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Abstract 

The Neotropical frog genera Ceratophrys, Chacophrys and Lepidobatrachus form the monophyletic family Ceratophryi-
dae. Although in- and out-group relationships are not fully resolved, the monophyly of the three genera is well sup-
ported by both morphological and molecular data. Much is known about the morphology of the ceratophryids, but 
there is little comparative information on how modification of a common ancestral developmental pathway played a 
role in shaping their particular body plans. Herein, we review morphological variation during ceratophryid ontogeny 
in order to explore the role of development in their evolution. The ceratophryids are collectively characterized by 
rapid larval development with respect to other anurans, yet the three genera differ in their postmetamorphic growth 
rates to sexual maturity. Derived traits in the group can be divided into many homoplastic features that evolved 
in parallel with those of anurans with fossorial/burrowing behaviors in semiarid environments, and apomorphies. 
Morphological novelties have evolved in their feeding mechanism, which makes them capable of feeding on excep-
tional large prey. Lepidobatrachus is unusual in having reduced the ecomorphological differences between its larvae 
and adults. As a result, both the larvae and the frog are similarly able to capture large prey underwater. Some unique 
features in Lepidobatrachus are differentiated in the tadpole and then exaggerated in the adult (e.g., the posterior 
displaced jaw articulation) in a manner unobserved in any other anurans.
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Background
Based on morphological and molecular data, the South 
American anuran genera Chacophrys Reig and Limeses 
1963 (one species), Ceratophrys Wied-Neuwied 1824 
(eight species) and Lepidobatrachus Budgett 1899 (three 
species) constitute a monophyletic clade, the Ceratophry-
idae. Ceratophrys species are distributed in tropical areas 
with Ceratophrys cranwelli living with Lepidobatrachus 
spp. and Chacophrys pierottii in the semiarid lowlands of 
the Chaco region.

The monophyly of the group, often referred to as 
horned frogs, was proposed by early researchers [1–5] 
and ratified by more recent cladistic analyses [6–10]. 
However, two controversies remain regarding the 

relationships of the group: (1) the relationships between 
the three genera and (2) the group’s relationship with 
other anurans.

Studies of the Ceratophryidae have alternatively pro-
posed the basal taxon to be Ceratophrys [5, 7, 9–11], Cha-
cophrys [11] or Lepidobatrachus [1, 4, 8]. More recently, 
molecular data of the 12 extant species were reanalyzed 
within a large taxon sample, and the monophyly of Cera-
tophrys and Lepidobatrachus (Fig.  1) was corroborated 
[10]. In this phylogeny, the monotypic Chacophrys sits 
as the sister taxon of Lepidobatrachus, but with Jackknife 
frequency <50 % (Fig. 1a).

When the relationship of the Ceratophryidae to other 
anurans has been examined, the South American horned 
frogs have been variously proposed as: a basal taxon 
within Bufonidae [1]; related to Leptodactylidae [2, 4, 
5] or to certain hylids, but with only weak support [6]; 
a basal group of Neobatrachia [7]; the sister group of 
Odontophrynus [4]; the sister group of Batrachyilinae [8]; 
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the sister group of Telmatobiinae [12]; a sister lineage of a 
large clade within Hyloides [9] (Fig. 1b); and even a basal 
group of Hyloides [10].

Two Cretaceous fossils have been attributed to the 
Ceratophryidae and are the oldest fossils associated 
with the family. These are Beelzebufo ampinga from the 
Upper Cretaceous (Maastrichtian) Maevarano Formation 
of Madagascar [13, 14] and Baurubatrachus pricei from 
the Upper Cretaceous of Brazil [15]. Other more recent 
fossils have been placed within the Ceratophryidae. 
Specimen assigned to Wawelia geroldhi, from Miocene 

sediments of northern Patagonia in Argentina [16], 
seems to represent a juvenile anuran with some features 
like extant ceratophryids. Other late Miocene specimens 
have been attributed to Ceratophrys [17–20] and Lepido-
batrachus [21, 22]. Those specimens, plus independent 
molecular data [5, 23], indicated that both genera were 
well differentiated by the Miocene.

The adults of extant ceratophryids are characterized by 
medium to large body size (Fig. 2). The three genera share 
as well several derived morphological features associated 
with a terrestrial and fossorial life, plus adaptations for 

