
Taudactylus acutirostris Fused Lynch, 1971; pers.obs.
Taudactylus diurnus Fused Wu, 1994
Telmatobufo Fused Lynch, 1978; Formas et al., 2001
Uperoleia altissima Fused Davies et al., 1993
Uperoleia fusca Fused pers.obs.
Uperoleia grandulosa Fused Davies and Roberts, 1985
Uperoleia laevigata Fused Davies and Littlejohn, 1986
Uperoleia martini Fused Davies and Littlejohn, 1986
Uperoleia mjorbergi Fused Tyler et al., 1987
Uperoleia rugosa Fused Lynch, 1971; Davies and Littlejohn, 1986; pers.obs.
Uperoleia ruselli Fused Lynch, 1971 (as Glauertia); pers.obs.
Uperoleia tyleri Fused Davies and Littlejohn, 1986
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occasionally in a few taxa some individuals have
been reported as having some mineralizations
(Parker, 1940; Rheobatrachus vitelinus, Mahony
et al., 1984; Mixophyes hihihorlo, Donnellan et al.,
1990; Myobatrachus gouldii, pers. obs.). The signifi-
cant variation in the sternal structures within Aus-
tralobatrachia may be related to the widely
divergent habits of the members of this group,
which include aquatic, fossorial and arid-inhabitant
species (Littlejohn et al., 1993; Anstis, 2013).

The presence of a prominent crest along the
anterior margin of the scapula is another distinct
feature of the pectoral girdle of C. gayi. The crest
develops postmetamorphically and is conspicuous
in adults. The name of the structure was initially
given to the lamina along the leading edge of the
scapula of Pelobates cultripes and Lithobates cates-
beianus (as Rana catesbyana; Bolkay, 1919), but

this feature is present in many taxa across the
anuran tree, such as the costatan Bombina max-
ima and Discoglossus sardus (P�ugener and
Maglia, 1997), the anomocoelan Pelodytes puncta-
tus (Procter, 1921) and P. ibericus (Sanchiz et al.,
2002), and the neobatrachian Hadromophryne
natalensis (pers. obs., Fig. 15A), Pseudis paradoxa
(Procter, 1921), Telmatobius rubigo (Barrionuevo
and Baldo, 2009), and T. oxycephalus (Barrio-
nuevo, 2013). Among australobatrachians, it was
observed in Telmatobufo venustus (pers. obs., Fig.
15E), Rheobatrachus silus (Davies and Burton,
1982), R. vitelinus (Mahony et al., 1984), Pseudo-
phryne bibroni, Myobatrachus gouldii, Crinia sig-
nifera, C. bilingua, and Limnodynastes
tasmaniensis (pers. obs., Fig. 15B,F). In contrast,
the scapula lacks an anterior crest in Taudactylus
acutirostris, Uperoleia fusca, U. ruselli, U. rugosa,

Fig. 13. Distribution of morphological traits mapped onto a phylogenetic hypothesis of Australobatrachia simplified from Frost
et al. (2006). Node 1: Myobatrachoidea; Node 2: Calyptocephalellidae; Node 3: Limnodynastidae; Node 4: Myobatrachidae. The aster-
isk (*) indicates data coded from a different, although closely related, species.

222 P. MUZZOPAPPA ET AL.

Journal of Morphology



Neobatrachus pictus, N. aquilonius, Notaden nich-
ollsi, Platyplectrum ornatum, Adelotus brevis,
Philoria frosti, and Limnodynastes dumerilii (pers.
obs., Fig. 15C,D,G). The extent of the anterior
crest, however, varies among the taxa in which it
is present. In most australobatrachians, the ante-
rior crest is short and restricted to the pars acro-
mialis. In C. gayi and Pseudophryne bibronii, the
crest extends along the shaft between the antero-
medial (anteroventral) and the anterolateral (ante-
rodorsal) ends of the scapula, as it does in
Pelodytes punctatus, P. ibericus, Pseudis paradoxa,
Telmatobius rubigo, and T. oxycephalus (op.cit.).

