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Abstract. Osteological and skeletal characters have long been proven to be particu-
larly informative in taxonomic and systematic research. Furthermore, ossification
sequences are assumed to be a potential tool to investigate developmental states and
developmental modes of fossil and extant skeletal specimens. Herein, we provide a
detailed account on adult osteology and skeletogenesis in the Montevideo treefrog,
Hypsiboas pulchellus (Anura: Hylidae) based on evaluation of a series of cleared and
stained specimens. A consensus sequence of ossification, i.e., the order of appear-
ance of mineralized elements until early metamorphosis could be determined as
(parasphenoid, presacral vertebrae I-VII, frontoparietal, exoccipital) — transverse
processes of presacral vertebrae I-VIII - sacral vertebra — (humerus, radioulna, ili-
um, femur, tibiofibula, scapula) - (cleithrum, clavicle, coracoids, metacarpals, tar-
sals, metatarsals, phalanges, hypochord) - (prootic, angulosplenial, dentary, maxilla,
premaxilla, squamosal). Comparing the state of mineralized elements in individual
specimens, a number of skeletal elements, including the exoccipital, frontoparietal,
parasphenoid and prootic, as well as elements of the shoulder and pelvic girdles,
and the phalanges, were found to vary intraspecifically regarding the relative time of
their ossification within the ossification sequence.
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INTRODUCTION

Studies of osteology and skeletal development in anuran amphibians have a long lega-
cy in biological research; the relative ease of access to embryos and a stunning diversity of
life histories render anurans to be particularly suitable targets for comparative studies in
skeletal and skeletogenic evolution. In particular, understanding the evolution of skeletal
repatterning in metamorphosing species is a subject worth of investigation (e.g., Duellman
and Trueb, 1994; Gurdon and Hopwood, 2000; Callery, 2006; Crump, 2009).

Detailed descriptions of anuran skeletons are available from a wide range of taxa, both
extinct and extant. Summaries of osteological patterns and interpretations of taxonomic
distributions of osteological characters can be found in Trueb (1973, 1993), Baez (2000),
Rage and Rocek (2000), Rocek (2000, 2003), Clarke (2007); examples of in-depth descrip-
tions and discussions of anuran chondrocrania in Gaupp (1896), Ramaswami (1944), van
Eeden (1951), de S4 and Trueb (1991), Haas (1995), de Sa and Hill (1998), Larson and de
Sa (1998), Swart and de Sa (1999), Larson (2002), and Larson et al. (2003). Particularly,
the cranial development of frogs has been discussed in connection with a variety of topics,
including conceptual issues such as head segmentation (Vogt, 1842; Stohr, 1881) and life
history evolution including traits and topics such as direct development, metamorphosis,
or miniaturization (e.g., Trueb and Alberch, 1985; Hanken et al., 1992; Rose and Reiss,
1993; Yeh, 2002; Maglia et al., 2007; Kerney et al., 2007, 2010).

In the context of vertebrate skeletogenesis, special focus has been given to the evolu-
tion of ossification sequences, i.e., accounts on the relative order in which bones ossify in
a given taxon. Heterochronies within ossification sequences have been shown to be poten-
tially informative about life history traits (Weisbecker et al., 2008). Furthermore, ossifica-
tion sequences could enlighten the life histories of fossil embryonic specimens using an
extant phylogenetic bracket (e.g., Balanoff and Rowe, 2007). Great effort has been put into
establishing ossification sequences in a considerable variety of species from a wide range
of vertebrate taxa. Tools to analyze ossification sequences and temporal sequences of other
developmental events have been developed and applied in a variety of studies (e.g., Nunn
and Smith 1998; Richardson et al., 2001; Jeffery et al. 2002a, b, 2005; Koenemann and
Schram, 2002; Poe and Wake, 2004; Schulmeister and Wheeler, 2004; Harrison and Lars-
son, 2008; Germain and Laurin, 2009). From several taxa however, increasing evidence
has been accumulated that intraspecific variation in ossification sequences might be con-
siderable and that ossification sequences potentially evolve relatively quickly (Hanken
and Hall, 1984; Dunlap and Sanchiz, 1996; Mabee and Trendler, 1996; Mabee et al., 2000;
Bininda-Emonds et al., 2003; Moore and Townsend, Jr., 2003; Sheil and Greenbaum,
2005; Maxwell, 2008; Weisbecker and Mitgutsch, 2010; Mitgutsch et al., 2011). As a con-
sequence, while ossification data are available from a broad taxonomic range, the scarce
availability of taxonomically densely sampled datasets makes closer investigations of such
sets highly desirable.

