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Osteology and Postmetamorphic Development of
Telmatobius oxycephalus (Anura: Telmatobiidae)
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ABSTRACT The osteological diversity among species of
Telmatobius has been considered conservative. Nonethe-
less, the degree of ossification of several features varies
both intraspecifically and interspecifically. Herein, intra-
specific osteological variation and postmetamorphic onto-
genetic changes in osteological features are described in
Telmatobius oxycephalus. These data are compared with
published descriptions of congeners. There is a consider-
able intraspecific osteological variation in 7. oxycephalus,
with cranial characters varying polymorphically, and the
hyoid and postcranial characters being sexually dimor-
phic. This intraspecific variation is expressed by subtle
differences in the degree of ossification or mineralization.
Interspecific variation also can be described in terms of
differential development of osteological features; these
differences are more obvious than intraspecifically vari-
able characters. The adult skeletons of several species of
Telmatobius resemble the morphology observed in early
stages of postmetamorphic development of 7. oxycephalus.
This is especially evident in the neopalatines, parasphe-
noid, sphenethmoid, exoccipitals, prootics, vomers, nasals,
and plectra. These results suggest that within the con-
servative osteological architecture of Telmatobius, the
variation observed is the result of heterochronic changes
during the ossification process. J. Morphol. 274:73-96,
2013. © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Aquatic frogs of the genus Telmatobius occur in
the Andes from Ecuador to Argentina; they inhabit
some of the highest elevation aquatic habitats,
including deglaciated ponds in Peru at 5,200 m
(Seimon et al., 2006). At present, the genus com-
prises 60 species, but its phylogenetic relationships
are only partially resolved, because of the restric-
tion of taxon sampling to species from Peru
(Aguilar and Pacheco, 2005; Cérdova and Descail-
leaux, 2005; Sinsch et al., 2005; Aguilar and Valen-
cia, 2009) or Bolivia (De la Riva et al., 2010).

Our knowledge of the osteology of species of Tel-
matobius is variable, ranging from detailed
descriptions to simple mentions of few osteological
characters (e.g., Peters, 1873; Holmgren, 1933; Vel-
lard, 1951; Lynch, 1971, 1978; Andersen, 1978;
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Trueb, 1979; Jaslow et al., 1988; Lobo Gaviola,
1988; Wiens, 1993; De la Riva, 1994a; Lavilla and
Ergueta Sandoval, 1995; Lavilla and Ergueta San-
doval, 1999; Formas et al., 1999, 2003, 2006; Fab-
rezi, 2001; Benavides el al., 2002; Cuevas and For-
mas, 2002; Sinsch et al., 2005; Barrionuevo and
Baldo, 2009). Some of these works have implied or
in some cases have stated explicitly that there is
little osteological diversity among species of Telma-
tobius (e.g., Lobo Gaviola, 1988; Sinsch et al.,
2005). In addition, the latter authors reported
wide intraspecific variation in osteological charac-
ters. Lobo Gaviola (1988) commented that much of
the osteological variation in Telmatobius involves
different degrees of ossification of the skeleton,
which may result from shifts in the relative timing
or rates of the ossification process known as heter-
ochronic changes. The role of heterochrony in the
generation of phenotypic change among closely
related species has been suggested for several taxa
(e.g., Stephenson, 1960, 1965; Tyler et al., 1981;
Trueb and Alberch 1985; Davies, 1989; Yeh, 2002;
Fabrezi, 2006), but it has not been explored in
Telmatobius.

The study of the skeleton and its development in
Telmatobius oxycephalus may help to elucidate the
morphological diversification of Telmatobius.
Accordingly, the goals of this study are to 1)
describe the osteology based on several specimens
of T. oxycephalus; 2) detect polymorphic and sexu-
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ally dimorphic characters; 3) describe postmeta-
morphic osteological maturation; and 4) compare
the results with published descriptions of other
species of Telmatobius. The description of the de-
velopmental progress of each bone will help to
document the degree of development of each ele-
ment in adult congeners. This is an initial step in
the identification of developmental patterns to
understand the role of heterochrony in the mor-
phological evolution of Telmatobius.

MATERIALS AND METHODS

Seventeen postmetamorphic specimens ranging from recently
metamorphosed individuals to adult males and females were
examined. Snout—-vent lengths (SVL) were measured with digi-
tal calipers (Appendix A). The age of the specimens was not
established; they were ordered by size (SVL) and sorted into
five categories: 1) recently metamorphosed specimens, termed
postmetamorphs (three specimens, 20-23 mm); 2) Stage-I juve-
niles (two specimens, 25-29 mm); 3) Stage-II juveniles (two
specimens, 32-36 mm); 4) subadults (two specimens, 38-41
mm); and 5) adults (eight specimens, >41 mm). One specimen
at the end of metamorphosis (Stage 44 of Gosner, 1960) was
included in the series. The specimens were cleared and double-
stained for cartilage and bone following the protocol of Wasser-
sug (1976). All specimens are from Fundacion Miguel Lillo Her-
petological Collection (FML) or were collected in the field.
Osteological terminology follows that of Trueb (1973, 1993);
Fabrezi (1992, 1993) for carpus and tarsus; and Maglia et al.
(2007) for nasal capsules.

The interspecific comparison with species of Argentina, Chile,
and southern Bolivia was based on published osteological
descriptions (see Appendix B) of T. hypselocephalus and T. pla-
tycephalus (Lavilla and Laurent, 1988); T! ceiorum, T. laticeps,
and T. pisanoi, (Lobo Gaviola, 1988); T. huayra (Lavilla and
Ergueta Sandoval, 1995); T. dankoi (Formas et al., 1999); T
fronteriensis (Benavides el al., 2002); T philippii (Cuevas and
Formas, 2002); T. vilamensis (Formas et al., 2003); T. sibiricus
and 7. simonsi (De la Riva and Harvey, 2003); T. chusmisensis
(Formas et al., 2006); and T' rubigo (Barrionuevo and Baldo,
2009). In addition to the published data, material from 7. ceio-
rum, T. pisanoi, T. laticeps, T. platycephalus, T. hypselocepha-
lus, and T' rubigo was examined (Appendix A).

RESULTS
Cranium

The cranium of Telmatobius oxycephalus (Figs. 1
and 2) is slightly wider than long (width/length =
1.16, range = 1.06-1.29, N = 5). In dorsal view,
the snout is rounded anteriorly. The skull is lightly
built, with the rostral region being poorly ossified
or mineralized. The length of the orbit is half of
the total length of the skull.

Endocranium

Nasal capsules. These cartilages (Fig. 3) to-
gether with the bony septomaxillae support the
nasal sacs and the nasolacrimal duct. The septum
nasi is the common medial wall of the nasal capsu-
les; dorsally, the tectum nasi forms a roof and ven-
trally, the solum nasi floors each capsule. Superior
and inferior prenasal cartilages support the pre-
maxillae, whereas crista subnasalis and processus
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triangularis (Fig. 3) support maxillae. Dorsal and
ventral coverage is provided by the nasals and
vomers, respectively.

The most evident developmental changes in the
nasal capsules during postmetamorphic growth
are related with the increasing ossification of the
sphenethmoid that involves septum, solum, and
tectum nasi. The septomaxillae are already pres-
ent in Stage 44.

Sphenethmoid. Dorsally, the anterior margin
of the sphenethmoid reaches the nasals in some
specimens (FML 2867-1, 2867-1V, 3836-1, and FML
SB 019); likewise, the anterolateral ossification of
the sphenethmoid involves part of the planum
antorbitale (Fig. 1). The margin of orbitonasal fo-
ramen is complete in bone. Anteromedially, the
sphenethmoid forms the ossified nasal septum.
The degree of this ossification varies. In some
adults of both sexes (e.g., FML 2867-1, 3836-1, and
3836-1I), the sphenethmoid involves approximately
the posterior half of the septum nasi, whereas in
others (e.g., FML 2867-1I, 2867-I11, and 3836-1II),
this ossification involves only the posterior third of
the septum. Ventrally, the sphenethmoid involves
solum nasi at the level of the vomers (Fig. 2)
except in two specimens (FML 2867-II1 and 3836-
III). The extension of posterior margins of the
sphenethmoid is variable. In lateral view in most
individuals, the sphenethmoid does not reach the
border of the optic foramen, but in some (e.g.,
FML 2867-1), it reaches the anterior border of the
foramen. Intraspecific variation of this bone is
summarized in Tables 1 and 2.

The sphenethmoid is not yet present in Stage 44
or in the postmetamorphs (Figs. 1 and 2). In
Stage-I Juveniles, bilateral centers of ossification
are present on either side of the anteromedial wall
of the braincase in the orbital cartilage. In Stage-
II juveniles, the ossification has progressed dor-
sally, but the contralateral halves of the bone are
not fused (Figs. 1 and 2); ossification of the ventral
region of the sphenethmoid progresses more slowly
than in the dorsal region. In the subadult female,
the dorsal halves of the sphenethmoid are com-
pletely fused, but ventrally, they are only partially
fused. In the subadult male, the sphenethmoid is
fused dorsally and ventrally, forming a complete
ring. In subadults, the anterior margin of the
sphenethmoid is rounded. The posterior margin is
concave in dorsal view and does not reach as far
posteriorly as in the adults. In lateral view, the
posterior margin of sphenethmoid is midway
between the anterior margin of optic foramen and
the planum antorbitale. Ontogenetic variation of
this and other bones is summarized in Tables 3
and 4.