Adult australobatrachians have two basic mor-
phological types of pelvic girdle; in one case, the
bottom of the acetabular fossa is completely closed
by cartilage, whereas in the other, the acetabular
fossa has an irregular opening at its center. Tel-
matobufo and C. gayi have closed acetabular fos-
sae, as apparently do Philoria (as Kyarranus)
sphagnicolus, for which Tyler (1976a:9) reported
“. . . only the central portion of the acetabular fossa
remaining cartilaginous.” In contrast, an open ace-
tabular fossa was observed in species of Neobatra-
chus, Adelotus brevis, Philoria frosti, Taudactylus
acutirostris (pers. obs.), Uperoleia species (Davies
and Littlejohn, 1986; Davies et al., 1993; pers.
obs.), Rheobatrachus silus (Davies and Burton,
1982), R. vitelinus (Mahony et al., 1984), Areno-
phryne rotunda (Davies, 1984), and Mixophyes
hihihorlo (Donnellan et al., 1990).

Developmental Aspects

Several developmental features of the postcra-
nial skeleton of C. gayi are of interest, either
because of their unusual occurrence among anu-
rans or because of their significance as a baseline
to the study of other australobatrachian taxa in
the search for osteological synapomorphies that
support the clade.

The study of the osteogenesis of the axial skele-
ton has revealed peculiar aspects in the develop-
ment of vertebral centra. The contribution of an
additional ventromedial ossification during the for-
mation of the perichordal ring at the centrum of
PV VIII (see figures in Additional Supporting
Information) is a condition that, to our knowledge,
has not been reported previously. However, a ven-
tromedial center of ossification is involved in the
ossification of all the presacral vertebral centra
(i.e., not only PV VIII) of phylogenetically distant
neobatrachians, the hylids Litoria rheocola and L.
nannotis, and the arthroleptid Leptopelis vermicu-
latus (Haas, 2003). In turn, two dorsolateral and
two ventrolateral (with respect to the notochord)
ossification centers were described for the ossifica-
tion of supernumerary postsacral vertebrae in the
larvae of some megophryid anomocoelan species
(Megophrys stejnegeri, M. lateralis, Ophryophryne
microstoma, Leptolalax pelodytoides, and Xen-
ophrys sp.), a pattern that was named
“Bogenbasen mode” (Handrigan et al., 2007). Also,
two pairs of ossification centers were described in

Fig. 14. Pectoral girdle, ventral view. (A) Hadromophryne natalensis (KU 195926), (B) Adelotus brevis (KU 179912), (C) Platyplec-
trum ornatum (KU 179936), (D) Crinia signifera (KU 56348), (E) Uperoleia fusca (KU 180028), and (F) Pseudophryne bibroni (KU
93588). Gray denotes cartilage, white denotes bone, black indicates the fenestra.
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the formation of the presacral centra of Batrachyla
taeniata, a hyloid neobatrachian (Alcalde, 2007).
The lack of developmental studies of the postcra-
nial skeleton of australobatrachians limits our
ability to describe a pattern of ossification of the
vertebral centra in this group. However, morpho-
logical features of the centrum of PV VIII (and no
other) of a young adult of Limnodynastes peronii
(KU 93566) might be interpreted as resulting from
the fusion of a dorsal perichordal arch to a single,
ventral ossification (pers. obs., Fig. 16A). If correct,
this species and C. gayi would be the only two
taxa for which three ossification centers are
reported to take place during the formation of the
bony centrum of PV VIII. It should be noted that
the midventral transient constrictions observed in
PVs I–VII in the ontogeny of C. gayi are inter-
preted as evidence that each perichordal ring is
formed only by two dorsolateral ossification cen-
ters. The latter has been reported as the general
developmental pattern of the axial skeleton for
neobatrachians (e.g., Amietophrynus regularis,
Sedra and Moursi, 1958; Ceratophrys cornuta,
Wild, 1997; Chacophrys pierotti, Wild, 1999; Acris
crepitans, Pugener and Maglia, 2009) as well as
for anomocoelans (Pelobates cultripes and Pelo-
dytes punctatus, Talavera, 1990; Spea—as Sca-
phiopus—intermontana, Hall and Larsen, 1998;
S. multiplicata, Banbury and Maglia, 2006).