De S4 and Trueb (1991) stated that for no more than 0.6% of all described anu-
ran species ossification sequences have been reported. Since then, several ossification
sequences for neobatrachians in general and for hylids in particular have been published,
but many more new anuran species have also been described. Sheil and Alamillo (2005)
emphasized that very few osteological or developmental descriptions of hylids exist, giv-
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en the total number of hylid species described (almost 900). Besides, some of the studies
in which ossification sequences were reported, do not provide information on postcrani-
al ossification although a number of studies did cover descriptions of whole ossification
sequence (De Sa, 1988; Haas, 1996; Maglia and Pugener, 1998; Pugener and Maglia, 1997;
Dunlap and Sanchiz, 1996; Wiens 1989; Haas, 1999; Wild, 1999; Sheil and Alamillo, 2005;
Trueb et al., 2000). Within hylids, either cranial or postcranial ossification sequences are
available for a number of species, namely Hypsiboas lanciformis (de Sa 1988), Pseudacris
triseriata (Stokely and List 1954), P. regilla (Gaudin 1973), Phyllomedusa vaillanti (Sheil
and Alamillo 2005) Smilisca baudinii, Triprion petasatus, and Osteopilus septentrionalis
(Trueb 1970); for a summarized comparison of the cranial ossification patterns in these
species see Weisbecker and Mitgutsch (2010).

In the present study, we describe the development and the adult osteology of both the
cranial and postcranial skeleton of a hylid frog species, the Montevideo treefrog, Hypsi-
boas pulchellus. Furthermore, we provide information about intraspecific variation in the
relative order of the onset of ossification in individual skeletal elements.

MATERIALS AND METHODS

Specimens of Hypsiboas pulchellus (Duméril and Bibron, 1841) were collected from the wild
near La Plata, Argentina. The animals were anesthetized and fixed in 4% buffered formaldehyde.
After fixation, the frogs were cleared and double stained for the visualization of mineralized bone
and cartilage with alcian blue and alizarin red following standard laboratory protocols (Dingerkus
and Uhler, 1977). Prior to documentation, selected specimens were partially dissected to allow for
visualization of individual parts of their skeletons.

To study intraspecific variation in ossification orders, ontogenetic states-tables were filed as
suggested by Mitgutsch et al. (2011). The numbers of specimens sharing one ontogenetic state are
shown in Fig. 8. Skeletal specimens examined were: one adult male specimen, one freshly metamor-
phosized froglet and 32 tadpoles of Gosner-stages (GS; Gosner, 1960) GS43/44 (2 individuals), GS42
(3), GS41 (5), GS39/40 (4), GS 37 (1), GS36 (3), GS35 (2), GS34 (3), GS33 (2), GS31 (2), and GS30
and younger (5).

Anatomical nomenclature herein is largely on the basis of Haas (1999) and Sheil and Alamillo
(2005); for further discussions see Trueb (1973) and Rocek (2003).

RESULTS

Adult osteology

Cranium (Fig. 1A-D)

The septomaxillae are paired bones located dorsally to the vomers, within the nasal
capsules and embedded in the nasal cartilages. They are situated posterolateral to the alary
cartilages. Each septomaxilla has three processes: anterolateral, dorsomedial and posterior.
The dorsomedial and the posterior processes are longer than the anterolateral process. The
septomaxillae are medially separated.
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The nasals are paired bones, have a cres-
cent shape, lying in an oblique position. They are
separated medially; the septum nasi is not cov-
ered by them. The posterior margin of each nasal
invests (or overlaps) the anterior margin of the
sphenethmoid. The maxillar process is large, artic-
ulating with the pars facialis of the maxilla. They
do not have a rostral process; they are not in con-
tact with the premaxilla.

The frontoparietals are paired and narrow
bones separated by a large gap. Their medial bor-
ders are concave, the lateral borders convex. The
anterior ends overlap with the dorsolateral and the
posterior edge of the sphenethmoid. Posterolateral-
ly, each bone invests both the epiotic eminence (=
eminentia epiotica) of the prootic and the anterior
end of the exoccipital bone.

The parasphenoid is a flat, in ventral view
T-shaped appearing bone, the long bar pointing
anteriorly. The cultriform process is pointed at the
anterior end, wide in the middle and constricted
posteriorly. The parasphenoid alae are distally trun-
cated, slightly inclined, extending posterolaterally to
invest the lateral border of the otic capsules (prootic
and exoccipital). The posteromedial process reaches
the ventral margin of the foramen magnum.

The vomers are paired and dentigerous (six
teeth). They are medially articulated to each other
and are posteriorly either articulated or fused to
the proximal end of the palatine bones; the vomers
are not articulated to the pars facialis of the max-
illa. The vomers have four processes: the odonto-
phore (dentigerous process) is slightly inclined and
posterior to the palatine. The pre- and postchoanal
processes are very short, placed anterior and poste-

Fig. 1. Skeletal elements of the adult cranium. A) Dorsal, B)
lateral, C) dorsal view; D) ventral view on jaw and maxilla.
Abbreviations: asp, angulosplenial; cpr, coronoid processus;
den, dentary; ee, epiotic eminence; exo, exoccipital; fp, fron-
toparietal; fpf, frontoparietal fenestrum; mm, mentomeck-
elian; mx, maxilla; nas, nasal; npal, neopalatine; papm, pars
alaris premaxillaris; pfpm, pars facialis premaxillaris; pmx,
premaxilla; pr, prootic; ps, parasphenoid; pt, pterygoid; qj,
quadratojugal; sph, sphenetmoid; sq, squamosal; ts, tectum
synoticum; v, vomer. Scale 1 mm.
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rior to the odontophorous process. The vomers have a free and truncated anterior proces-
sus. Posteriorly, the vomers are fused to the anterior border of the sphenethmoid.