Exoccipitals. These bones are fused to each
other dorsally (Fig. 1) and ventrally (Fig. 2), delim-
iting the foramen magnum. The shape of foramen
magnum varies from subtriangular to rounded or
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Fig. 1. Dorsal view of the cranium of T. oxycephalus at different postmetamorphic stages.
Upper left: a postmetamorph of 21.9 mm SVL (FML SB 102). Upper right: a Stage-1I juvenile of
35.44 mm (FML SB 24). Below: an adult male (FML 2867-II). Cartilage shown in blue and bone

in red.

rhomboidal. The occipital condyles are located at
the ventrolateral margin of the foramen magnum,;
the intercondylar distance is less than the length
of the longest axis of each condyle (longest axis of
condyle/intercondylar distance: 1.20-1.53). There
is no evident intraspecific variation in the mor-
phology of exoccipitals.

The condyles and parts of the exoccipital are
ossified almost completely by Stage 44; however,
traces of cartilage remain in the condyles. The pro-
gressive ossification of the exoccipitals can be
described with respect to their topographic rela-
tionship with the parasphenoid, which changes
less dramatically during postmetamorphic develop-
ment. In Stage 44, the exoccipitals are not in con-
tact with the parasphenoid. In postmetamorphs
and in Stage-I juveniles, the margins of the exocci-

pitals are in contact with the parasphenoid alae,
and in Stage-II juveniles, the margins of exoccipi-
tals underlie the parasphenoid alae. In the suba-
dult male, the exoccipitals are in contact ventrally
with the prootics (not in contact in the subadult
female), and synchondrotically united to each
other ventrally. In Stage 44, the dorsal parts of the
exoccipitals are widely separated from each other
and from the posterior borders of the frontoparie-
tals. This degree of development does not change
significantly until subadults. In this stage, exocci-
pitals are synchondrotically united to each other
dorsomedially, overlapped by the frontoparietals,
and narrowly separated from the prootics.
Prootics. Except for the cartilaginous crista
parotica on each side, the paired prootics are com-
pletely ossified in adults. Dorsally, the prootics
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Fig. 2. Ventral view of the cranium of 7. oxycephalus at different postmetamorphic stages.
Upper left: a postmetamorph of 21.9 mm SVL (FML SB 102). Upper right: a Stage-I juvenile of
35.44 mm (FML SB 24). Below: an adult male (FML 2867-1I). Cartilage shown in blue and bone

in red.
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Fig. 3. Lateral (left) and frontal (right) view of nasal capsules of T. oxycephalus (FML 2867-1I).
Abbreviation: ¢ = cartilage. Cartilage shown in blue and bone in red.
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Adult

Subadult

Stage-II juvenile

Stage-I juvenile

TABLE 4. Ontogenetic variation in postcranial characters during postmetamorphic growth of T. oxycephalus
Postmetamorph

Stage 44
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8 g have conspicuous anterior epiotic eminences
- (Fig. 1). The bones are synostotically united to
~ w wn . . . . . .
2 3 £ &8 é% the exoccipitals at the posterior epiotic eminences
- g_c% E . gf S E and are overlapped dorsally by the frontoparie-
Q . . .
%& ks § g 3 g ,2“; tals at the level of the medial union of anterior
~ = . . . . . .
E38EE - £ 52 &7 and posterior epiotic eminences. There is no evi-
~ 2} . . . . .
gg5= 2 . E s g § dent intraspecific variation in the morphology of
& SETE T'és 5 B &8 ZEgS In Stage 44, each prootic is present as a ventral
o= [+ - e o . . . .
2 g SweElg T 23 E = %E g8 ossification that is isolated from other osseous
2 8 Sl S structures. The anteroventral part of the prootic
reaches the anterior border of parasphenoid ala
. - - in postmetamorphs. In Stage-I and II juveniles,
% 2o . 2 & 5 prootic ossification underlies thp parasphenoid. .In
“5’% g g_“g’ S8 5 2 8¢ the subadult male, the prootics articulate with
sE S=o%F EREE S =3 the exoccipitals via a ventral osseous bridge (not
[} 2] Q Q . .
2 g 28¢ £88E o g o § in contact in the subadult female). Dorsally, the
E}A. &8 i Eggg ggg B ossification of prootic is evident in Stage-I juve-
ok S EREE L84 niles as a small ossification along the anterome-
= . (5] ° . . . . . .
EE 5 g5 WES L2 ZE2E dial margin of the anterior epiotic eminences. In
BEES & B & a4

Stage-II juveniles, dorsal ossification has pro-
gressed slightly to the anterolateral margin of
the anterior eminence. In subadults, the prootics
are almost completely ossified and each is over-
lapped by the frontoparietal at the level of the
medial union of anterior and posterior epiotic
eminences. The prootics are synchondrotically
united to exoccipitals at the posterior epiotic emi-
nences. In the subadult male, the anterior epiotic
eminences are ossified, whereas in the subadult
female, these remain cartilaginous.

Quadrate. The quadrate is flanked medially
by the pterygoid, laterally by the quadratojugal,
and dorsally by the ventral ramus of the squa-
mosal. In T. oxycephalus, the quadrate is spool
shaped in ventral view; the medial surface is
larger than the lateral. Its articular face is con-
cave.

In Stage 44 and in postmetamorphs, the quad-
rate has not begun to mineralize/ossify. In Stage-I
and II juveniles, one quarter of the lateral part of
the quadrate is mineralized/ossified. In subadults,
the lateral half of the quadrate is mineralized/
ossified, whereas the medial portion is completely
cartilaginous.

Middle ear. The middle ear comprises two
skeletal structures of endochondral origin: the
plectrum and the operculum. The plectrum (=
stapes or columella) is composed of three parts,
that is, pars interna, pars media, and pars
externa plectri. The pars interna plectri (or foot-
plate) occludes part of the fenestra ovalis. It
bears a posterior groove that accommodates the

Some elements

Some elements

Dark gray indicates immature morphology; light gray indicates transitional state to adult morphology.

g anterior border of the operculum. The pars media
£ - = g lectri is a straight, osseous shaft bridging the
Q >
g = 2 o't . ;
z S"Y ST R g pars interna medially and the pars externa later-
’.'E (=] Q '; E —_ . . .
E 58 253 5= e x ally. It has a slight dorsal orientation and nar-
g % 88 aog g .2 % = rows as it reaches the pars externa. The pars
o= o . . .
5 g 92 SEZwsED 2 25 externa plectri is a cartilaginous structure, the
3 s 29 E°g°5d g =8 TR . ’
n m A 5 2 &S A oBEA lateral surface of which is adjacent to the tym-
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Fig. 4. Ventral view of the hyolaryngeal complex of 7. oxyce-
phalus at different postmetamorphic stages. Upper left: a post-
metamorph of 22.38 mm SVL (MLP DB3620). Upper right: a
Stage-II juvenile of 35.44 mm (FML SB 24). Lower left: an
adult female (FML 03836-1IV). Lower right: an adult male (FML
2867-1I). Abbreviations: ¢ = cartilage; p = process. Cartilage
shown in blue and bone in red.

panic skin and is nearly perpendicular to the pars
media plectri. There is a very thin processus
ascendens plectri that probably connects the pars
externa with the crista parotica and tympanic
annulus; however, the contact of processus ascen-
dens could not be observed. The tympanic annulus
is a cartilaginous, sickle-shaped structure that lies
ventral to the pars media plectri; it is incompletely
developed (10-50%) and, therefore, does not
describe a complete annulus. In one specimen, the
annulus is absent; it is unclear whether it is com-
pletely absent or it was lost during the clearing-
and-staining process. The oval cartilaginous operc-
ulum has a low crest for the attachment of the
opercular muscle.

The plectrum is not ossified in Stage 44, but the
midportion of pars media is ossified in postmeta-
morphs. In these specimens, the tympanic annulus
is crescent shaped, with the concavity oriented dor-
sally as it is in the adults. In Stage-I and II juve-
niles, ossification of the pars media is more exten-
sive medially and laterally. The pars interna is par-
tially ossified in subadults, but at this stage, the
ossified portion is not in contact with the operculum
and the pars media plectri is thin. The operculum
is well formed in the earlier postmetamorphic
stages and has the same shape as in the adult.

Hyolaryngeal complex. The hyoid plate is
wider than long and it is slightly mineralized
around the bases of its posteromedial processes
(Fig. 4). In one male FML 2867-I), the mineraliza-
tion extends to the bases of the anterolateral proc-
esses. In one female (FML 2867-1V), the plate is
completely cartilaginous. The hyalia are long and
sinuous, and each one has an anterior process (not
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evident in FML 2867-IV). The anterolateral proc-
esses are expanded distally. The posterolateral
processes are straight, divergent from the midline,
not expanded distally, and longer than anterolat-
eral processes. The posteromedial processes are
long and ossified; the distal ends are completely
cartilaginous in females but mineralized in males.
In males, the base of the posteromedial process
invades the hyoid plate and in one individual
(FML 2867-II), the bases are in contact to each
other. None of these states is present in the
females.

The arytenoids are well developed. The cricoid
ring has two well-developed bronchial processes
that are distally bifurcate. Dorsally, the ring has
an esophagic process that can be wide or narrow;
this variation is not sexually dimorphic.