Historically, the presence of free intervertebral
discs between successive presacral centra in suba-
dults has been one of the features highlighted as
prevalent among Australopapuan “leptodactylids.”
This condition was used by several authors (e.g.,
Lynch, 1973; Littlejohn et al., 1993) to characterize

the Myobatrachidae (sensu Duellman and Trueb,
1994), but examination of the literature reveals
contradictory information on its distribution.
Parker (1940:8) pointed out that Heleioporus, Mix-
ophyes, Limnodynastes, Notaden, Adelotus, Upero-
leia (as Glauertia and Uperoleia), Crinia,
Myobatrachus, Pseudophryne, and Metacrinia
have “an incomplete fusion of the intervertebral
condyle with the vertebra.” Subsequently, this con-
dition was noted in Neobatrachus (Lynch, 1971),
Assa, Geocrinia, and Taudactylus (Heyer and
Liem, 1976). However, Heyer and Liem (op. cit.)
scored Heleioporus, Mixophyes, Limnodynastes,
Neobatrachus, and Notaden, along with Philoria,
Platyplectrum, Rheobatrachus, and Lechriodus as
having procoelous vertebrae resulting from the
ankylosis of each intervertebral disc to the ante-
rior adjacent vertebral centrum. Parker (1940) and
Heyer and Liem (1976) agreed that the vertebral
bodies of the latter genus lack notochordal pits,
whereas the condyles are firmly ankylosed to the
centra. Davies (1984) mentioned that free interver-
tebral discs occur in Arenophryne rotunda during
its ontogeny, and Littlejohn et al. (1993:12)
reported that “. . .the majority of [Limnodynasti-
nae] genera have free intervertebral discs as sub-
adults” and that “. . .[in Myobatrachinae] the
vertebrae are procoelous with free intervertebral
discs in many cases persisting in the adult.” Also
Talavera (1990) indicated that species of Myoba-
trachidae together with those of Pelobatidae and
Megophryidae are the only anurans having free
condyles in at least some period of their life cycles.

From the foregoing and the observations made
on specimens housed at KU, it follows that the

Fig. 15. Scapula, ventral view. (A) Hadromophryne natalensis (KU 195926), (B) Myobatrachus gouldii (KU 110333), (C) Notaden
nichollsi (KU 93581), (D) Neobatrachus aquilonius (KU 93578), (E) Telmatobufo venustus (KU 161439), (F) Pseudophryne bibroni
(KU 93588), and (G) Neobatrachus pictus (KU 69278). Hatching of the pars glenoidalis indicates the deeper region of the glenoid cav-
ity. Note the presence/absence of an anterior crest in the different taxa.
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contradictory data in the literature probably
resuts from the different developmental stages of
the individuals examined. However, it is the pres-
ence of these free intervertebral discs during some
stage of the development and not the free condi-
tion of these discs in the adult that constitutes evi-
dence of a distinctive developmental pattern. The
intervertebral discs in australobatrachids look like
small osseous balls between consecutive vertebral
centra (pers. obs., Fig. 16B). They are especially
evident in Neobatrachus pictus (KU 69278), Philo-

ria frosti (KU 50699), Limnodynastes peroni (KU
93566), and Uperoleia rugosa (KU 109861), in
which the intervertebral discs are free (Fig. 15).
They are also evident in Adelotus brevis (KU
147213, KU 186773) and in Mixophyes fasciolatus
(KU 56627, KU 147227), in which, additionally,
the discs are attached to the posterior ends of the
vertebral centra.