The premaxillae are upside down T-shaped, paired bones consisting of three parts:
pars alaris, p. palatina, and p. dentalis. The pars alaris projects posterodorsally; the dorsal
ends of the partes alares have a notch. The pars dentalis is the base of the “T” bearing the
teeth. The partes dentales are separated by a narrow space between them. In our largest
specimen we found 15 teeth in each of the partes dentales. The posterolateral element of
the pars dentalis (or pars facialis sensu Sheil et al., 2005) slightly overlaps with the antero-
lateral end of the pars facialis of the maxilla. Each pars palatina bears triangular, promi-
nent posteromedial processes, slightly widened posterolaterally. These processes contrib-
ute to the articulation of the premaxillae along the medial borders of its posteriomedial
process. The pars palatina is as long as the pars dentalis. The posterior (distal) end is in
contact with the pars palatina of the maxilla and is slightly widened. The medial part is
concave, the proximal ones triangular. The premaxillar pars palatina is not articulated to
the pars palatina of the maxilla.

The maxillae are composed of three parts: facialis, palatina, and dentalis. The pars
dentalis of each maxilla bears nearly 60 teeth in our largest specimen. The anterior end
of the pars dentalis overlaps the posterior end of the pars dentalis of the premaxilla. The
maxilla extends posteriorly, overlapping laterally the first third of the quadratojugal. The
pars facialis is much higher than the pars dentalis in the preorbital region, diminishing
in height towards the orbital region. The pars facialis projects onto the planum antorbi-
tale and articulates with the maxillary processes of the nasals. The pars palatina does not
articulate with the pars palatina of the premaxilla.

Suspensorium

The squamosals are well ossified and triradiate: the pars zygomatica has a mediolater-
ally flat anterior end; pars otica has an otic plate, and the ventral (pterygoid) ramus that
invests in both the external part of the quadratojugal and the distal end of the posterior
arm of the pterygoid bone. The pars pterygoidea supports the tympanic annulus, and its
proximal end is wider than the distal end. The posterior border of the proximal end is
concave, while the distal end is flat; its maxillar slope is about 45°. The pars otica is short
and wide and unornamented, bearing an otic plate which overlaps the crista parotica. The
zygomatic ramus is twice as long as the otic ramus, without including the otic plate.

The pterygoid is well ossified and edentate. It has three rami arranged in a Y-shape:
the anterior ramus articulates to the dorsal surface of the pars palatine of the maxilla at
the level of the orbit, and just to the proximal end of the maxilla. The medial ramus artic-
ulates with the ventrolateral margin of the prootic-exoccipital. The posterior ramus invests
the point of articulation of the ventral arm of the squamosal, the quadratojugal and the
articular process of the angulosplenial. This ramus runs parallel and very close to the ven-
tral ramus of the squamosal.

The quadratojugals are short bones that are positioned posterior to the maxillae. The
anterior portion of the quadratojugal invests the posterior and external surface of the
maxilla; it articulates with the pars articularis of the angulosplenial and with the inner
surface of the distal end of the pterygoid branch ventral to the squamosal. The anterior
and dorsal end is dagger-shaped, whereas the posteroventral end forms a cup-like base.
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The articular region of the palatoquadrate is ossified forming the quadrate bone and fused
to the quadratojugal.

The mandibles are comprised of the mentomeckelian, dentary, and angulosplenial
bones. They are well ossified and edentate. The mentomeckelian bones are located in the
anterior part of the mandible and separated from their antimere by a symphyseal space.
They are fused to the dentaries. Each dentary invests laterally and externally more than
one half of both the angulosplenial bone and the Meckel s cartilage. It forms the ante-
rior half of the mandibular arch (half the length of the mandible) with a pointed poste-
rior end. The angulosplenials extend from the posterior end of the dentaries, to its artic-
ulation with the quadratojugal by the articular process. In the prearticular region, the
angulosplenial bears a medial and posterior well-developed dorsomedial coronoid pro-
cess. Meckel s cartilage is found between the dentary and the angulosplenial, extending
from the distal end of the mentomeckelian bones and to four-fifths the length of the
angulosplenial.

The prootics and exoccipitals are fused synostotically. The exoccipitals form the poste-
rior end of the neurocranium; they are also a part of the dorsal surface of the skull joining
the frontoparietals, and most of the margin of the foramen magnum. They form the ossi-
fied and rounded exoccipital condyles too. The anterior margin of the exoccipital is part
of the posterior part of the parietal fenestrum. The prootics are partially invested by the
posterior end of the frontoparietals. The crista parotica is in contact with the otic plate of
the squamosal; it bears posterolateral processes with cartilaginous terminal ends.