In Stage 44, the posteromedial processes of the
hyoid plate are ossified. In postmetamorphs and in
Stage-I juveniles, these processes contact the hyoid
plate via cartilaginous stalks and the distal ends
of these processes are completely cartilaginous. In
Stage-II juveniles, the posteromedial processes are
in contact with the posterior margin of the hyoid
plate. The plate has no trace of mineralization. In
the subadult female, a slight trace of mineraliza-
tion lies in the proximal region of the posterome-
dial processes. In the subadult male, these proc-
esses invade a small portion of the plate that is
mineralized around this region.

Exocranium

Nasals. The nasals are triangular, and in some
specimens, the anterior margin is convex. In any
case, these bones have irregular borders. The
medial margins either converge anteriorly or par-
allel one another, with the amount of medial sepa-
ration varying. The maxillary process of the nasal
is either sharp or blunt.

In Stage 44 and in the postmetamorphs, the
nasals are narrow and anteriorly convergent. In
those stages, the nasals are very close to the pre-
maxillae, maxillae, and septomaxillae (Fig. 1).
During later development, mnasal ossification
becomes more extensive posteriorly and the bone
soon acquires the adult triangular shape. Con-
versely, however, as a result of the growth of the
nasal region, the nasals are separated more
broadly from the premaxillae, maxillae, and septo-
maxillae (Fig. 1).

Frontoparietals. The paired frontoparietals
are fused with one another medially in the parietal
region (from the level of the taenia tecti transver-
salis to the level of tectum synoticum) of most of
the specimens (Fig. 1). The degree of fusion
between the frontoparietals varies. In some speci-
mens, the frontoparietals are fused all along the
parietal portion, but in others, this fusion is only
limited far posteriorly, to the level of the tectum
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synoticum. In some females (e.g., FML 2867-1V
and FML 3836-I), these bones are not fused, and
there is a suture between them at the level of the
tectum synoticum. In those specimens with the
frontoparietals not fused, the completely ossified/
mineralized endocranial roof is evident. The fron-
toparietals are narrow in the frontal region (ante-
rior to taenia tecti transversalis), and its anterior
ends lay far posterior to the level of the anterior
limit of the orbit.

In Stage 44 and in postmetamorphs, the fronto-
parietals are represented by two, irregularly
shaped strips of bone (Fig. 1), which are narrow
anteriorly and broad posteriorly. These bones
extend from the tectum synoticum to the level of
planum antorbitale anteriorly. In Stage-I juveniles,
each frontoparietal is expanded medially; in addi-
tion, it is ossified posterolaterally in the parietal
region and extends along the anteromedial margin
of the anterior epiotic eminence. In Stage-II juve-
niles, the frontoparietals fused to each other at the
level of the tectum synoticum (Fig. 1). The poste-
rior part of the bone from the taenia tecti trans-
versalis backwards is wider than the anterior por-
tion, delimiting a narrower fontanelle than the one
present in the frontal region. In subadults, the
frontoparietal fusion remains limited to a narrow
posterior area at the level of tectum synoticum,
but its medial margins are closer than in Stage-II
juveniles. In the subadults, unlike previous stages,
the anterior end of the frontoparietals is not reach-
ing the level of the anterior margin of orbit. Later-
ally and posteriorly, frontoparietals contact
prootics and exoccipitals, respectively. In adults,
the fusion of frontoparietals progresses and
includes the complete fusion between the two fron-
toparietals in the parietal region in some speci-
mens.

Vomers. Each vomer is well developed, with a
dentigerous process and a laminar anterior region
that bears a prechoanal and postchoanal ramus.
Dentigerous processes typically bear four to six
pedicellate fanglike teeth, although one female has
nine teeth (FML 2867-IV). Bilateral differences
may exist in the number of teeth. The prechoanal
ramus is well developed, with a broad base and a
sharp distal tip. The postchoanal ramus is smaller
than the prechoanal ramus; it is posterolaterally
oriented, forming an acute angle with the prechoa-
nal ramus.

In Stage 44, two centers of ossification are evi-
dent; the posterior center gives rise to the dentig-
erous process and the anterior one to the choanal
rami. In postmetamorphs, there is a notch between
the anterior region and the dentigerous process,
and the prechoanal and postchoanal rami are well
developed. There are one or two incipient teeth. In
Stage-I juveniles, a deep notch persists, but there
are three to five better developed teeth on each
vomer. In Stage-II juveniles, the bone expands

between the anterior part of vomer and the dentig-
erous process; however, it should be noted that evi-
dence of the notch can persist in subadults,
although it is absent in the adults.

Neopalatine. The neopalatines are long and ar-
cuate (Fig. 2). The medial tip tapers gradually and
lies ventral to the sphenethmoid, but it does not
reach the tip of the cultriform process of the para-
sphenoid. Laterally, the neopalatine overlaps the
pars palatina of the maxilla.

In Stage 44, the neopalatines are absent. In
postmetamorphs, these bones are thin, straight
strips (Fig. 2). The bone does not reach the maxilla
laterally or the incipient sphenethmoid, medially.
In Stage-I juveniles, the neopalatine has begun to
acquire a curved shape but still fail to reach the
level of maxilla and sphenethmoid. In Stage-II
juveniles, the neopalatine resembles that of adults.

Parasphenoid. The cultriform process of this
dermal element has a blunt tip at a level slightly
posterior to that of the neopalatines (Fig. 2). The
posterolateral alae have a slight posterolateral ori-
entation and the lateral margins do not contact
the ventral border of the fenestra ovalis. In males,
the limits of the posterior margin of parasphenoid
and the limits of the lateral margin of alae are not
distinguishable from the underlying otic capsule.

The parasphenoid is well formed in Stage 44
and does not undergo significant modification dur-
ing postmetamorphic growth, except for the ante-
rior extent of the cultriform process. In Stage 44,
as well as in postmetamorphs and Stage-I juve-
niles (Fig. 2), the anterior tip of the cultriform pro-
cess reaches the level of neopalatines; however, in
older stages and usually in adults, the neopala-
tines are anterior to the cultriform process.

Pterygoids. This pair of triradiate bones is well
developed but slender. The long anterior ramus
extends medial to the maxilla and reaches the
level of neopalatines. The posterior ramus adjoins
the pars articularis of palatoquadrate and the
medial ramus abuts the prootic along the antero-
ventral margin of the otic capsule. The medial
margins of anterior and medial rami describe a
curve from the maxilla to the otic capsule, whereas
the lateral margins of the anterior and posterior
rami configure a sinusoid curve between the
maxilla and palatoquadrate.

In Stage 44, the pterygoid is represented by a
center of ossification that invests the medial part
of the palatoquadrate. In postmetamorphs, the
three rami are present and subsequent variation
during the postmetamorphic development involves
the lengthening of the rami. In Stage-I juveniles,
the medial ramus does not reach the otic capsule
and the anterior ramus does not reach the level of
neopalatines. The posterior ramus invests the pars
articularis of the palatoquadrate and almost has
achieved its adult shape. In Stage-II juveniles,
the medial ramus abuts the otic capsule. The
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ossification of anterior ramus progresses through-
out postmetamorphic development and reaches the
level of neopalatines only in adults.

Squamosals. The slender zygomatic ramus of
the squamosal is acuminate and longer than the
otic ramus. The otic ramus does not bear an otic
plate and, in some specimens, this ramus is
reduced. The ventral ramus invests the lateral
surface of the palatoquadrate. In lateral view, this
ramus describes an angle of 55—-60° with the hori-
zontal axis of the skull.

In Stage 44, only the ventral ramus of the squa-
mosal is ossified. In postmetamorphs, the three
rami are developed, and they do not change sub-
stantially in length in Stage-I and II juveniles. The
zygomatic ramus is longer and wider in subadults.
In Stage 44, the ventral ramus is nearly perpendic-
ular to the maxilla in lateral aspect; in postmeta-
morphs, it is inclined anteriorly at about 75°. In
Stage-I and II juveniles, the angles are 70° and 65°,
respectively, and in subadults, the adult condition
is achieved with an angle between 55° and 60°.

Premaxillae and maxillae. The pars dentalis
of each premaxilla bears between 9 and 11 fang-
like teeth. In frontal view, the basal parts of the
alary processes converge medially, whereas the
distal (dorsal) parts diverge from one another
(Fig. 3). The distal tip of the alary process is bifur-
cate and the anterior surface is convex and curved
in lateral profile (Fig. 3). The pars palatina of the
premaxilla is a narrow lingual ledge of the pars
dentalis; it is expanded in its lateral end, but it
narrows gradually at the level of the lateral border
of the alary process. In its medial end the pars
palatina expands onto a triangular palatine pro-
cess. In lateral view, the maxillae are straight and
attenuate posteriorly. The pars dentalis of the
maxilla bears 28-30 fanglike, pedicellate teeth.
The pars palatina is a narrow, lingual shelf similar
to the pars palatina of the premaxilla; it extends
along the maxilla from the posterior union of the
pterygoid with the maxilla to the anterior end of
the maxilla at its articulation with the premaxilla.
The laminar pars facialis projects dorsally from
the pars dentalis in the region of the rostrum. The
pars facialis is low and the dorsal edge is straight.
In some specimens, the posterodorsal edge of pars
facialis forms a preorbital process.