There is not much information about the emer-
gence of the ball and socket articulation between
consecutive centra. In their classical histological
work, Mookerjee and Das (1939) described that
the chondrified perichordal tube of the interverte-
bral portion is split into a condyle and socket by a
strand of migratory connective tissue cells. Sedra
and Moursi (1958), however, did not confirm this
mechanism; instead, they described that the joint
arises by direct division of the tissue into two
parts without the migration of any connective tis-
sue strand. Nonetheless, neither of these patterns
seems to be present in the hylid Acris crepitans, in
which Pugener and Maglia (2009) did not find evi-
dence of intervertebral cartilages and the develop-
ing centra are procoelous when they first form.
These authors suggested that either the interver-
tebral cartilage fuses to the centrum early in
development or the intervertebral cartilage is
absent and the articular condyle is generated from
the centrum. This pattern recalls that of Pelodytes
punctatus as described by Talavera (1990), in
which from Stage 43 onward, the vertebral centra
are ossified and slightly concave at their anterior
ends and slightly convex at their posterior ends
(no ossification centers observed at the condyle);
by the end of the metamorphosis the specimens
have clear procoelous vertebrae. Apparently, the
same pattern takes place in the pipid Xenopus
muelleri; at Nieuwkoop and Faber Stage 58, the
centra (particularly PVs III-V) have slightly con-
vex anterior margins, whereas the posterior mar-
gins are concave (Pugener, 2002).

Unfortunately, we were unable to assess if free
intervertebral discs occur in the development of
the axial skeleton of C. gayi owing to the lack of
appropriate developmental stages, and there is no
information on the condition in Telmatobufo. Fur-
thermore, the hyperossification of these two taxa
results in adult centra for which it is impossible to
infer whether intervertebral discs have been pres-
ent. Despite this drawback, the presence of dry,
ring-shaped, isolated cartilages between the verte-
bral centra in a dry skeleton of a young juvenile of
C. gayi (MACN 45751) suggests that the presence
of free intervertebral discs is plausible.

Free intervertebral discs have been described
during the development in many anomocoelans. In
the megophryids Leptolalax pelodytoides at Stage
45 and L. (as Megophrys) lateralis at Stage 46
these elements are present in cartilage (Handri-
gan and Wassersug, 2007). In the scaphiopodid

Fig. 16. Axial skeleton. (A) Limnodynastes peroni (KU 93566)
and (B, C) Neobatrachus pictus (KU 69278). Abbreviation:
PV 5 Presacral Vertebra. Note the constriction (*) on the cen-
trum of Presacral Vertebra VIII, which indicates the place where
the ventromedial and dorsal ossification centers fuse to form the
perichordal ring. The presence of intervertebral discs is evident
in both taxa.
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Spea intermontana (as Scaphiopus intermonta-
nus), ossification of the free cartilaginous interver-
tebral discs begins at Stage 46 from as many as
four different centers that eventually fuse to form
the complete subespherical bony intervertebral
disc (Hall and Larsen, 1998). In S. bombifrons, the
spherical intervertebral discs chondrify and are
visible between biconcave centra after metamor-
phosis, but their ossification occurs in young
adults and remnants of the notochord persist in
their centers (Wiens, 1989). In the aforementioned
species of Spea, discs do not fuse to the centra,
although they may adhere to either of the adjacent
centra (Wiens, 1989; Hall and Larsen, 1998).
According to Talavera (1990), young adult Sca-
phiopus couchii have free intervertebral discs. The
pelobatid Pelobates cultripes has intervertebral
discs that ossify from two ossification centers. The
ossified discs remain free in subadults, but they
fuse to the posterior end of the adjacent vertebra
in the year following metamorphosis; no sutures
remain in the adult (Talavera, 1990). Again, the
lack of developmental data for Myobatrachoidea
precludes us from knowing the pattern of ossifica-
tion of the intervertebral discs in this group. Yet,
in some of the specimens examined (Philoria frosti
KU 50699, Uperoleia rugosa KU 109861, and Lim-
nodynastes peroni KU 93566; Fig. 15A), the inter-
vertebral discs appear to consist of two
mineralized elements; whether this was an artifact
of the stained specimens or the standard condition
of the discs can not be determined but demands
additional (e.g., histological) analyses.