The palatines (for discussion on nomenclature see de Sa and Trueb, 1991; Trueb,
1993) are medially articulated to the vomers and to the sphenethmoid. The palatines have
a distal double articulation to the maxilla: with the pars facialis and with the anterior end
of the pars palatina, but do not articulate with the distal end of the anterior ramus of the
pterygoid bone. It invests ventrally and posteriorly the cartilaginous planum antorbitale.

The sphenethmoid is an unpaired bone that forms the anterior part of the brain-
case. It is visible from dorsal between the frontoparietals and nasals, and from ventral
between the vomers and the parasphenoid bone. The dorsal and posterolateral margins of
the sphenethmoid are partly covered by the frontoparietals. The nasals overlap the ante-
rior borders of the sphenethmoid. Ventrally, the sphenethmoid is a short bone extending
over the anterior one third of the skull floor. Ventrally and posteriorly, the sphenethmoid
reaches the anterior end of the cultriform process of the parasphenoid; the anterior border
of the sphenethmoid is dorsal to the dentigerous processes of the vomers.

The annulus tympanicus of the plectral (auditory) apparatus (Fig. 2) is dorsally
incomplete. The partes media et interna plectri are ossified, and fused synostotically to
each other; the pars externa plectri is cartilaginous, distally enlarged, and approximately
two thirds of the length of the stapes (partes interna and media plectri). The pars externa
plectri has an angle of nearly 45° to the pars media plectri.

The central corpus (=hyoid plate) of the hyobranchial skeleton (Fig. 3) is partial-
ly ossified. The width of the hyoid plate is about three times the anteroposterior length.
The U-shaped hyoglossal sinus is deep and wide. The cartilaginous hyalia (=hyales sensu
Maglia et al., 2007) extend posterolaterally and recurve to articulate with the otic capsule.
There are no anterolateral processes. The posterolateral processes are very short compared
to the posteromedial processes, with pointed posterior ends. The posteromedial process-
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Fig. 2. Auditory apparatus, abbreviations: op, operculum; pep, pars externa plectra; pip, pars interna plec-
tra; pmp, pars media plectra; tmp, tympanic. Scale Imm; blue: cartilage, red: mineralized bone.

Fig. 3. Hyobranchial apparatus
(male). Abbreviations: ¢, corpus
(hyoid plate); hy, hyoid; plpr, poste-
rolateral processus; pmpr, posterio-
medial processus. Scale Imm; blue:
cartilage, red: mineralized bone.

es are well ossified, with their distal and proximal ends
dilated, approximately equal in width. The proximal ends
are clearly separated by the posterior border of the hyoid
plate. A parahyoid bone is absent. The laryngeal appara-
tus occupies most of the space between the posterome-
dial processes of the hyoid apparatus. The arytenoid car-
tilages are hemispherical, medially separated, with medi-
oventral faces concave and separated. The cricoid rings
are triangular, and bear bronchial processes that extend
posteroventrally from the anterolateral margins of this
ring. Their distal ends are not curved medially.

Postcranium

The vertebral column comprises eight procoelous
presacral vertebrae, a sacrum and the urostyle. The uro-
style forms a bicondylar articulation with the sacrum.
Vertebrae are not fused, neural spines are minute, and
presacral vertebra VIII is not fused to the sacrum. The

presacral vertebra I is type I (Lynch, 1971), having widely separated atlantal cotyles (Fig. 4).
The relative lengths of the transverse processes of the presacral vertebrae are: sacral diapo-
physes > III > IV > VIII > II 2 V > VI = VIL The transverse processes of presacral verte-
brae II, VII, and VIII are oriented anteriorly, whereas those of vertebrae III, IV, and V are
oriented posteriorly, and those of vertebra VI are perpendicular to the axis of the verte-
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bral column. The sacral diapophyses are broadly expand-
ed and oriented laterally from the midline of the body.
The transverse processes of vertebra II are more robust
than those of other vertebrae. Their lateral margins are

trpr expanded and slightly cartilaginous. The urostyle is
rounded with a spinal process (urostyle crista); its sacral
articulation is bicondylar. The neural spine of the axis is
projected over the posterior border of the atlas.

The pectoral girdle (Fig. 5) is arciferal. The epi-
coracoids are ossified and broadly overlapping. The epi-
coracoids are connected to each other at the epicoracoid
bridge, at the base of the omosternum. The procoracoid
is ossified; it is continuous with the epicoracoid, border-
ing distally about one third of the posterior edge of the
clavicles. The omosternum has two elements: the distal