Fig. 1 Recent molecular phylogenies for a the Ceratophryidae and b the Anura. Selected traits that are proposed as synapomorphies for the cer-
tophryids (discussed in the text) are mapped onto the two cladograms. The well-supported monophyly for the three genera in the Ceratophryidae 
(a) and the relationships of the 12 extant species within the family permit interpretation of the changes in development that lead to morphological 
diversity in the family (although questions remain about the relationship of C. pierottii) [10]. Within the Anura (b), the Ceratophryidae appear to hold 
a relatively basal position among South American hyloid clades [9]. Despite many diagnostic apomorphies in the Ceratophryidae, the homoplastic 
and autapomorphic traits make it difficult to pinpoint the origin of these frogs. The hypothesized relationships in these figures represent the phylo-
genetic framework for the morphological comparisons presented in this review
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feeding on large prey [7, 10, 24, 25] (Fig. 1). The tadpoles 
of these genera are, however, remarkably distinct (Fig. 2). 
Ceratophrys spp. have macrophagous and specialized 
carnivorous larvae with robust keratinized mouthparts 
[32, 33]. Chacophrys has a more typical, generalized, sus-
pension feeding tadpole [27, 34], and Lepidobatrachus 
larvae are obligatorily megalophagous [33], feeding upon 
living nekton, including other tadpoles. Lepidobatrachus 
tadpoles display many morphological features for cap-
turing very large prey that are exceptional among anu-
rans [30, 32, 35, 36]. The uniqueness of Lepidobatrachus 
tadpoles resulted from evolutionary changes in several 
specific developmental pathways that occurred simulta-
neously or sequentially from a generalized larval type [36, 
37].

Despite much data supporting ceratophryid mono-
phyly, the evolution of these anurans remains enigmatic. 
Although much is known about their morphology, there 
is little comparative information on how development 
played a role in shaping the divergent ceratophryid body 

plans. What in particular has not been explored is the 
interplay between pre- and postmetamorphic devel-
opment. Uninvestigated is how these developmental 
pathways have influenced each other to arrive at their 
variously shared and unique features of adult and larval 
ceratophryids.

Here, we review information on variation among cera-
tophryid ontogenies to address two interrelated ques-
tions: (1) How did modification of development pathways 
play a role in the differentiation of ceratophryid genera? 
and (2) How did those developmental pathways con-
tribute to the evolutionary history that distinguishes the 
ceratophryid from the other hyloid lineages? We provide 
data to (1) illustrate how development can evolve and (2) 
present a case study of how the detailed knowledge of 
morphological variation during development strengthens 
evolutionary studies.

Fig. 2 Morphological variation among larval and adult ceratophryids. 
Figures are not in scale. a Chacophrys pierottii. a1 The C. pierottii larvae 
resemble a typical type IV tadpole [26]. a2 C. pierottii oral disk. The oral 
disk bears a single and continuous row of marginal papillae. The labial 
tooth row formula is 1 (1 + 1)/(1 + 1) 2. a3 Lateral view of C. pierottii 
larval head. An unusual and variable feature in C. pierottii larvae is a 
cutaneous nasal appendix of unknown function that projects forward 
between the nostrils in some individuals [27]. a4 Adult C. pierottii. 
Frogs of this species reach snout-vent lengths of about 55 mm. b 
Ceratophrys cranwelli. b1 The Ceratophrys tadpole has most of the 
features of type IV tadpoles, but the larva is modified for a macropha-
gous life style. Ceratophrys tadpoles first bite small prey and then 
ingest them whole, or chew larger prey into pieces before ingestion 
[28]. In Ce. ornata and Ce. cranwelli, the tadpoles emit underwater 
sounds that are thought to be a mechanism for avoiding cannibal-
ism [29, 30]. b2 Ce. cranwelli oral disk. The oral disk has a single row of 
marginal papillae, which are few and spur-like. The labial tooth row 
formula is 3 (3 + 3)/(4 + 4) 3. The keratinized jaw sheaths are serrated. 
b3 Adult Ce. cranwelli. The mature frog is large (snout-vent length up 
to 130 mm), stout and aggressive. c Lepidobatrachus laevis. c1. The 
Lepidobatrachus tadpole has a flattened head and an extremely wide 
mouth, such that the maximum width of the head is at the level of its 
lower jaw articulation. The feeding mechanism consists of swallowing 
prey whole [31]. The tadpole’s branchial chambers open in bilateral 
cutaneous lateral flaps in which the forelimbs develop. Fast tail move-
ments allow for rapid escape from predators (without the sound 
emissions seen in Ceratophrys). Cannibalism, as a strategy to survive 
when heterospecific prey are limited, has been witnesses in tadpoles 
of L. llanensis [28]. c2 L. laevis oral disk. The supralabial and lower jaw 
cartilages of the larva are transversally elongated. There is a single 
row of marginal papillae, which are small and few. The keratodonts 
are absent, and there is a vestigial, serrated keratinized upper jaw 
sheath. c3 Adult L. laevis. The mature frog, like the larvae, is dorsoven-
trally flattened with its eyes and nostrils positioned dorsally. Females 
L. laevis may reach snout-vent length of ~120 mm

▸
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Variation both between organisms and within organ-
isms as they develop has provided enough information 
to yield a conceptual framework for understand how 
developmental pathways for ceratophyrids have evolved 
through time. General terminology used to describe the 
interplay between evolution and development in general 
is presented in Fig. 3. It should be noted that several of 
these terms have been used in slightly different ways by 
different authors. As such, we follow the definitions of 
these terms presented and referenced in “Appendix.”