The premaxillae have acquired its adult shape
by the end of metamorphosis, but the maxillae
undergo significant changes during postmetamor-
phic development. In Stage 44, the maxillae are
short and barely extend posterior to the orbits, but
these bones lengthen during postmetamorphic
growth. In postmetamorphs, the posterior end of
the maxilla scarcely reaches the anterior end of
the quadratojugal, but the pars facialis is well
developed. In Stage-I juveniles, the maxillae have
the same relative length as in the adults. In Stage
44, there are a few incipient teeth in the premaxil-
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lae but not in the maxillae. In postmetamorphs,
premaxillary teeth are well formed and the maxil-
lary teeth are incipient in the maxilla anterior to
the region of the planum antorbitale. In Stage-I
juveniles, the anterior maxillary teeth are well
developed but the ones posterior to the planum
antorbitale are incipient. The posterior teeth are
well developed in the adults.

Quadratojugals. The posterior part of the quad-
ratojugal is expanded to form a cup-shaped struc-
ture that is synostotically united to the lateral mar-
gin of the quadrate bone. The anterior process is
slender and acuminate and better developed in
some specimens (e.g., FML 2867-1I, 3836-I) than
others, in which it is short (e.g., FML 2867-1V).

In postmetamorphs, only the anterior region of
the quadratojugal is ossified and it is needle
shaped. In Stage-I juveniles, the posterior region
is ossified, but the anterior end is separate from
the end of the maxilla. In Stage-II juveniles, the
state of quadratojugal resembles that of the adults,
although it is more gracile. In later stages, the
quadratojugal becomes progressively more robust.

Mandible. The dentary extends along approxi-
mately two-thirds the length of the mandible. The
angulosplenial invests Meckel’s cartilage postero-
medially and medially, and extends anteriorly over
about three quarters the entire length of the lower
jaw. The coronoid process of the angulosplenial is
well developed. In most individuals, this process is
distinct from the articular region of the bone, but
in some (e.g., FML 2867-I1 and 2867-III), the pro-
cess extends posteriorly reaching the articular
region.

In Stage 44 and in postmetamorphs, the angu-
losplenials and the dentaries are slender, and most
of Meckel’s cartilage is exposed. The coronoid pro-
cess of the angulosplenial is low and the mento-
meckelian bone is not formed. In Stage-I juveniles,
the coronoid process is more developed and the
articular region has begun to ossify. The mento-
meckelian bone has begun to form in the medial
side of infrarostral cartilages that are fused to
Meckel’s cartilage. The ossification of the mento-
meckelian continues during subsequent postmeta-
morphic growth. Aside from an overall increase in
size, the dentary does not undergo significant
changes during postmetamorphic development.

Vertebral Column

The presacral region is composed of eight procoe-
lous vertebrae. The neural arches are well ossified
and do not overlap each other (nonimbricate verte-
brae) leaving a broad space between the neural
arch of each vertebra and exposing the spinal cord
dorsally (Fig. 5). The neural arches of the first five
vertebrae bear neural spines; that of the atlas may
reach the Presacral II. Some traces of cartilage are
present in the neural spine of each of the first four
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Fig. 5. Dorsal view of the vertebral column and pelvic girdle
of T oxycephalus. Top: an adult male (FML 2867-II). Below: a
postmetamorph of 21.9 mm SVL (FML SB 102). Abbreviation:
post proj = posterior projection. Cartilage shown in blue and
bone in red.

vertebrae. Transverse processes of Presacrals
II-IV are expanded distally (along a longitudinal
axis). The ends of the transverse process of Presac-
rals IIT and IV are cartilaginous and are deflected
posteriorly, whereas the the cartilaginous ends of
transverse processes of the posterior presacrals
are straight. The transverse process of Presacral II
has a small cartilaginous tip. The relative lengths
of the transverse processes are: IIIl > II = IV > V
= VI = VII = VIII. The orientations of the larger
transverse processes with respect to the longitudi-
nal axis of the column vary greatly. In some speci-
mens, the processes of Presacral II are anteriorly
inclined; those of III are perpendicular and those
of IV are posteriorly oriented (FML 2867-1, 2867-
III, and FML SB 19). In other specimens, the proc-
esses of Presacral III are anteriorly oriented. In a
female (FML 2867-1V), the processes of Presacrals
IT and III are anteriorly oriented and those of Pre-
sacral IV are perpendicular. The sacral diapophy-
ses are moderately expanded and have a slight
dorsal inclination. The distal margins of these dia-
pophyses are cartilaginous, and a sesamoid articu-
lates with the ilium. The dorsal ridge of the uros-
tyle extends nearly one-third the length of the
urostyle.

In Stage 44 and in postmetamorphs, the midline
of neural arches is cartilaginous, as are the junc-
tions of the neural arches with the centra. The dis-
tal ends of the transverse processes of all presacral
vertebrae are cartilaginous. The most anterior
three to five centra are completely ossified around
the notochord, whereas the posterior centra are
not ossified ventrally. In Stage-I juveniles, the neu-
ral arches of the posterior vertebrae are more ossi-
fied than those of the anterior ones vertebrae. All
presacral centra are ossified ventrally. In Stage-II
juveniles, the midline of the neural arches is
completely ossified, except for Presacrals I and II.

The junction of neural arches with the centrum is
ossified in all but in the first three presacrals. The
vertebral centra are completely ossified. In suba-
dults, the neural arches are completely ossified but
retain some traces of cartilage at the midline. The
midline of neural arches projects backward as a
neural spine in Presacrals II-IV. The distal ends of
the transverse processes of Presacral II are ossi-
fied. The postmetamorphic ossifications of the cen-
tra and the neural arches follow two different
sequences. Centra ossify in an antero-posterior
sequence, whereas the neural arch ossified in a
postero-anterior sequence.

In Stage 44 and in postmetamorphs, the neural
arch of the sacrum is ossified, but there are traces
of cartilage at midline. The sacral centrum has
begun to ossify bilaterally. In Stage-I juveniles,
there is no trace of cartilage in the lamina. The
sacral centrum is ossified bilaterally and in one
specimen is ossified ventrally. In Stage-II juve-
niles, the centrum is completely ossified. In suba-
dults, the sacrum has the adult state, although the
sesamoids between sacral diapophyses and ilia are
cartilaginous. The sacral diapophyses do not
undergo significant changes during postmetamor-
phic growth.

In Stage 44, the ventral hypochord and the dor-
sal coccyx are ossified. In postmetamorphs, these
structures are fused but the sutures between them
are evident. The hypochord constitutes the body of
the urostyle, whereas the coccyx forms the dorsal
ridge. During subsequent postmetamorphic
growth, the relation of the length of the ridge and
the body of the urostyle varies. In Stages I and II
juveniles, the ridge length extends over about half
the length of the urostyle, whereas in subadults
and adults, it extends over only about one-third
the length of the urostyle.

Pectoral Girdle

The pectoral girdle is arciferal (Fig. 6). The
omosternum has an expanded distal (anterior)

cleithrum scapula

omosternum

clavicle

Sl s suprascapular ¢
[ 5

3

Fig. 6. Ventral view of the pectoral girdle of T. oxycephalus.
Top: an adult male (FML 2867-II). Lower left: a postmetamorph
of 22.38 mm SVL (MLP DB3620). Cartilage shown in blue and
bone in red.
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end. It is completely cartilaginous in females, but
slightly mineralized proximally in males. The pro-
coracoids and epicoracoids are extensively and
strongly mineralized in males, but mineralization
is slight in females. The sternum is rectangular
and it is broader than long. The distal (posterior)
margin of the sternum is notched. Most of the ster-
num is ossified in males; however, in FML 3836-
III, the ossification only extends to the base of the
notched region. In females, only the proximal (an-
terior) portion of the sternum is ossified, except in
the female FML 3836-I, in which the sternum is
extensively ossified as in the males. The anterior
margin of the scapula in males is slightly convex
(FML SB 19) or straight (FML 2867-I1, 3836-II,
and 3836-III), and in one individual (FML 2867-I),
it is concave. In females, the anterior border of
scapula is straight (FML 3836-I) or concave (FML
2867-II1 and 2867-IV). In all males and in one
female (FML 3836-I), the clavicle is synostotically
united to the scapula, and in the remaining
females, they are united syndesmotically. The bi-
furcated cleithrum invests the ventral side and the
anterior border of the suprascapula. The cartilagi-
nous suprascapula is heavily mineralized in the
males, whereas in the females, it is diffusely
mineralized.

In Stage 44, as well as in postmetamorphs and
Stage-I and II juveniles, the epicoracoids and pro-
coracoids are completely cartilaginous. In suba-
dults, these cartilages are slightly mineralized.
The sternum is cartilaginous even in the subadult
female, although some incipient mineralization is
present. In the subadult male, the sternum is
extensively mineralized. The omosternum is com-
pletely cartilaginous in all immature stages except
in the male subadult, in which it is slightly miner-
alized proximally as in the adult males. The clavi-
cle and the scapula are separated by cartilage, and
the anterior margin of the scapula is concave in
Stage 44, in postmetamorphs, and in Stage-I and
IT juveniles. In subadults of both sexes, the clavicle
and the scapula are united by a suture (may be
fused in adults), and the anterior margin of scap-
ula is straight.