—— element, cartilaginous and expanded, and the proximal
Fig. 4. Adult vertebrae, dorsal view;  ©1€ (stylet), calcified and laterally cartilaginous. The
trpr, transversal processus. Scale 1 Sternum consists of one element; proximally, it is slight-
mm. ly calcified, distally it is cartilaginous and notched. The
pectoral fenestrum is ovoid and long. The clavicles are
ossified, deeply concave anteriorly and separated medi-
ally by the epicoracoid bridge. Distally close to the articulation with the pars acromialis
(lateral end), they are much more expanded than at the proximal end. The clavicles are
also articulated with the coracoids. The anterior and posterior margins of the coracoids
are concave. The sternal (proximal) ends of the coracoids are wider than the glenoid
(proximal) ends. The coracoids do not articulate with the sternum, but with the epicora-
coid. The scapulae are well ossified, expanded at the ends and proximally bicapitate: their
partes acromiales articulate with the clavicles, and their partes glenoidales articulate with
both the coracoids and the clavicles. The scapula is nearly as long as the clavicle. The ante-
rior margin is concave, as the proximal posterior margin, and two thirds of the distal pos-
terior margin is convex. The distal end of the scapula articulates with the ossified supras-
capula which is distally expanded and exhibits anteriorly a hooked process (processus
suprascapularis, Fig. 5C). The posterior border of the suprascapula is weakly ossified. The
cleithrum is well ossified, occupying nearly one third of the suprascapula. At the anterior
and medial borders there is a curved process which is mostly cartilaginous but mineral-
ized at the base.

The forelimb has proximally a well ossified humerus with a prominent crista ventra-
lis (=deltoid crest sensu Trueb and Baez, 2006), extending over nearly the proximal two
thirds of the shaft of the humerus. The proximal (glenoid) and distal (olecranon sensu Sheil
and Alamillo, 2005; eminentia capita sensu Gaupp, 1896) heads are well ossified. Distally
the humerus bears a short and prominent crista lateralis which extends over the distal one
fourth of the anterodorsal border of the shaft of the humerus. The radioulna (for discus-
sion of the nomenclature see Maglia and Pugener, 1998; Maglia et al., 2007) is well ossi-
fied. Although radius and ulna are fused at the midline, a distinct and incomplete sulcus
intermedius (sensu Sheil and Alamillo, 2005; groove sensu Maglia and Pugener, 1998) is
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present. The sulcus is deeper at the distal
half than at the proximal half. The radi-
oulna is about three-fourth of the length
of the humerus. It has a well-developed
olecranon (=ulnar) process articulat-
ing with the distal head of the humerus.
The manus (Fig. 6A) has six ossified
carpal elements: ulnare, radiale, distal
carpal 5-4-3, distal carpal 2, element Y
and proximal prepollex. The relative size
of the carpal elements is: carpal 5-4-3 >
ulnare > radiale > element Y > carpal 2
> proximal prepollex. The distal carpal
5-4-3 is articulated with all carpal ele-
ments, except the proximal prepollex,
and it is articulated also to the proxi-
mal head of the metacarpals III, IV, and
V. The prepollex has two elements, the
proximal element being shorter than the
distal, claw-shaped one. Both are com-
pletely ossified. The relative lengths of
the metacarpals are IV > III > V > IL
The relative lengths of the digits are IV >
V > III > II, and the phalangeal formula
is 2-2-3-3. Small, flat, and slightly calci-
fied intercalary elements are articulated
between the overlapping ventral and
distal end of the penultimate phalange,
and the dorsal and proximal end of the
ultimate phalange. The distal phalan-
ges are bottle-shaped. The proximal and
distal ends, except those of the ultimate
phalanges, are covered by calcified and
fibrous tissue. No sesamoid elements
were observed.

The elements of the pelvic girdle
(Fig. 7) are ossified, except the slightly

Fig. 5. (A) Ventral and (B) lateral view of
the pectoral girdle skeleton, (C) dorsal view
suprascapula. Abbreviations: cla, clavicle; clt,
cleithrum; crc, coracoid; epc, epicoracoid; epcb,
epicoracoid bridge; hum, humerus; omo, omo-

sternum; pac, pars acromialis; prsu, suprascapular process; scp, scapula; sscp, suprascapula. Scale 1mm;
blue: cartilage, red: mineralized bone; epc, crc depicted partly “semintransparent” to demonstrate the out-

line of both elements.
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Fig. 6. (A) Right hand in dorsal view, (B) left foot in dorsal (top) and ventral (bottom) view, not to scale.
Abbreviations: ¢, carpals; dpp, distal prepollex; dp1, distal prehallux 1; dp2, distal prehallux 2; fib, fibulare;
mp, manual phalanges; pp, prepollex; pph, pedal phalanges, 1, radius; ra, radiale; t, tarsals; tib, tibiale; u,

ulna; ul, ulnare; y, element Y.

Fig. 7. Pelvic skeleton, abbreviations: sd,
sacral diapophysis; ur, urostyle. Scale 1 mm.

cartilaginous medial symphysis between each
pubis. The ilia do not have ilial crests. Posteriorly,
the ilia have a dorsal protuberance (=ilial protu-
berance sensu Maglia et al., 2007). The internal
margins of the ilia are V-shaped in dorsal view.
Medially the three elements are fused. The ischia
are fused with the pubes. The anterior end is
articulated with the lateroventral surface of the
corresponding sacral diapophysis. The articula-
tion extends over nearly one third of the length
of the ilial shaft. The ischium bears an interischi-
adic crest which is located posterodorsal to the
acetabular area, well developed and posteriorly
flattened. The demarcation between the ischia
and the pubes, and the pubes and the ilia are
clearly visible. The articulation between the ilia
and the ischia is also clearly differentiated. The
articulation of the ilia and the sacral diapophyses
is articulation type I (Emerson, 1979).