Developmental and growth rates
From an ontogenetic approach, heterochrony has 
become a focal concept that integrates many areas of 
evolutionary biology [45]. Different definitions, however, 
have been used to explain heterochrony (cf. “Appendix”), 
and controversies have emerged since heterochronic pat-
terns cannot be unequivocally classified without infor-
mation of the timing (age) of developmental events in the 
ancestral and descendant ontogenies [45].

As heterochrony produces morphological changes in 
shape and size of a trait relative to the ancestral ontogeny, 
there are some useful concepts to describe heterochrony 
even when developmental timing is unknown [42–44]. 
Sequence heterochrony and growth heterochrony facili-
tate the distinction between variation in shape (as devel-
opment) and variation in size (as growth), and both, as 
noted below, appear to have occurred in the evolution 
of the Ceratophryidae, following the terminology (Fig. 3; 
“Appendix”), and they are consistent with the evolution-
ary processes of peramorphosis and hypermorphosis [7, 
11, 50] (Fig. 4).

The importance of growth heterochrony for dis-
tinguishing ceratophryids from other anurans was 

demonstrated in a comparison of the larvae from 20 spe-
cies (five anuran families) that co-occurred with cera-
tophryids in the Chaco in South America. Data on size 
at metamorphosis and duration of the larval period for 
most non-ceratophryid species in this sample suggested 
similar growth rates [50], i.e., with development to meta-
morphosis taking between 20 and 75 days for 15 of those 
20 species and larval body sizes varying between 9 and 
25  mm. By comparison tadpoles of Chacophrys pierotii 
and Lepidobatrachus spp. reach metamorphosis between 
15–18  days and Ceratophrys cranwelli in 20–24  days, 
with body sizes ranging from 25 to 45 mm [50] (Fig. 4).

Precise data on age at sexual maturity and postmeta-
morphic growth rates are not available for any cera-
tophryids in the wild. However, it is possible to infer the 
age of reproductive adults from wild-caught specimens 
from lines of arrested growth. Such data suggest that 
developmental and growth rates after metamorphosis 
differ greatly among ceratophryids. In Lepidobatrachus 
spp., sexually mature individuals of 5–6  years are con-
siderably larger than sexually mature C. pierottii of the 
same age [11]. The ages for mature males of Ce. cranwelli 
vary between 11 and 14 years old with sizes slightly larger 
than those of Lepidobatrachus laevis at 6 years [11].

In ceratophryids, accelerated differentiation and 
growth has also been described for many organ systems 
[11, 51]. An example is the early acquisition of mature 
skin features—i.e., three or more epidermal layers, a 
well-differentiated dermis, and a thick stratum compac-
tum—in larvae of Ce. cranwelli and Lepidobatrachus spp. 
[11, 36] (Fig. 5). Furthermore, the size of the neuromasts 
appears to be related to these integumentary features, 
with larger organs present early in Lepidobatrachus spp. 
Conversely, small neuromasts are observed in species 

Fig. 3 Major terms used to explain the morphological animal variation from different approaches. The scheme summarizes equivalences among 
these terms offering explanations and/or hypotheses to understand changes in the form through development and evolutionary time. The num-
bers in brackets refer to references where the terms are more extensively discussed. For brief definitions, see “Appendix”
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with typical larval skin, such as C. pierottii [36]. In L. lae-
vis, sequence heterochrony has led to the retention of the 
lateral line system through metamorphosis, with the size 
of the neuromasts similar to that of the larval stages [36].

Morphological evolution related to the postaxial 
skeleton indicative of homoplasy
In anurans, with the exception of axial musculature that 
changes with metamorphosis, the appendicular musculo-
skeletal system develops and grows independently of the 
larval body plan [54]. This can be understood within the 
context of modular organization of development [41, 55]. 
For developing anurans, the postaxial musculoskeletal 
system is divided into two separate units: (1) the trunk 
and tail that collectively serve for swimming and (2) the 
appendicular system that develops to serve adult tetra-
pod locomotion.

In ceratophryids, there are a few derived features 
in the postaxial skeleton (Fig.  1b). These include the 
absence of a crest on the ilium, the presence of a very 
short muscle iliacus externus [54, 56], a strong prehal-
lical element for digging and the presence of dorsal 

shields in some species of Ceratophrys and Lepidobatra-
chus [10, 24, 57].

A shortened muscle iliacus externus has evidently 
evolved many times within the hyloids (Fig. 6). The mus-
cle is progressively diminished within Lepidobatrachus in 
the sequence L. llanensis, L. asper and L. laevis [58].

The prehallux is formed by two elements: The proxi-
mal one is spherical and the distal one is axehead-shaped. 
The distal prehallux provides support for a keratinous 
“spade” used for burrowing by fossorial anurans. The 
distal prehallux has a pronounced dorsal process that 
develops early and is well defined before metamorpho-
sis (Fig. 7). In addition to the ceratophryids, a prehallux 
with these features occurs in species within the genera 
Spea, Scaphiopus, Odontophrynus, Astylosternus, Arthro-
leptis, Hemisus, Scaphiophryne, Breviceps, Pyxicephalus, 
Rhinophrynus dorsalis and Neobatrachus pictus [59–64]. 
Notably, these taxa largely occupy semiarid regions, 
where burrowing by the frogs into the ground is protec-
tive against desiccation during the drier times of the year.