Forelimbs

The male humerus is robust and flattened, with
well-developed ventral (=anteroproximal), lateral,
and medial crests (Fig. 7). The female humerus is
lightly built, lacking lateral and medial crests and
having only a poorly developed ventral crest. The
radius and ulna are fused completely to form ra-
dio-ulna. A sulcus is evident from the midlength of
this bone to the distal end.

The carpus is composed of five elements: ulnare,
distal carpal 5-4-3, element Y, distal carpal 2, and
the radiale. Metacarpals V-III articulate with dis-
tal carpal 5-4-3, and metacarpal II articulates with
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Fig. 7. Lateral view of right humerus (left) and dorsal view
of left hand (right) of an adult male T oxycephalus (FML
2867-11). Abbreviations: dc = distal carpal; Y = element Y. Car-
tilage shown in blue and bone in red.

distal carpal 2. In males, metacarpal II is hyper-
trophied and bears a ridge on its medial side. The
phalangeal formula of the hand is 2-2-3-3. The ter-
minal phalanges are knobbed. The prepollex is
composed of six and five elements in males and
females, respectively. The first proximal element is
the largest and similar in size to distal carpal 2. In
males, the first four proximal elements are ossified
and the distal ones are cartilaginous. In females,
only the first two proximal elements are ossified. A
cartilaginous palmar sesamoid is evident ventral
to distal carpal 5-4-3.

In Stage 44, as well as in postmetamorphs and
Stage-I and II juveniles, the proximal and the dis-
tal epiphyses of the humerus and radio-ulna are
cartilaginous. The humeral ventral crest is carti-
laginous and poorly developed. In subadults, the
epiphyses are ossified but traces of cartilage
remain. The ventral crest of the humerus is more
developed in this stage, but has not attained the
development that is evident in the adults. In
Stage 44 and in postmetamorphs, all carpal
elements are cartilaginous. In Stage-I and II juve-
niles, distal carpal 5-4-3 has begun to ossify later-
ally. In the subadult female, it is almost com-
pletely ossified, with the exception of its medial
end. Element Y is nearly completely ossified too,
but distal carpal 2 is completely cartilaginous. In
the subadult male, all carpal elements are ossified.
All prepollical elements are cartilaginous in Stage
44 as well as in postmetamorphs and Stage-I and
II juveniles. In the subadult male, the first three
proximal elements are ossified, whereas in the
subadult female, only the first proximal element is
ossified.
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Fig. 8. Lateral view of pelvic girdle of T! oxycephalus. Top:
an adult male (FML 2867-II). Below: a Stage-II juvenile
of 35.44 mm (FML SB 24). Cartilage shown in blue and bone
in red.

Pelvic Girdle

The ilia bear a dorsal, longitudinal ridge that
extends over nearly 80% the length of the shaft
(Figs. 5 and 8). The ilia are synostotically fused to
each other at the proximal ilial corpus, where a
dorsolateral iliac protuberance is evident. The
ischia are synostotically fused to each other and
bear an interischiadic crest dorsally. In all speci-
mens examined, the ilia and ischia are also fused
to each other, except for one female (FML 2867-111)
in which a suture is evident between the bones.
The pubis forms the ventral portion of the acetab-
ulum. It is completely ossified in both sexes, but in
females, a slight rim of cartilage is evident along
its ventral border. The ossified pubis is synostoti-
cally fused with the ischium and ilium. In most
specimens, the ischium, ilium, and pubis fail to
meet in the central part of the acetabulum; thus,
there is a cartilaginous region in the acetabular
depression that is less than the half the size of the
acetabulum. In FML 2867-II1 and FML 3836-III,
these elements occupy more than the half of the
acetabulum, whereas in the male specimen FML
SB 016, the acetabulum is fully ossified because of
the complete fusion of ischium, ilium, and pubis.

In all immature stages, the pubis is cartilagi-
nous but it is slightly mineralized in subadults.
Ilium and ischium are united synchondrotically
even in subadults. More than the half of the ace-
tabulum is not ossified in all immature specimens.

Hind Limbs

The femur is sigmoid-shaped and its proximal
and distal epiphyses are completely ossified (Fig.
9). The tibiofibula is approximately as long as the
femur. The distal and proximal epiphyses of tibio-
fibula are similar in size. There are five tarsal ele-
ments: the fibulare, tibiale, distal tarsal 3-2, distal
tarsal 1, element Y, and the prehallux. The tibiale
and fibulare are elongate, widely separated ele-
ments that are fused at the proximal and distal

ends. Distal tarsal 3-2 articulates principally with
metatarsal III and partially with metatarsals II
and IV, distal tarsal 1, and the union of tibiale and
fibulare. Metatarsal IV and V articulate directly
with fibulare. Distal tarsal 1 articulates with ele-
ment Y, distal tarsal 3-2, metatarsals I and II, and
the union between the tibiale and fibulare. Ele-
ment Y articulates with the proximal element of
the prehallux, distal tarsal 1, tibiale, and metatar-
sal I. The prehallux is formed by a proximal single
element and a series of distal elements that vary
in number and nature between sexes. The proxi-
mal element is the largest element. In males, the
proximal element is ossified but with some traces
of cartilage, and there are three or four distal ele-
ments. In the adult male FML 2867-II, all distal
elements are -cartilaginous, whereas in others
(FML 2867-1 and FML SB 019), the first two distal
elements are ossified. In addition to the proximal
element, there are two completely cartilaginous
distal elements in females. The phalangeal for-
mula is 2-2-3-4-3.

As in the long bones of the forelimb, the femur
and the tibiofibula have cartilaginous epiphyses in
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Fig. 9. Dorsal view of right foot of an adult male of 7! oxyce-
phalus (FML 2867-1I). Abbreviations: dt = distal tarsal; Y =
element Y. Cartilage shown in blue and bone in red.
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Stage 44, in postmetamorphs, and in Stage-I and
IT juveniles. In subadults, the epiphyses are ossi-
fied, although they retain traces of cartilage. In all
immature stages except subadults the tarsal ele-
ments are completely cartilaginous. They begin to
ossify in subadults. In this stage, distal tarsal 3-2
is almost completely ossified, whereas distal tarsal
1 and element Y are partially ossified. In imma-
ture specimens, all elements of prehallux are carti-
laginous except in subadults, in which the proxi-
mal element has begun to mineralize.

Interspecific Osteological Variation in the
Genus Telmatobius

The comparison of the osteology of T. oxycepha-
lus with published data of congeners shows that T.
oxycephalus resembles T. ceiorum, pisanoi, and lat-
iceps (Lobo Gaviola, 1988), and sibiricus and
simonsi (De la Riva and Harvey, 2003). The differ-
ences among these species are subtle and are the
same as differences found intraspecifically in T.
oxycephalus, ceiorum, laticeps, and pisanoi. The
most evident variation in these species involves
the extension of sphenethmoid with respect to the
nasals and vomers. The frontoparietals are fused
to each other in all these taxa, except in 7. oxyce-
phalus and T. ceiorum, in which frontoparietal
fusion is polymorphic (i.e., fused/not fused). The
fusion of the parasphenoid with the prootics and
exoccipitals is sexually dimorphic in oxycephalus
and laticeps, with the margins of the parasphenoid
being visible in females, not visible in males. In
other species (ceiorum, pisanoi), this character
varies polymorphically. Other intraspecific differ-
ences, not expressed within specimens of oxycepha-
lus, are the ossification of epiotic eminences, which
can show some traces of cartilage in some speci-
mens of pisanoi, or in the fusion of the exoccipitals
in the ventral margin of foramen magnum, that
are not completely fused in some specimens of
pisanoi and ceiorum.

There is another group of species of Telmatobius
characterized by osteological variation that exceed
the subtle variation described above. These species
occur in the Puna region of Argentina (hypseloce-
phalus, platycephalus, and rubigo), Chile (chusmi-
sensis, dankoi, fronteriensis, philippii, and vila-
mensis), and Southern Bolivia (Auayra). The varia-
tion is summarized in Tables 5 and 6, and it is
based on text and figures of published descriptions
and on observations of additional material (see Ap-
pendix A and B). This interspecific diversity
involves the extension of the cultriform process of
the parasphenoid and the morphology of spheneth-
moid, exoccipitals, prootics, vomers, nasals, neopa-
latines, and plectra. In many cases, osteological
characters of these species resemble the juvenile
or subadult morphology of T. oxycephalus. These
characters are analyzed in detail below.

Journal of Morphology

Parasphenoid. In Telmatobius philippii, platy-
cephalus, rubigo, and vilamensis, the anterior tip
of the cultriform process of the parasphenoid lies
at the level of the neopalatines. This state resem-
bles that of immature 7. oxycephalus, whereas in
the adults, the tip of the cultriform process lies far
posterior to the level of the neopalatines. In T
chusmisensis and fronteriensis, the anterior tip of
the cultriform process approximates, but does not
reach, the level of neopalatines. The changes in
the relative positions of these bones seem to be
related with the rostro-caudal growth of the skull.
Apparently, the rostro-caudal growth is not corre-
lated with a concomitant growth of the parasphe-
noid, which undergoes few changes in shape dur-
ing postmetamorphic growth. The same topological
changes of the neopalatines with respect to the
parasphenoid during postmetamorphic growth are
evident between juvenile and adult Leptodactylus
chaquensis (Perotti, 2001).