The femur of the hindlimb is well ossified;
the ventral and the posterior borders have a
femoral crest along the posterior to the proxi-
mal end. This crest runs along one-seventh of
the length of the femur. Proximally, the femur is
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slightly curved anteriorly. The tibiofibula is approximately equal in length to the femur.
It is compressed and narrowed at the midshaft; the distal and proximal ends are equal in
size, with grooves just proximally and distally.

The tibiale and fibulare of the pes (Fig. 6B) are nearly equal in length, and are fused
distally and proximally. They are almost two-thirds as long as the tibiofibula. The rela-
tive sizes of the tarsal elements are: Y > 3 = 4 > 2. The fibulare articulates directly with
metatarsals III, IV, and V. The tarsal 2 articulates with the metatarsal I, and the tarsal 3-4
articulates with the metatarsals II and III. The element Y is ventral to the tarsal 1, and
is articulated to the tibiale. The prehallux has four elements: the prehallux and three dis-
tal prehallical elements. The prehallux is ossified; the three distal prehallical elements are
calcified and smaller than the prehallux. Relative lengths of the metatarsals are: IV > V >
III > II > I. The relative lengths of the digits are: IV > III = V > II > I. The phalangeal for-
mula (from digit I to V) is 2-2-3-4-3. The intercalary elements are small, slightly calcified,
between the ventral end of the penultimate phalange and the dorsal end of the distal phal-
ange. The distal phalange is bottle-shaped. No sesamoid elements could be demonstrated.

Larval osteology

The skeletal morphology of juvenile individuals is representatively described taking
into account several cleared and stained specimens. The onset of ossification of the indi-
vidual skeletal elements is shown in Fig. 8.

Cranium

In individuals at GS39/40 (Fig. 9), the cartilago labialis superior (sensu Haas, 1999);
suprarostral cartilage (sensu Maglia and Pugener, 1998) of the chondrocranium is a dis-
continuous plate divided in a central corpus (corpus rostrale) and a posterior and dorso-
laterally expanded ala (pars alaris Haas, 1999); the two parts are articulated. The supra-
rostral cartilages lack foramina but bear both notches on their ventral margins and small
posterior processes. Each ala is posteriorly enlarged, and is dorsolateral and ventrally
expanded. They are not fused but articulated to the cornu trabeculae. Each ala has three
processes, two of which are articulated to the cornu trabeculae and one with the corpores
suprarostrales. The dorsal posterior process (processus dorsalis) extends dorsad to the car-
tilage of Meckel. There are no fenestrations between corpus and ala. An adrostral cartilage
is absent. The admandibular cartilages are present on the anteroventral margin of Meck-
el’s cartilage. Meckel’s cartilages are L-shaped structures, each projecting anteromedially
and slightly dorsally to articulate with the infrarostral cartilage. Their proximal ends are
articulated with the partes alares and with the corpus suprarostralis. The angle of diver-
gence is nearly 25°. The cornua trabeculae form the planum ethmoidale; they are relatively
short (one fifth of the length of the chondrocranium), taking into account a subterminal
mouth, with a process for the joint of the ligamentum quadratoethmoidale. At the ante-
rior end they support the suprarostral cartilages, and articulate laterally with the partes
alares. Ventrally they are joined at the ethmoidal plate. The ethmoidal plate is formed at
the posterior end of the cornua trabeculae. There is an association between the tectum
nasi and the commissura quadratocranialis. The tectum nasi is formed by cartilage pos-
terior to the choanae, dorsal to the ethmoidal plate. The basis cranii (basal plate) forms
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Fig. 8. Ontogenetic states regarding the presence of
ossified skeletal elements in the postcranium (top)
and cranium (bottom) of Hypsiboas pulchellus. The
table heads show the skeletal elements that have
been found mineralized in at least one specimen
followed by the number of states in which the ele-
ments were found present in brackets. The table lists
all combinations (states) of mineralized bones that
have been observed in at least one specimen (gray:
mineralized element present, white: mineralized ele-
ment not present). The states are named with the
total number of mineralized elements, with an addi-
tional letter if different combinations were found for
the same number of elements and the number of
individuals in which the state was observed in brack-
ets. From left to right: bones found mineralized in
most individuals (presumably elements to mineral-
ize earliest) to bones found mineralized in the least
individuals. From top to bottom: states showing the
most mineralized elements (presumably exhibited by
the most advanced individuals) to states showing the
least numbers of mineralized elements.
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Fig. 9. (A) Dorsal view and (B) ventral view of a tadpole (GS39-40) chondrocranium, (C) hyobranchi-
al apparatus of a tadpole (GS39-40). Abbreviations: as, arcus subocularis; bbr, basibranchial; cb, cerato-
branchials; cli, cartilago labialis inferior; cls, cartilago labialis superior; cm, Meckel’s cartilage; cmqc, com-
missura quadratocranialis; cot, commissura terminalis; cs, corpus suprarostralis; ct, cornu trabeculae; con,
condylus articularis; hpqr, hyoquadrate processus; ns, nasal septum; of, optical foramen; ot, otic capsule;
pa, processus antorbitalis; pal, processus anterolateralis; palt, processus anterolateralis; pf, prootic foramen;
phb, planum hypobranchiale; pla, processus lateralis of certatobranchial; pmgq, processus muscularis quad-
rati; ppl, processus posterolateralis; ppo, processus posterioris of ceratohyal; pq, palatoquadrate; pqe, pro-
cessus quadratoetmoidalis; pre, pars reunion; ps, parasphenoid; sp, spiculae; tm, taenia tecti medialis; ts,
tectum synoticum. Scale Imm; blue: cartilage, red: mineralized bone.