Mineralized structures in the integument, such as a 
calcified layer, cranial co-ossification and dorsal shields 

Fig. 4 Heterochronic variation in shape and size during larval development among ceratophryids. a This plot depicts developmental changes 
versus developmental timing. The offset of larval development occurs at the moment when the tail is lost. b This plot, in contrast, shows size vari-
ation versus developmental timing (growth). The final larval body size is achieved at metamorphosis when the tail regresses [52, 53]. c Different 
rates determine when the final larval size and shape are achieved [11, 50]. These curves indicate that growth and development are accelerated in 
Chacophrys and Lepidobatrachus compared with the same processes in Ceratophrys. This perspective on ceratophryid development fits with their 
hypothesized phylogeny [10]
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on presacral vertebrae, have similarly been associated 
with reducing evaporative water loss in anurans [65–
71]. Dorsal shields are rare among extant anurans, but 
have been found in some ceratophryids (Fig.  8), some 
brachycephalids and few dendrobatids [7, 14, 57, 72, 73]. 

Dorsal shields also occur in temnospondyl amphibians 
of the Paleozoic [65, 74]. In ceratophryids, dorsal shields 
develop via intramembranous ossification and differ from 
the dorsal shields in Brachycephalus ephippium [57, 73]. 
In Lepidobatrachus spp., two or three medial shields arise 

Fig. 5 Variation in the number of layers of the dorsal integument and neuromast size from ceratophryids. Dermal histology in larvae at Gosner 
stage 37 for a Ceratophrys cranwelli, b Lepidobatrachus laevis, c L. llanensis and d Chacophrys pierottii. The variation in the size of neuromasts in the 
dorsal lateral line (arrows) seems to be related to integument thickness. In Ce. cranwelli and Lepidobatrachus spp., the epidermis is pluristratified, and 
the dermis has spongiosum and compactum strata in L. laevis. In C. pierottii, there are only two epidermal layers and a thin compact stratum in the 
dermis. ho hypodermis, sc stratum compactum, ep epidermis, ss stratum spongiosum. Bar equals 50 μm

Fig. 6 Variation in the muscle iliacus externus among selected hyloids. On the left is shown a phylogenetic tree for hyloid anurans [9], where color 
fields have been added to indicate the ecology and dominant locomotor patterns for the various taxa. For reference, on the right is shown the 
musculature in a representative hyloid taxon in dorsal view, with the most common muscle pattern seen in jumping frogs. Color branches of the 
tree indicate different states of a fundamental morphological character that relates to the locomotor behavior of anurans; i.e., notably the relative 
length of the muscle iliacus externus [54, 56, 58] which is colored in green. Three states are recognized for that muscle. Blue represents the condition 
in more saltatory frogs, where the origin of the muscle iliacus externus is on the anterior half of the iliac shaft and the muscle covers more than 
70 % of the iliac shaft length. Red represents the condition in frogs that predominantly walk, where the origin of the muscle iliacus externus is on 
the middle of the iliac shaft and the muscle covers between 40 and 70 % of the shaft. Lastly, yellow represents the state seen in some hopping frogs, 
where the muscle iliacus externus originated on the posterior half of the iliac shaft. According to the phylogeny [9], the shortening of the muscle 
iliacus externus would have evolved at least three times in the clade that includes three hyloid linages: ceratophryids, Odontophrynus + Macrogeni-
oglottus, and Telmatobius. This clade is formed by terrestrial (or secondarily aquatic) taxa that predominantly hop
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Fig. 7 The prehallux is modified to support a keratinized spade for digging in ceratophryids. Cleared and stained specimens showing the spade on 
the foot in dorsal view of a Ceratophrys cranwelli, adult female; b Chacophrys pierottii, adult male; c Lepidobatrachus laevis, adult male; and d Lepido-
batrachus llanensis, recently metamorphosed individual. Keratinization occurs earlier in L. llanensis, i.e., when digits become completely separated 
and the internal metatarsal tubercle is well differentiated. The same process occurs at the beginning of metamorphosis in L. laevis and C. pierottii, 
and after metamorphosis in Ce. cranwelli. dpha distal prehallical element, pph proximal prehallical element. Bar equals 2 mm

Fig. 8 The vertebral column and overlying dorsal shields (when present) in cleared and stained ceratophryids. a Chacophrys pierottii, adult male, b 
Lepidobatrachus laevis, adult male, c Ceratophrys cranwelli, adult male. d L. llanensis, metamorphic individual, e L. llanensis, metamorphic juvenile and 
f L. llanensis, adult male. In Chacophrys and Lepidobatrachus, dorsal shields are absent and neural spines of vertebrae II–IV are flattened. L. llanensis 
bears two or three medial dorsal shields that are differentiate before metamorphosis. In Ce. cranwelli, the armor is composed of medial and lateral 
shields covering vertebrae II–VII and their transverse processes, which develop in the postmetamorphic juvenile stage
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during the larval stages in an antero-posterior direction 
from osteoblasts that in turn arise from mesenchymal 
cells within the hypodermis. In Ceratophrys cranwelli, 
there is a sequential addition of bony shield elements, 
beginning with the medial plates and progressing to the 
lateral and caudal ones that appear in advanced postmet-
amorphic stages [57]. Among Ceratophryidae, only Ce. 
aurita, Ce. cranwelli, Ce. joazeirensis, Ce. ornata, L. asper 
and L. llanensis bear dorsal shields. It has been proposed 
that they evolved two or more times in the history of the 
family [10].