Exoccipitals. These bones are less variable
ontogenetically than the prootics, because at the
end of metamorphosis, the condyles are almost
completely ossified. The most noteworthy interspe-
cific differences are the dorsomedial and ventrome-
dial unions of the exoccipitals at the margin of fo-
ramen magnum. In 7! chusmisensis, and vilamen-
sis, the paired exoccipitals are not fused; they are
widely separated from each other, as is the case of
Stage-II juveniles of T. oxycephalus. In T. philippii
and T. platycephalus, the exoccipitals are closer
one another but unfused; the bones are separated
by a wide band of cartilage, as is the case of suba-
dult T. oxycephalus. As described above, the rela-
tion of exoccipitals can be intraspecifically variable
in T pisanoi and T. ceiorum. In these species, the
exoccipitals are fused to each other, as in adult T
oxycephalus, or are separated by a suture.

Frontoparietals. Fusion of these bones in the
parietal region varies, ranging from a thin, osseous
bridge at the level of tectum synoticum (Telmato-
bius chusmisensis, and T. vilamensis, resembling
juvenile T. oxycephalus) to fusion over the entire
parietal region (dankoi, fronteriensis, huayra, and
adult oxycephalus). Between these two extremes,
there are several intermediate states (e.g., T. phil-
ippit and T. platycephalus). The anterior extent of
frontoparietals also varies. In T. huayra, philippii,
and platycephalus, the anterior end of frontoparie-
tals lies at the level of the anterior margin of orbit,
as in Stage-II juveniles of T. oxycephalus. In the
other species, the frontoparietals are shorter, with
the anterior margins lying posterior to the anterior
margin of orbit. As discussed in the variation of
the parasphenoid, relative length of the frontopari-
etal seems to be related to the rostro-caudal
growth of skull.

Prootics. In Telmatobius chusmisensis, philip-
pii, platycephalus, and vilamensis, the prootics are
not completely ossified and not united with the
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exoccipitals. The ossification of prootics in philip-
pii, platycephalus, and vilamensis resembles that
of Stage-II juveniles T. oxycephalus. The state
observed in T. chusmisensis is more developed and
resembles that of subadult 7. oxycephalus,
although less ossified. The intraspecific variation
in the development of the prootics as was
described in T. ceiorum and T. pisanoi is subtle
and involves the persistence of traces of cartilage
in the posterior epiotic eminences (the union of
prootic and exoccipitals).

Premaxillary and maxillary teeth. Telmato-
bius dankoi and T. vilamensis are edentate. There
are no equivalent stages in the postmetamorphic
stages analyzed of T. oxycephalus, because in the
less-developed specimen (Stage 44), the maxilla is
edentate but there are incipient teeth in the pre-
maxilla.

Nasals. These bones are reduced only in 7. dan-
koi and T. vilamensis, in which the morphology
resembles the nasals of Stage-44 and postmeta-
morphs of T. oxycephalus.

Vomers. Telmatobius dankoi and T. vilamensis
lack vomers, and the bones are much reduced in T.
chusmisensis, with remnants of the anterior region
and reduced prechoanal and postchoanal proc-
esses. Although the vomers appear at Stage 44 in
T. oxycephalus, in postmetamorphs, they almost
have acquired the adult form. There is variation in
the number of vomerine teeth. In 7. fronteriensis,
there are two or three rudimentary teeth as in
postmetamorphs of T. oxycephalus. In other spe-
cies, there are fewer teeth than in 7. oxycephalus,
as follow: T. huayra (no teeth), philippii (0-1),
chusmisensis (0-2), rubigo (0-3), and hypseloce-
phalus (1). In T. platycephalus, the maximum
number of vomerine teeth recorded is four. In T.
oxycephalus, the number of teeth increases during
the postmetamorphic growth from one or two to
reach a maximum of nine in each vomer.

Neopalatines. In 7Telmatobius chusmisensis,
fronteriensis, platycephalus, and rubigo are
straight as in early postmetamorphic stages of T.
oxycephalus. In adult T. oxycephalus, the neopala-
tines are curved or boomerang shaped. In 7. dan-
koi, huayra, and vilamensis, the neopalatines are
reduced, with the medial ends separated from the
sphenethmoid.

Middle ear. In Telmatobius dankoi, fronterien-
sis, huayra, philippii, and vilamensis, the plectrum
is absent. In T. platycephalus and T. hypselocepha-
lus, the pars interna plectri is not ossified and the
pars media is slender, as it is in young 7. oxycepha-
lus. In T. chusmisensis, the plectrum is present,
reduced, or absent. The plectrum originates from a
cartilaginous primordium (the future pars interna
plectri) that covers the anterior portion of the fenes-
tra ovalis. From this primordium, a cartilaginous
stylus develops laterally (the future pars media
plectri) and comes into contact with the skin that

eventually will form the tympanic membrane
through a developing pars externa plectri (Hether-
ington, 1987; Smirnov, 1991). The first part of the
plectrum to ossify in 7. oxycephalus is the pars
media, early in postmetamorphic development.
Wiens (1993) described the variation in plectrum
morphology in species of Telmatobius from northern
Peru. He pointed out that a striking intraspecific
variation exists that is not recorded in any other
group of anurans. In some cases, the variation is
bilateral in the same individual. Wiens (1993)
described the absence of pars media but did not
mention the absence of the pars interna, as was
recorded in some highland species mentioned above.
The lack of ossification of the plectrum or the lack
of ossification of pars interna plectri in highland
species matches with the development of plectrum
observed in T. oxycephalus (the ossification of pars
media precedes the ossification of pars interna).

Sphenethmoid. In Telmatobius vilamensis, the
sphenethmoid is represented by bilateral ossifica-
tions on the anterior part of the braincase; this
resembles the developmental state present in
Stage-II juveniles of T. oxycephalus. In T. platyce-
phalus, the sphenethmoid is incomplete ventrally
as in subadult T. oxycephalus. In other species
(T chusmisensis and T. philippii), it is poorly ossi-
fied, as evidenced by the state of the anterior dor-
sal margin of sphenethmoid, which resembles that
of subadult T. oxycephalus. The variation found in
T. chusmisensis and T. philippii is comparable to
the intraspecific variation recorded in oxycephalus,
ceiorum, laticeps, and pisanoi.

Hyoid apparatus. The hyoid plate has mineral-
ized areas in Telmatobius huayra, hypselocephalus,
and rubigo. In these species, the bases of the post-
eromedial processes invade the plate as in the
adult male T. oxycephalus. In T. chusmisensis,
dankoi, fronteriensis, philippii, platycephalus, and
vilamensis, the plates are cartilaginous and the
posteromedial processes do not invade the plate as
is the case in the immature stages and in adult
female T. oxycephalus.

The degree of ossification of postcranial struc-
tures in some Puna species (Table 6) is not corre-
lated with the degree of ossification of cranial
characters. This is the case of species that show
hypo-ossified or immature cranial elements and at
the same time show well-ossified postcranial ele-
ments (e.g., T. dankoi or T. vilamensis).

Sternum. Ossified extensively in Telmatobius
vilamensis, huayra, hypselocephalus, and rubigo.
In T. fronteriensis, the sternum is ossified proxi-
mally (anteriorly). In T. philippii and T. chusmi-
sensis, the sternum is mineralized proximally and
in T! platycephalus and T. dankoi, it is cartilagi-
nous. The beginning of mineralization/ossification
of sternum and mineralization of the base of omos-
ternum takes place late, during postmetamorphic
growth in T oxycephalus.

Journal of Morphology
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Clavicle and scapula. These elements are
fused to one another in T. fronteriensis, hypseloce-
phalus, huayra, and rubigo, as in adult T. oxyce-
phalus. In the rest of the Puna species compared
here, the elements articulate with one another.
The anterior border of the scapula is concave in T.
dankoi, fronteriensis, philippii, platycephalus, and
vilamensis. In T. chusmisensis and T. rubigo, the
scapula is straight as it is in subadult and adult 7.
oxycephalus.

Pubis. This element is ossified or strongly min-
eralized in T. dankoi, fronteriensis, huayra, hypse-
locephalus, and rubigo. In T. vilamensis and T.
philippii, the pubis is slightly mineralized. In the
description of the pubis of 7! vilamensis (Formas
et al., 2003), it is possible that the authors errone-
ously used “slightly ossified” instead of “slightly
mineralized,” because the poor mineralization of
the pubis is clear in their figure. In 7. chusmisen-
sis and T. platycephalus, the pubis is completely
cartilaginous. Mineralization of pubis occurs late
during the postmetamorphic growth of 7. oxyce-
phalus at the subadult stage.

Carpus. The carpal elements are ossified in all
the species analyzed here except in Telmatobius
platycephalus (partially ossified) and 7. chusmisen-
sis (cartilaginous). In these species, all the prepoll-
ical elements are also cartilaginous. There are one
or two ossified elements in the prepollices of T.
dankoi, fronteriensis, hypselocephalus, philippii,
and vilamensis, three in T. huayra, and four in T.
rubigo as in adult male T. oxycephalus.