the floor of the braincase. It has neither a basicranial fenestra nor craniopalatal foramina.
The otic capsules are ventrally perforated by a big fenestra ovalis, which is obscured by
the cartilaginous operculum. The posterolateral border of the basis cranii shows a pos-
terior process anterior to the otic capsule. The palatoquadrate is not articulated with the
anterior part of the basis cranii with its great ala. There are three connections to the neu-
rocranium: the commissura quadratocranialis anterior, the processus ascendens, and the
otic connection. It is articulated to the commissura quadratocranialis anterior. This part
of the palatoquadrate is the processus muscularis quadrati; the lateral side of the palato-
quadrate forms the arcus subocularis. Ventral to the processus muscularis quadrati, the
hyoquadrate process is located. The posterior end is articulated to the pila antotica by the
ascending process of the palatoquadrate. The latter articulates with the pila antotica and
with the ventral process of the tectum synoticum, anterior to the otic capsule. The pro-
cessus muscularis quadrati is articulated to the commissura quadratocranialis. The pala-
toquadrate curvature and the processus anterolateralis of the crista parotica are in contact.
At this stage, both the processus anterolateralis and the posterolateralis are elongated. The
cartilaginous hyobranchial skeleton bears the copula I and II (sensu Maglia and Pugener,
1998; Sheil and Alamillo, 2005; basihyal and basibranchial respectively sensu Haas, 1999),
the pars reuniens, the paired ceratohyalia, four pairs of ceratobranchials, and two hypo-
branchials plates (sensu Maglia and Ptgener, 1998; Sheil and Alamillo, 2005; planum
hypobranchiale sensu Haas, 1999). The ceratohyalia are the biggest cartilages in the hyo-
branchial apparatus. Each ceratohyal possesses an anterior process (=processus anterior
sensu Haas, 1999), and a well-developed anterolateral process (=processus anterolateralis
sensu Haas, 1999; hyoquadrate process sensu Maglia et al., 1998). This process is longer
than the processus anterioris. The processus lateralis points posterolaterally. The large pos-
terior process (=processus posterior sensu Haas, 1999) is nearly in central contact with
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the hypobranchial plate (=planum hypobranchiale sensu Haas, 1999). The pars reuniens is
poorly chondrified, interconnects the ceratohyalia (=ceratohyals), and is articulated with
the hypobranchial plates posteriorly. The hypobranchial plates are triangular, and articu-
late with each other along the medial margins; posterolaterally they articulate with the
ceratobranchials, but are continuous with ceratobranchial I. The ceratobranchialia articu-
late distally via the commissurae terminalis. The width of the ceratobranchials is irregu-
lar; the ceratobranchials III and IV are the widest, whereas ceratobranchials I and II are
the thinnest. Both ceratobranchials and each hypobranchial plate bear spiculae. Those in
the hypobranchial plate are located at the end of the fusion of the hypobranchial with the
ceratobranchial I.

Postcranium

In the youngest specimen investigated (GS 25), no postcranial skeletal elements could
be found. At GS 28-31, in the axial skeleton, cartilaginous primordia of vertebral centra
were present, anteriorly more advanced in development than posterior. Small rib primordia
laterally to the neural arches of vertebrae II and III were present at GS 33 specimens, in
which also sacral and postsacral vertebrae had begun to develop. At GS 34, traverse pro-
cesses of vertebrae II to IV were present, although less pronounced in vertebra IV. Ventral
ossifications in vertebrae I-IV could be observed in GS 36 specimens (hypoapophyses); a
cartilaginous primordium of the urostyle (or the postsacral vertebra) was also present at
this stage. Ossifications in the neural arches were found at GS 37, with the dorsal process-
es still cartilaginous, at the same time the transverse processes of vertebrae II-V were pre-
sent. A cartilaginous primordium of the sacral diapophysis was developed at GS 39-40. An
ossified hypochord and ossifications in postsacral vertebrae were not found before GS 41.
At GS 42, at least primordial of transverse processes could be found up to vertebrae VIII,
postsacral vertebrae were ossified by then. Vertebrae became discernible as procoelic.