These postcranial morphological traits of ceratophry-
ids are homoplastic and, as already noted, are commonly 
associated with terrestrial/fossorial habits and resistance 
to desiccation in anurans (Fig.  1b). Consistent with that 
is the fact that Chacophrys and Lepidobatrachus are the 
only anuran genera solely endemic to the semiarid South 
American Chaco region [50]. Furthermore, the pres-
ence of a cocoon as a mechanism to prevent water loss 
during estivation, even in Ceratophrys spp. from humid 
environments, supports the idea that the Ceratophryidae 

originated and diversified in a semiarid environment com-
parable to what occurs in the contemporary Chaco [10].

Morphological evolution related to the visceral 
arches and feeding indicative of synapomorphies
The analysis of the derived characters in the horned frogs 
(Fig. 1), both in larvae and adults, and particularly those 
distinct to Lepidobatrachus, reveals many developmental 
changes. In Lepidobatrachus, new ontogenetic trajecto-
ries are associated with a wealth of anatomical structures 
associated with the organisms’ pre- and postmetamor-
phic feeding mechanism. These changes result variously 
from developmental variation that is recognized as het-
erochrony, heterometry, heterotopy, and heterotypy or 
some combination of these developmental processes 
(Fig.  3; “Appendix”). The occurrence of heterochrony, 
heterotopy and heterometry may be detected by com-
parisons between ontogenies and/or adult traits where 
these processes have consequences in the final shape. 
For example, heterotopy and heterometry are identified 
in adult Leptidobatrachus characters in which spatial 

Fig. 9 Premaxillary and maxillary teeth in ceratophryids. Whole mounts stained for cartilage and bone. a Ceratophrys cranwelli, adult female. b, e 
Chacophrys pierottii, adult male. c, f Lepidobatrachus laevis, adult male. d, g L. llanensis, recently metamorphosed individual. h, i Dorsal view of the 
snout of C. pierottii at larval Gosner Stages 39 and 41. Germs of maxillary and premaxillary teeth appear already calcified before differentiation the 
maxillary bone. j L. laevis tadpole before the beginning the metamorphosis with teeth germs and the incipient premaxillary and maxillary bones. In 
ceratophryids, the early differentiations of teeth within the larval dermis illustrate the capability of the integument to give rise to ectopic ossifica-
tions before metamorphosis. mx maxillary, mxt maxillary teeth, pmx premaxillary, pmxt premaxillary teeth. Scale bars in a–d, e–g equals 1 mm, h–j 
equal 2 mm
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relationships (e.g., nerves in relation to muscles) are dis-
tinct, or morphometric differences appear (e.g., allometry 
in lower jaw length, ossification of hyoid plate). Hetero-
chrony may occur without morphological consequence 
in adult traits and requires developmental sequences for 
interpretations (e.g., sexual maturity). In contrast, het-
erotypy is observed in unique traits that have their own 
developmental sequence. Heterotypy, as a developmental 
phenomenon, is a new ontogenetic trajectory and repre-
sents an autapomorphy in a monophyletic lineage.

In ceratophryids, the upper jaw bones bear non-
pedicellate, monocuspid teeth (Figs.  1b, 9) that are 
differentiated and calcified in late larvae stages. At met-
amorphosis, they immediately become attached to the 
premaxillary and maxillary [62, 63, 75]. Such early differ-
entiation and rapid calcification has similarly been noted 
for the non-pedicellate monocuspid teeth in the hyperos-
sified Pyxicephalus adspersus [76] and pipids [77]. Most 
anurans in contrast have pedicellate bicuspid teeth that 
appear at the end of metamorphosis with a persistent 
non-calcified zone that divides the crowns from the pedi-
cels [78]. The shift from the generalized anuran dental 
morphology to the ceratophyrid pattern fits with an early 
onset and accelerated rate of calcification of dental germs 
(i.e., sequence heterochrony).