The basal neobatrachian Heleophryne was con-
sidered as having amphicoelous vertebral centra
(Heyer and Liem, 1976) whereas Lynch (1971:103–
104) described “. . .a paedomorphic condition in
which the tissue of the intervertebral body is not
divided by invading arc of connective tissue”; he
cited Griffiths (1959) as indicating that a similar
condition occurs in the sooglosids Nesomantis and
Sooglosus. However, the examination of an adult
specimen of Hadromophryne natalensis (KU
195926) has revealed the presence of ossified inter-
vertebral discs (pers. obs.).

Within Neobatrachia, the bufonid Pedostibes
hosii was described as having procoelous centra
formed by the fusion of the ossified intervertebral
discs to the posterior ends of the centra (Pugener,
2002). In contrast, Sedra and Moursi (1958)
described the presence of intervertebral cartilages
in Amietophrynus (as Bufo) regularis that split
into condyle and cotyle and fuse to the successive
centra before any ossification in the intervertebral
region occurs. Unfortunately, not much informa-
tion is available for the neobatrachian clade, but
when plotting the character on the anuran tree,
we see that the free intervertebral discs might be
a plesiomorphic condition for Neobatrachia. Addi-

tional observations of this trait in different devel-
opmental stages in neobatrachians appear crucial.

In anurans, the fusion of the independent chon-
drifications of coracoid, procoracoid, and scapular-
suprascapular complex (the latter formed by two
chondrifications) during early developmental
stages results in the formation of each half of the
pectoral girdle as a continuous cartilaginous struc-
ture, according to Baleeva (2001) and Havelkov�a
and Roček (2006). The epicoracoid cartilage devel-
ops from the chondrification of a mesenchymatous
mass that links the procoracoid and the coracoid
cartilages. The epicoracoid could grow either from
any of the latter two or from both of them, depend-
ing on which of the cartilages develop first and on
a differential distribution of the aforementioned
mesenchymatous mass (Baleeva, 2009). In the ear-
liest stage of C. gayi examined (Stage 34) there is
a continuous cartilaginous structure in which
coracoid, procoracoid, scapular, and suprascapular
cartilages can be identified; the number of chon-
drification centers that gave rise to the girdle
could not be determined. However, it was possible
to observe the subsequent formation of the epi-
coracoid cartilage, which seems to develop from
the procoracoid cartilage.

The adult carpus of C. gayi, composed of seven
elements, originates from at least 12 cartilaginous
anlage: two anlage each for the radiale, the
ulnare, and the Element Y, three anlage to form
the DC 4 1 5, and one for each of DC 3, DC 2, and
the proximal element of the prepollex (pp1). At
Stage 38, the adult formula is established and cor-
responds to the Type B of the 10 adult carpal mor-
phologies described by Fabrezi (1992). C. gayi
shares this carpal type with the australobatra-
chian Telmatobufo venustus, Crinia signifera, and
Taudactylus diurnus, along with the pelodytid
Pelodytes punctatus, among the large set of neoba-
trachian and non-neobatrachian taxa examined by
Fabrezi (1992). She also reported this morphology
in other neobatrachian taxa, such as Arthrolepti-
dae (Hyperoliinae and Astylosterninae) and Soo-
glossidae (cited in Fabrezi, 1992). Fabrezi (op. cit.)
provided a detailed description of the development
of the carpal elements on several anuran species,
among which she included Telmatobufo venustus,
making the comparison with C. gayi possible. The
origin of the carpal elements is the same in the
latter two species. The most important shared
character is the presence of a third cartilaginous
nucleus (labeled with a “?” by Fabrezi) that is lat-
eral to the large DC 5 and involved in the forma-
tion of the DC 4 1 5; this feature has been
described only in T. venustus and C. gayi. In the
other species examined, a compound DC 4 1 5
originates by the fusion of only two chondral ele-
ments, DC 4 and DC 5 (Fabrezi, 1992; Fabrezi and
Alberch, 1996; Fabrezi and Barg, 2001). The condi-
tion of DC 4 1 5 of some specimens of
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Myobatrachoidea available to us (e.g., Uperoleia
rugosa, U. fusca, U. russelli, Pseudophryne semi-
marmorata, Crinia signifera, and Myxophyes fas-
ciolatus) suggests that a third element might be
involved in the formation of DC 4 1 5 at least in
some taxa. C. gayi differs from T. venustus in the
number of independent chondral nuclei involved
in the formation of the Element Y. In T. venustus,
three elements located in different spacial planes
are visible, whereas only two occur in the earliest
stage of C. gayi examined. Given that three carti-
laginous condensations form Element Y in many
neobatrachian anurans (Fabrezi and Barg 2001),
we think probable that C. gayi might possess three
condensations in an earlier developmental stage
than was available to us. Carpal elements DC 2,
DC 3, and pp1 originate from a single chondrifica-
tion center in T. venustus and in C. gayi, as
described for other anuran species (Fabrezi and
Alberch, 1996; Fabrezi and Barg, 2001). The adult
carpal morphologies of C. gayi and T. venustus are
identical and result from a similar developmental
pattern. This is important because identical adult
carpal morphologies can be produced by different
developmental pathways (Fabrezi, 1992; Fabrezi
and Barg, 2001).