Chondral primordia of the forelimb elements humerus, radius, radiale, and ulnare
were present at GS 34; the anterior radiale (=r’ sensu Fabrezi, 1993), carpals 5-4, and met-
acarpals IV-V could be found at GS 35. At GS 36, radiale (r’ and r) and the primordial of
the proximal phalanges of finger IV and V were present. At GS 37, when the longbones
humerus, radius, and ulna had begun to ossify in the centers and at their ends, the carti-
laginous carpals 5-4-3 and 2 and the proximal element of the prepollex were visible, the
phalangeal formula of the hand was 1-2-3-3. Element Y (sensu Fabrezi, 1993) was found
at GS 39/40. At GS 42, radius and ulna were nearly totally fused and the phalangeal for-
mula was as in adults.

The cartilaginous hindlimb elements femur, tibia, fibula, tibiale, and fibulare were pre-
sent at GS 34, at GS 35 metatarsals III, IV, and V were also found, at GS 36 the phalangeal
formula was 1-1-1-2-2 and element Y was visible. At GS 37, at the beginning of the ossifi-
cation of several longbones, the distal tarsals 1, 2, and 3 (or 2-3) and all metatarsals were
discernible, and the phalangel formula was 1-1-2-3-2.

The three elements of the pelvic girdle developed at GS 34; at the same stage the
shoulder girdle was composed by cartilaginous procoracoids, coracoids, scapulae, and
suprascapulae. At GS 37 a weakly developed epicoracoid was present and the scapula
began to ossify. Clavicle and cleithrum could only be found from GS 42 onward.
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DISCUSSION

In this study, we described the osteology and aspects of skeletal development of the
hylid frog Hypsiboas pulchellus. Regarding adult osteology, in Hypsiboas pulchellus, the
one aspect to highlight is the presence of a process in the suprascapula (herein processus
suprascapularis) (Fig. 5C). This structure has not been demonstrated in any other anuran
species to exhibit this specific shape. Maglia et al. (2007) described a similar process in a
hylid, Acris crepitans. However, this process is morphologically different because is exhibits
a more triangular shape (“anteriorly-projecting triangular process’, Maglia et al., 2007: 212).

Regarding skeletal development, general patterns reported previously for anuran and
hylid skeletogenesis can be confirmed for H. pulchellus. Banbury and Maglia (2006) divid-
ed cranial development into five phases: 1) postembryonic (GS 30-33), 2) premetamor-
phic (GS 34-39), 3) early metamorphic (GS 39-42), 4) late metamorphic (GS 42-45), and
5) postmetamorphic. Following this schema in studying the relative timing of the onset
of ossification (ossification sequence), the postembryonic stages comprise the onset of the
ossification of the parasphenoid, presacral vertebrae I-VII, frontoparietal and exoccipital.
During the premetamorphic phase, the onset of the ossification of the transverse processes
of presacral vertebrae I-VIII, sacral vertebra IX, humerus, radioulna, ilium, femur, tibiofib-
ula, and scapula occurs. In the early metamorphic phase the cleithrum, clavicle, coracoids,
metacarpals, tarsals, metatarsals, phalanges, hypochord, and prootic begin to ossify. In the
late metamorphic phase the angular, dentary, maxilla, premaxilla and squamosal ossify. In
the postmetamorphic phase the sequence of ossification ends, remaining as such in adults.

To assess intraspecific/individual variability in the relative orders of onset of ossifi-
cation in individual skeletal elements (ossification sequences), ideally in vivo observa-
tions would be necessary. Since however, the absolute number of ossified elements can
be used as a measure of the developmental progress - transient elements removed -
ossification sequences are in contrast to temporal orders of other developmental char-
acter sets relatively easy to reconstruct from preserved specimens without additional
age information. We found intraspecific variation in both cranial and postcranial ossifi-
cation sequences. Cranially, with one exception (the missing prootic in cranial state 08,
Fig. 8), changes in order took place between elements that where temporally neighbored
within ossification sequences, within this sample between exoccipital, parasphenoid,
and frontoparietal. These elements have been reported to be among the first cranial ele-
ments to ossify in a variety of anurans (Hanken and Hall, 1988; Wiens, 1989; Dunlap
and Sanchiz, 1996; Pugener and Maglia, 1997; Haas, 1999; Wild, 1999; Trueb et al. 2000;
Banbury and Maglia, 2006). Within anurans, changes in the relative order of ossification
of these elements have been reported before for the tailed frog, Ascaphus truei (Moore
and Townsend jr., 2003), and are evident for the hyperossified frog, Pyxicephalus adsper-
sus (Haas, 1999; Sheil, 1999). In the postcranium, elements found involved in changes
in the sequence of ossification were the sacrum, scapula, ilium, urostyle, and phalanges
of hands and feet; the variability in relative onset time of ossification in the latter had
previously been reported for a number of other tetrapod taxa including birds, turtles,
and mammals (Rieppel, 1993; Sheil and Greenbaum, 2005; Maxwell, 2008; Sanchez-Vil-
lagra et al., 2009; Wilson et al., 2010; Mitgutsch et al., 2011). Intraspecific variability, as
known from osteological and other morphological data, should thus also for ossification
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sequences be carefully accounted for in comparative studies. Research on a variety of
aspects regarding the intraspecific variation found in ossification sequences such as tem-
poral distribution or taxonomic differences will be additional important steps in under-
standing the evolution of skeletal development.
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