Although the lower jaw is toothless in anurans, 
enlarged upwardly directed fangs or odontoids are found 
in some neobatrachians, including the Ceratophryidae 
[25]. Ceratophryid odontoids are robust and fully ossi-
fied, and flank each side of the mandibular symphy-
sis (Fig.  10). In late stage larvae, fang germs, formed 
by dermal bone, are differentiated on both sides of the 
medial process of the infrarostral cartilage before the 
appearance of the lower jaw bones. During earlier meta-
morphic stages, the fangs fuse to the dentaries [25]. In 
contrast to other anurans, where the odontoids consti-
tute a laminar projection of the dentaries, in ceratophry-
ids the fangs are ectopic ossifications integrated with the 
lower jaw bones having a distinctive developmental tra-
jectory (i.e., autapomorphy, heterotypy, morphological 
novelty). Consistent with the unusually early hyperossi-
fication of components of the lower jaw, the postmeta-
morphic horned frogs appear to lack the separate and 
distinct mentomeckelian elements of most anurans that 
can rotate when the jaw is open to assist in tongue pro-
trusion and retraction [79].

One of the most remarkable features in horned frogs 
is the caudal placement of the articulation of the lower 
jaw up to or beyond the craniovertebral joint (i.e., het-
erotopy and heterometry). In Lepidobatrachus, the 
jaw articulation is far behind the craniovertebral joint 
[7, 50]. This provides them with an enormous gape. 
Indeed, ceratophryids, and in particular Ceratophrys and 

Lepidobatrachus, have about the widest mouth openings 
known in extant anurans.

In Lepidobatrachus spp., the caudally displaced jaw 
suspension necessitates a shift in the position of mus-
cles levatorae mandibulae. This, in turn, changes the 
muscles’ relationship with the branches of the trigemi-
nal nerve (Fig. 11). In contrast to the arrangement seen 
in all other anurans, in both larvae and adult Lepidoba-
trachus, the muscles levatorae mandibulae are located 
behind the branches of the trigeminal nerve. This shift 
in the placement of the muscles and their nerves has 
been ascribed to heterotopy [50] (Fig. 11).

Some features of the hyoglossal apparatus in Lepidoba-
trachus spp. can be derived from the condition found in 

Fig. 10 Ceratophyrid fangs in whole mounts stained for cartilage 
and bone, and in living specimens. a Lower jaw of a recent metamor-
phosed Lepidobatrachus llanensis in which the cartilaginous mandibu-
lar symphysis and pointed fangs are shown, bar is equal 1 mm. b 
Lingual view of the mandibular symphysis in Ceratophrys cranwelli. 
The fangs are stout, the mandibular bones are strongly fused, and the 
mentomeckelian elements are not visible; bar is equal 1 mm. c Ventral 
view of the lower jaw in a metamorphic specimen of L. laevis. The 
image shows the fang germs located in the lingual face of the lower 
jaw adjacent to the infrarostral cartilage. Calcification of the fangs pre-
cedes the calcification of lower jaw bones. d Detail of the fang germs 
in the specimen in c, bar is equal 5 mm. e Frontal view of the fangs 
with an integumentary cover in an adult specimen of L. laevis. f The 
fangs and the serrated teeth suggest powerful jaws to hold and sub-
due prey in adult of L. laevis. The development of fangs arising from 
the lower jaw in these frogs necessitated changes in the premaxillary 
and maxillary bones. When the mouth is closed, the fangs rest in the 
superficial lingual part of the alar process of the premaxillary as the 
palatal shelf of the premaxillary is absent in horned frogs [2, 25]
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Chacophrys and/or Ceratophrys [81]. The hyoid skeleton 
of ceratophryids lacks anterolateral process, whereas the 
ossification of the posteromedial process is extensive 
with respect to other anurans (i.e., heterometry) (Figs. 1b, 
12). In Lepidobatrachus spp., the hyoid plate is short. 
The hyalia are interrupted with short otic and hyoid seg-
ments, and there is an additional dorsal transverse ossi-
fication that is unique among anurans with a distinctive 
developmental sequence (i.e., autapomorphy, heterotypy 
and morphological novelty) [81].

Skeletal deviations in the ceratophryid hyoid are con-
comitant with changes in the hyoid musculature imply-
ing reduction in the geniohyoideus, omohyoideus and 

petrohyoidei posteriores muscles [81] (Fig.  12). All of 
these features appear to be related to a global reduction 
in the ceratophryids of the tongue protrusion and retrac-
tion mechanism (see additional discussion below) com-
pared with that of more generalized frogs, which feed on 
smaller and faster moving prey.

Additional developmental changes indicative 
of autapomorphies, heterotypy and morphological 
novelties
The concept of morphological novelty (i.e., hetero-
typy and autapomorphy) refers to new anatomical fea-
tures that may acquire new functions [47, 48], and two 