Tarsus. The distal tarsal elements and the pre-
hallux are completely cartilaginous in Telmatobius
chusmisensis and T. platycephalus. In T. philippii,
only distal tarsals 3-2 and distal tarsal 1 are com-
pletely ossified, whereas element Y is partially
ossified. In the remaining species, the tarsus is
ossified completely. For T. dankoi, Formas et al.
(1999) described a configuration of the tarsus dif-
ferent than it was described for all species of Tel-
matobius; in Figure 5-E of Formas et al. (1999:
436), distal tarsal 3-2 is fused with distal tarsal 1,
whereas in the other species, distal tarsal 1 is free.
In T. philippii, there is only one mineralized ele-
ment of the prehallux. In T. fronteriensis, huayra,
hypselocephalus, and vilamensis, there is one ossi-
fied element in the prehallux, there are two in T
rubigo, and three in T. dankoi. In the osteological
description of T. fronteriensis (Benavides et al.,
2002) and T. vilamensis (Formas et al., 2003), it is
probable that the authors have misidentified ele-
ment Y as the proximal element of the prehallux.
If so, the prehallux would have just one ossified
element, instead of two, as the authors proposed.

DISCUSSION

This study reveals a differential distribution of
characters with sexual (dimorphic) and intraspe-
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cific (polymorphic) variation in 7. oxycephalus.
Cranial characters, with the exception of the
hyoid, tend to vary polymorphically, whereas the
hyoid and postcranial skeletons tend to vary sexu-
ally. The most remarkable polymorphic cranial
variation in T. oxycephalus involves the develop-
ment of sphenethmoid and the relation of fronto-
parietals to one another (Table 1). The visibility of
the suture of the parasphenoid with the otic capsu-
les and the degree of mineralization and ossifica-
tion of the hyoid plate vary dimorphically. Among
the sexually dimorphic postcranial characters are
the mineralization of the omosternum and the de-
velopment of the humeral crests, metacarpal II,
and the prepollex (Table 2). Polymorphic postcra-
nial characters include features of the girdles and
prehallux (Table 2). Several workers (e.g., Parker,
1940; Vellard, 1951, Trueb, 1979; De la Riva, 2005)
commented on the extraordinary polymorphism of
external characters in Telmatobius. Sinsch et al.
(2005) claimed the high degree of polymorphism of
osteological characters in Telmatobius and ques-
tioned the value of osteological characters in sys-
tematic studies. In fact, the latter authors only an-
alyzed one male and one female, and for that rea-
son, it is possible that they were dealing with
sexually dimorphic characters. In any case, these
authors do not describe this presumed, polymor-
phic variation. To date, the only detailed account
of osteological variation is the work of Lobo Gav-
iola (1988), who analyzed three species of the ge-
nus (laticeps, pisanoi, and ceiorum). With slight
differences, the intraspecific variation reported by
Lobo Gaviola (1988) is comparable with the intra-
specific variation recorded in 7. oxycephalus.

Here, it was assumed that the different sizes of
specimens of 7. oxycephalus in the postmetamor-
phic series are correlated with age, but this
assumption needs to be tested using skeletochro-
nology. Nonetheless, there is a positive correlation
between the degree of ossification and the size of
specimens examined. During postmetamorphic
growth (from a froglet about 20.0 mm SVL to an
adult frog of 50 mm or more), osteological struc-
tures complete their development at different
stages (Table 3). Several elements begin to ossify
in premetamorphic or metamorphic stages and do
not undergo substantial changes in shape during
postmetamorphic growth in 7. oxycephalus.
Included are the septomaxillae, premaxilla, max-
illa, squamosal, quadratojugal, and pterygoid.
These elements have acquired their final form
before or immediately after the beginning of post-
metamorphic life, and are well formed in the post-
metamorphs (~20-23 mm SVL). Along with the
postmetamorphic elements, there are other preme-
tamorphic and metamorphic elements that
undergo significant changes during postmetamor-
phic growth. Independently of time of onset, these
elements complete their development at different
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-
previous
stages
Stage 44 Postmetamorph Juvenile | Juvenile lI Subadult Adult
parasphenoid
cocpral
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Fig. 10. Color bars represent morphological change of different cranial bones during the postmetamorphic development of 7.
oxycephalus. Gray bars indicate the stage at which the adult or final form is achieved. Below each bar, boxes include the species
whose adult morphology (for each particular bone) shows polymorphism. This polymorphism involves subtle differences in ossifica-
tion. This variation is similar to the variation found between subadult and adult stages of 7. oxycephalus.

postmetamorphic stages (Fig. 10). Some elements
attain their final form or state early during the post-
metamorphic growth: parasphenoid (premetamor-
phic onset), nasals (metamorphic onset), premaxil-
lary and maxillary teeth, vomer, vomerine teeth,
neopalatines, and mentomeckelian (postmetamor-
phic onset). Other elements attain its final state
late: exoccipitals and frontoparietals (premetamor-
phic onset), prootics (metamorphic onset), spheneth-
moid, and plectrum (postmetamorphic onset).

Postcranially, the main elements of the vertebrae
and the pectoral and pelvic girdles are formed by
Stage 44, although they continue to ossify during
postmetamorphic growth. Epicoracoids, procora-
coids, omosternum, sternum, and pubis, and the
junction of ilium and ischium begin to ossify/miner-
alize during postmetamorphic growth. Likewise,
the epiphyses of the long bones of the limbs (hu-
merus, radio-ulna, femur, and tibio-fibula) are com-
pletely ossified only in the adults (45-55 mm SVL).
Among carpal elements, distal carpal 5-3 begins to
ossify early, whereas the prepollex and distal tarsal
elements (including the prehallux) ossify at the end
of postmetamorphic growth (Table 4).

In Telmatobius, intraspecific and interspecific
variation involves different degrees of development

in the skeleton. In most cases, there is a clear dis-
tinction between these two levels of variation.
Intraspecific variation includes subtle differences
in the development of structures. Usually, struc-
tures that vary intraspecifically attain their final
state late, during the subadult to adult transition
(Fig. 10; e.g., the anterior ossification of spheneth-
moid, the mineralization of epiotic eminences).
Conversely, interspecific variation usually involves
elements that attain their final state early, during
postmetamorphic growth (Fig. 11; e.g., the para-
sphenoid and frontoparietals in relation to planum
antorbitale, the neopalatines, and teeth). Some
bones show variation at both levels. For example,
the sphenethmoid has a wide intraspecific varia-
tion in 7. oxycephalus, ceiorum, laticeps, and pisa-
noi. This variation is related with the degree of an-
terior ossification that usually is described with
reference to the nasals and vomers. The anterior
region of sphenethmoid ossifies late, in the transi-
tion from subadult to adult in 7. oxycephalus, and
even during adult growth. Interspecific variation
in the sphenethmoid is evident in the state
recorded in two Puna species, in which this bone
still consists of two ossifications centers (1. vila-
mensis) or it is not fused ventrally (7. platycepha-

Journal of Morphology



92

J.S. BARRIONUEVO

-——
previous

stages Stage 44 Postmetamorph Juvenile |

Juvenile Il Subadult Adult

parasphenoid
chusmisensis, fronteriensis,

huayra, philippii,
platycephalus, rubigo

nasal

dankoi, vilamensis

mxand pmxteeth
dankoi,
vilamensis

fronteriensis, platycephalus

idankoi,
vilamensis
vomer teeth

chusmisensis, huayra,
philippii, rubigo

dankoi, huayra,
vilamensis

plectrum

dankoi, fronteriensis,
huayra, philippii,
vilamensis

dankoi, hypselocephalus,
vilamensis

dankoi, fronteriensis,
huayra, hypselocephalus,
rubigo

dankoi, fronteriensis,
huayra, hypselocephalus, philippii,
platycephalus, rubigo

chusmisensis, vilamensis

dankoi, fronteriensis,
huayra, hypselocephalus,
rubigo

platycephalus,
Pphilippii, vilamensis

chusmisensis, fronteriensis,
huayra, hypselocephalus, philippii,
platycephalus, rubigo

chusmisensis, fronteriensis,
huayra, hypselocephalus, philippii,
platycephalus, rubigo

fronteriensis, huayra,
hypselocephalus, philippii,
platycephalus, rubigo

hypselacephalus,
platycephalus,

[ hypselocephalus, philippii

B
chusmisensis, rubigo,
hypselocephalus,
platycephalus

sphenethmaid
vilamensis
platycephalus

chusmisensis, dankoi, fronteriensis,
huayra, hypselocephalus, philippii,
rubigo

Fig. 11. Color bars represent morphological change of different
cephalus. Gray bars indicate the stage at which the adult or final

cranial bones during the postmetamorphic development of 7. oxy-
form is achieved. Below each bar, color boxes include the species

whose adult morphology (for each particular bone) is similar to the corresponding immature morphology recorded during the devel-
opment of 7! oxycephalus. White boxes include species whose adult morphology (for each particular bone) is similar to the adult

morphology of T. oxycephalus.

lus), as in the first stages of postmetamorphic
growth of T. oxycephalus.