The anuran pelvic girdle differs from those of
other tetrapods by having anteriorly projecting
elongate ilial shafts that terminate ventral to the
sacral diapophyses. Few studies have addressed
the early development of this structure in anu-
rans. In his classic work, Green (1931) studied his-
tological sections of a complete developmental
series of Rana temporaria and concluded that the
puboischiadic and iliac portions of each half of the
girdle arise from two different cartilaginous cen-
ters. According to Green, each ilium originates at
the ilial shaft region, grows backward, and merges
with the corresponding puboischiadic portion at
the level of the posterior notch; this notch has
been interpreted as the evidence of the inferred
fusion. The presence of two cartilaginous anlage
for each half of the pelvic girdle was confirmed by
Ročkov�a and Roček (2005), who considered the
development of the pelvic girdle in various anuran
species (Xenopus laevis, Discoglossus pictus,
Bombina variegata, B. bombina, Pelobates fuscus,
Bufo bufo, and Rana dalmatina). Recently, a
detailed histological work by Pomikal et al. (2011)
demonstrated the origin of the pelvic girdle from a
single precartilaginous plate from which both
puboischiadic and iliac portions arise. The latter
authors indicated that there are no evident signs
of tripartition; however, they did not specify the
number of chondrification centers that condense
within the procartilaginous plate. Our observa-
tions of the developmental series of C. gayi sup-
port the origin of a single cartilaginous plate on
each side of the vertebral axis from which the pel-
vic girdle arises, contrary to Green (1931) and

Ročkov�a and Roček (2005). The semicircular mor-
phology of the pelvic plate from which the ilial
shaft subsequently develops and the presence of a
posterior notch before the development of the ilial
shaft argue against the findings of the referred
studies. The ossification of the ventral portion of
the puboisquiadic plate of C. gayi, which occurs in
old individuals, is produced by the expansion of
the ischium and ilium over the cartilage and not
by an independent center of ossification.

The transitional existence of a DT 4 imbedded
in the mediodistal cartilaginous end of the fibulare
is an interesting feature of C. gayi. DT 4 can be
identified in the earliest ontogenetic stages of the
series (i.e., Stages 34–36), but it is not visible as a
distinct chondrification thereafter; instead, it is
indistinguishable from the cartilaginous end of the
fibulare. This chondrification has been reported for
A. truei, which has DTs 1–5 in Stage 39; by Stage
42, DTs 4 and 5 are fused to the distal end of the
fibulare (Fabrezi, 1993).

In the course of this study, it became evident
that the lack of osteological and developmental
information on Australobatrachian prevents mean-
ingful comparisons and interpretation of results. In
addition, it was also manifest the enormous osteo-
logical diversity of this clade that radiated mainly
in the Australian continent, although the paleonto-
logical evidence (e.g., Muzzopappa and B�aez 2009)
indicates an ancient and putative Gondwanan ori-
gin. We hope that the information provided here
will seed future research on the evolution of this
interesting, but enigmatic anuran lineage.
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