Fig. 11 Heterotopic variation in mandibular muscles in the extant Anura, plus Lepidobatrachus. a, b The homology of amphibians jaw musculature 
was hypothesized based on muscle origin and insertions, orientation of fibers and relative position of trigeminal divisions [80]. This interpretation 
is applicable to both larval and adults since relations of the nerve divisions to the muscles are maintained through metamorphosis. The schema 
represents this condition for anurans as observed in larvae (a dorsal view) and adults (b lateral view) of Ceratophrys cranwelli. c, d In larvae (c dorsal 
view) and adults (d lateral view) of Lepidobatrachus spp., the trigeminal divisions (V1, V2 and V3) are positioned anteriorly to the muscles levator man-
dibulae, which differ from all other anurans and correlated with the posterolateral displacement of jaw suspension [7, 50]. V1 ramus ophthalmicus of 
trigeminus, V2 ramus maxillaris of trigeminus, V3 ramus mandibularis of trigeminus, mla muscle levatorae mandibulae anterior, mle muscle levatorae 
mandibulae externus, mli muscle levatorae mandibulae internus, mll muscle levatorae mandibulae lateralis, ml muscle levatorae mandibulae lon-
gus, mlp muscle levatorae mandibulae longus profundus, mls muscle levatorae mandibulae longus superficialis
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alternative pathways for the origin of such evolutionary 
novelties have been proposed [82]. One pathway is the 
emergence of a new adaptive peak that could initially 
coexist with a preexisting one, which implies a change 
in role or function for a preexisting structure. The other 
involves the breaking of a developmental constraint that 
facilitates structural and functional integration. This 
would lead to a distinctive, viable and potentially unique 
morphology. Both processes evidently have occurred in 

the evolution of the Ceratophyridae and can account for 
much of their morphological diversity.

Figure  13 depicts our interpretation of the evolution-
ary shift in the ceratophryid feeding mechanism away 
from the primacy of the tongue in prey capture, as seen 
in more generalized anurans. This involved the origin 
of morphological novelties and developmental modi-
fications in ceratophryids for the capture of large prey. 
The fangs on the lower jaw, for example, appear to have 

Fig. 12 Simplified representation of the variation in the hyoid skeleton and hyoglossal muscles in Ceratophryidae. a–d The hyoid skeleton lacks 
anterolateral processes and the ossification of posteromedial processes invades the hyoid plate. a Chacophrys pierottii, b Ceratophrys cranwelli. c 
Lepidobtrachus llanensis and d L. laevis: Species of Lepidobatrachus have discontinuous ceratohyalia and a dorsal dermal bone that is unique among 
anurans [81]. e–h Variation in hyoid muscles involving the geniohyoideus, petrohyoidei posteriores, and sternohyoideus [81]. e C. pierottii and Ce. 
cranwelli present the muscle geniohyoideus divided in partes medialis and lateralis, three pairs of muscles petrohyoidei posteriores and the muscle 
sternohyoideus with the partes dorsalis and ventralis completely separated. This pattern of musculature is similar to that of other hyloids. f. L. llanen-
sis. The pars lateralis of muscle geniohyoideus has few fibers, the anterior pair of muscle petrohyoideus is absent, and partes dorsalis and ventralis 
of muscle sternohyoidus have shared fibers. g L. laevis. The pars lateralis of muscle geniohyoideus is absent, and the origin of the pars ventralis of 
the muscle sternohyoideus is displaced anteriorly. h–j Variation in the genioglossus and hyoglossus tongue musculature [81]. h C. pierottii and Ce. 
cranwelli show a pattern in which medial fibers of the left and right muscle hyoglossus converge to form as a single muscle that penetrates into the 
tongue; and the muscle genioglossus bears two components: the muscle genioglossus ventralis that forms a solid structure and the interdigitated 
component, which has fibers radiating caudally from their origin on the mandible. i L. llanensis. j L. laevis. In Lepidobatrachus spp., the medial fibers 
of each muscle hyoglossus remain separate and each muscle hyoglossus conserves its autonomy. The muscle genioglossus is formed only by inter-
digitated components that have few divisions and loose fibers. Furthermore, the tongue in Lepidobatrachus is smaller than in the other genera
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evolved specifically to capture and subdue exceptionally 
large and active prey [25, 83]. They are integrated with 
other morphological traits to perform this new function. 
This includes the absence of pars palatina in the premax-
illary, which allows the fangs to be contained within the 
inner face of the premaxillaries when the mouth is closed. 
It also includes the development of an immobile man-
dibular symphysis and reduction in the number of fibers 
in muscles associated with the floor of the mouth and 
tongue protrusion mechanism (e.g., muscle submentalis, 
muscle intermandibularis, and muscle interhyoideus)—
this reduction following the sequence Chacophrys, 
Ceratophrys and Lepidobatrachus [81]. The upper jaw 
bears numerous spur-like and firmly anchored teeth 
for constraining resistant prey [75]. Lastly, the caudal 
displacement of the jaw suspension has led to the most 
distinctive feature of the Ceratophyridae namely their 
enormous gape [7]. Collectively, all these features in the 
horned frogs increase their ability, compared with that of 
non-ceratophryid hyloid frogs, to capture extremely large 
and active prey (i.e., megalophagy).

The evolutionary shift in the Ceratophryidae toward 
feeding on such large prey may, in part, account for their 
high growth rates. The most extreme shift in form and 
function is seen in Lepidobatrachus. The genus has a 
number of unique features in the hyoid skeleton, such as 
discontinuous ceratohyalia and a dermal bone attached 
to the dorsal face of the cartilaginous corpus of the hyoid 
that has not been described in other anurans (Fig.  12). 
There is as well a reduced number of fibers in the buc-
cal floor muscles, and muscles that attach to the hyoid 
are similarly reduced in L. llanensis and lost in L. laevis 
(Fig. 12).