Based on osteological characters, and the habitat
and distributions of the species of Telmatobius con-
sidered here, the frogs can be sorted into two
groups: (1) A forest and inter-Andean group: T.
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ceiorum, laticeps, oxycephalus, pisanoi, sibiricus,
and simonsi; and (2) a high Andean or Puna
group: T. platycephalus, hypselocephalus, dankoi,
vilamensis, fronteriensis, philippii, chusmisensis,
rubigo, and huayra. In general, the forest and
inter-Andean species seem to be semiaquatic, that



OSTEOLOGY OF Telmatobius 93
28
26 ]
24 X
Species
22 # T platycephalus
0 B T hypselocephalus
AT rubigo
— 20 X
E . X T. philippii
= x
= J“ % X T. chusmisensis
I 18 | X & ®, a4 , .
X . ® yx N i ® T vilamensis
*a *
X ox "tagtyse, i3 +T. dankoi
X ® -
16 = * ¢ =4 = T. fronteriensis
e o ¢
* = T. huayra
- o
14 @ T. oxycephalus
12 A
10 T T T - : )
35 40 a5 50 55 60 65
SVL(mm)

Fig. 12. Scatter diagram showing total size (SVL) versus head width (HW) of Telmatobius

species studied herein.

is, they can be found outside the streams (Laurent,
1970, 1973; De la Riva, 1994b). The high Andean
or Puna species seem to be exclusively aquatic;
they always are found in the water and their diet
consists exclusively of aquatic prey (Formas et al.,
2005). Osteologically, the forest and inter-Andean
species resemble each other, and variation is re-
stricted to subtle differences in mineralization or
ossification. In contrast, the variation among mem-

bers of the Puna group is more evident and
involves major differences in the degrees of miner-
alization/ossification and in the topological rela-
tionships among some bones. At the same time,
Puna species differ from forest and inter-Andean
species in having a lower degree of ossification/
mineralization, and in other characters that
resemble immature morphology of T. oxycephalus.
In a phylogenetic analysis of Bolivian species
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Fig. 13. Altitudinal distributions of Telmatobius species studied herein.
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based on 12S and 16S mtDNA sequences (De la
Riva et al., 2010), the Puna species form a mono-
phyletic clade (named the T marmoratus Group).
This group is nested within a large clade of forest
and inter-Andean Bolivian species. With the excep-
tion of T\ huayra, no other Puna species described
herein were included in the analysis of De la Riva
et al. (2010). However, based on external morphol-
ogy, it is probable that these species belong to the
monophyletic 7. marmoratus clade defined by De
la Riva et al. (2010).

The presence of a hypo-ossified skeleton or the
occurrence of immature characters has been asso-
ciated with a smaller body size (Trueb and
Alberch, 1985; Yeh, 2002; Maglia et al., 2007). A
comparison of body size (Fig. 12) shows that such
association is not evident among the species ana-
lyzed here. The total body size of Puna species
ranges from the small T! fronteriensis (up to 43.2
mm SVL) to a relatively large chusmisensis (up to
63.2 mm SVL). Most Puna species share the same
range in body size as T. oxycephalus or are even
larger (T. chusmisensis, hypselocephalus, and pla-
tycephalus). Even more, the small fronteriensis
shows a more ossified skeleton than the large
chusmisensis.

Another issue that emerges when the degree of
ossification is analyzed is the effect of environmen-
tal conditions. It is known, experimentally, that
froglets emerging from low-temperature treat-
ments are less ossified than those emerging from
higher temperature environments (Gomez-Mestre
et al., 2010). The effect of temperature is especially
relevant in Telmatobius because of the wide altitu-
dinal range of the genus. However, among the spe-
cies analyzed here, those with the lowest degree of
ossification or those showing immature characters
(e.g., T. dankoi, vilamensis) do not occur in the
highest (and coldest) environments (Fig. 13).

Interspecific variation in Telmatobius is
extremely scarce in some cases (e.g., among forest
and inter-Andean species). The paucity of osteolog-
ical diversity has led to some authors to question
the value of osteological characters for systematic
purposes (Sinsch et al., 2005). The comprehensive
osteological study presented herein shows that,
within this conservative framework, several osteo-
logical characters distinguish Puna species from
other species of the genus. In general, several
osteological characters of Puna species resemble
the morphology characterizing early postmetamor-
phic stages of T. oxycephalus, a member of the for-
est and inter-Andean species group. Although it
seems evident that osteological variation among
the species groups considered here could arise
through heterochronic processes, the direction of
these developmental processes (peramorphic or
paedomorphic), as well as its evolutionary implica-
tions, cannot be established without a comprehen-
sive phylogenetic framework. Within this frame-
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work, the study of additional species and series of
development, including larval stages, is essential
to understand the morphological evolution of Tel-
matobius and the relationship of morphological
patterns with highland habitats.
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APPENDIX A
Specimens Examined

Abbreviations for Institutions are: Fundacion
Miguel Lillo, Tucuman, Argentina (FML), J. S.
Barrionuevo field numbers housed at Fundacion
Miguel Lillo (FML SB); D. Baldo field numbers
housed at Museo de La Plata (MLP DB). In paren-
thesis, is expressed the postmetamorphic stage
and SVL in millimeters as well as if are cleared-
and-stained (CS).

Telmatobius oxycephalus.—ARGENTINA:
Juguy: DEPARTAMENTO LEDESMA: Quebrada Rio Jor-
dan, Parque Nacional Calilegua, FML 03836-I
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(adult female, CS), 3836-II, and 3836-II1 (adult
males, CS); DEPARTAMENTO VALLE GRANDE: Rio Jor-
dan (1500 m a.s.l.), FML 2867-1, 2867-I1 (adult
males, CS), 2867-III, and 2867-IV (adult females,
CS); El Duraznillo, cerca de Calilegua, FML 1589
(nine adult specimens for SVL measurements),
FML 1592 (Stage 44), Quebrada Agua del Tigre,
FML 2861 (two adult specimens for SVL measure-
ments); DEPARTAMENTO TiLCARA: Rio Huasamayo,
Garganta del Diablo, FML SB 101 (postmeta-
morph, 22.6, CS), 102 (postmetamorph, 21.86 mm,
CS), 031 (Stage-I juvenile, 28.66 mm, CS), 024
(Stage-II juvenile, 35.44 mm, CS), 029 (Stage-II ju-
venile, 32.8 mm, CS), 021 (subadult male, 40.8
mm SVL, CS), 023 (subadult female, 38.5 mm,
CS), 019 (adult male, CS), 016 (adult specimen for
SVL measurements), 018-20 (adult specimens for
SVL measurements), MLP DB 3620 (postmeta-
morph, 22.38 mm, CS), 3619 (Stage-I juvenile,
28.66 mm, CS); DEPARTAMENTO MANUEL BELGRANO:
El Duraznito, 8 km from Tiraxi, FML 1758 (five
adult specimens for SVL measurements).

Telmatobius ceiorum.—ARGENTINA: TucuMAN:
DEeparRTAMENTO TAFif VIiEJO: Alto de la Perdiz, Cabra
Horco, road to Penas Azules (2300 m a.s.l.), FML
02629 (four CS specimens).

Telmatobius  hypselocephalus.—ARGENTINA:
Juasuy: DEPARTAMENTO TumBAYA: ElI Moreno, (3500 m
a.s.l.), FML 04372 (CS).

Telmatobius laticeps.—ARGENTINA: TucuMAN:
DEerarTAMENTO TAFf DEL VALLE: El Infiernillo, FML
1499 (four CS specimens).

Telmatobius pisanoi.—ARGENTINA: TucuMAN:
DeprarRTAMENTO TaAFf DEL VALLE: Quebrada de Los
Cardones, Ruta Provincial N 307, Km 98; FML
03269 (four CS specimens).

Telmatobius platycephalus.—ARGENTINA:
JuJguy: DEPARTAMENTO TuMBAYA: El Angosto, 6 km S
El Moreno (3600 m a.s.l.), FML 04371 (CS).

APPENDIX B

Summary of specimens studied and methods
used in the published osteological descriptions of
species of Telmatobius. Abbreviations for Institu-
tions are: Fundacion Miguel Lillo, Tucuman,
Argentina (FML); Instituto de Zoologia de la Uni-
versidad Austral, Valdivia, Chile (IZUA); Museo
Nacional de Ciencias Naturales, Madrid, Spain
(MNCN); Coleccion Boliviana de Fauna, La Paz,
Bolivia (CBF); Museo de Zoologia de la Universi-
dad de Concepcion, Chile (MZUC).

Material

Method of preparation

T. chusmisensis
T. ceiorum

T. dankoi

T. fronteriensis

T huayra

T. hypselocephalus
T. laticeps

T. philippii
T pisanoi

T. platycephalus
T rubigo
T. sibiricus

T. simonsi
T. vilamensis

Five adult specimens, sex not specified (IZUA 3395-96,
3398-99, 3402)

Four adult females (FML 2629, 4348), three adult
males (FML 2629)

Two adult specimens, sex not specified (IZUA 2112)

Two adult females (MZUC 25095; MZUC 25103)

One adult male (CBF 1224)

One adult female (FML 4372)

Six adult females (FML 1499, 3956, 4385), four males
(FML 1499, 3959)

Three specimens, sex not specified (IZUA 3193, 3194, 3195)

Five adult females (FML 3269, 3973), five adult males
(FML 3269, 3969, 3979)

One adult female (FML 4371)

One adult male (FML 20829)

One adult female (MNCN 17364), one adult male
(MNCN 17365)

One adult male (MNCN 17366)

Three adult males (IZUA 3146), one adult female
(IZUA 3224)

Song and Parenti (1995)
Wassersug (1976), Simmons (1986)

Hollister (1934)

Hollister (1934)

Wassersug (1976)

Wassersug (1976)

Wassersug (1976), Simmons (1986)

Dingerkus and Uhler (1977)
Wassersug (1976), Simmons (1986)

Wassersug (1976)
Wassersug (1976)
Dingerkus and Uhler (1977)

Dingerkus and Uhler (1977)
Hollister (1934), Song and Parenti (1995)
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