Reduction in the tongue increases room on the oral 
cavity to contain large prey. It is also true that, given the 
density and viscosity of water, prey capture with a pro-
jectile tongue is relatively inefficient. It appears that Lepi-
dobatrachus has evolved a small tongue with simplified 
musculature as part of distinctive functional complex for 
aquatic suction feeding [81]. This represents a new adap-
tive peak (Fig. 13). Notably the unique features related to 
feeding in Lepidobatrachus are similar in both the lar-
vae and adults; both life stages are exceptional compared 
with other tadpoles and adults in their ability to subdue 
and ingest very large, active aquatic prey.

Among ceratophryids, the increased developmental 
and growth rates affect all major organ systems of their 
larvae. Arguably, the most remarkable morphological 
novelties are seen in the visceral arches (e.g., the lower 
jaw, hyoid and brachial arches), which are essential for 
feeding in anuran larvae. Many of the derived features of 
ceratophryid larvae carryover past metamorphosis to the 

Fig. 13 Graphic representation of the hypothesized origin and diver-
sification of new functions in anurans. The curves represent the incre-
ment in the performance of the new function (y axis) through the 
time (x axis). a The anuran diet is composed of living prey. With the 
exception of the pipoids, adult anurans share a feeding mechanism in 
which tongue protrusion is used to capture prey. Three mechanisms 
of tongue protrusion have been described—mechanical pulling, iner-
tial elongation and hydrostatic elongation—that make prey capture 
possible [83]. b In ceratophryids, the mandibular symphysis is fixed 
and immovable [25]. The absence of a movable joint between the 
mentomeckelian and dentary precludes bending of the mandibular 
symphysis, which is critical for tongue protrusion in most anuran taxa 
[79, 84]. The fangs in the ceratophryids are morphological novelties 
associated with these changes in the mandibular symphysis. The 
fangs provide the capacity for capturing and subduing large, active 
prey as well as serving a role in defense against predators [25, 85]. In 
Ceratophrys sp., the adhesive performance of the tongue is increased 
by features of its surface profile and material properties, plus mucus 
[86]. Thus, in horned frogs, biting and tongue protrusion act syner-
gistically to generate the forces to catch large prey well above their 
own body weight (megalophagy). c In Lepidobatrachus spp., there are 
additional modifications from the feeding mechanism of terrestrial 
ceratophyrids that result from changes in development and the ori-
gin of morphological novelties, such as the dorsal dermal hyoid bone. 
Collectively, these changes seem to facilitate catching and swallow-
ing large prey underwater [81]
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adults and are thus central to the overall morphological 
evolution of Ceratophryidae.

Anuran metamorphosis is a constrained ontogenetic 
period regulated mainly by thyroid hormones (THs). Each 
tissue responds in a selective manner to TH, with varying 
degrees of sensitivity to the hormones, but in general met-
amorphic changes are coordinated and fast [87, 88]. Sev-
eral studies have shown that TH have multiple effects on 
organisms and evolutionary changes may occur through 
physiological changes in tissue sensitivity to TH, which 
are manifest as heterochronic changes during develop-
ment [89, 90]. Thyroid glands may themselves evolve. The 
thyroid glands of ceratophryid larvae show signs of low 
glandular activity without a manifest peak at metamorphic 
climax as is characteristic of anurans in general [91]. In 
addition, different sources of TH or TH precursors from 
the tadpoles’ diet may influence their developmental and 
growth rates [91]. Many of the heterochronic changes seen 
in ceratophyrids appear to be due to shifts in both the con-
centration of TH and TH tissue sensitivity.

Figure  14 summarizes our interpretation of the origin 
of evolutionary novelties in Lepidobatrachus’s ontogeny 
in which shifts in metamorphosis have produced a dra-
matic and unique larval ecomorphology. The changes in 

development for the Lepidobatrachus tadpole have, in turn, 
influenced the adult body plan via a breaking of metamor-
phic constraints. The final result has been the origin of mor-
phological novelties and the rise of a new adaptive peak.

Anuran larvae have historically been classified into 
four morphological types reflecting intraordinal mac-
roevolution [26, 92]. Other authors [36, 37], however, 
have argued that the Lepidobatrachus tadpole is unique 
enough to justify labeling it as a separate morphologi-
cal type. Commonly in anurans, when there has been an 
evolutionary departure from the classic four intraordinal 
types, it is by the suppression of the larval stage result-
ing in anurans with direct development. The ceratophry-
ids represent, in contrast, a case where developmental 
variation has favored a different departure from larval 
constraints. This has resulted in Lepidobatrachus having 
megalophagous tadpoles unlike the larvae of any other 
anuran genera. The Lepidobatrachus body plan and life 
style is thus built upon morphological novelties unique 
among the Anura.

Despite the fact that the extant ceratophryids share 
numerous synapomorphies, and abundant molecu-
lar data have supported their phylogeny, they remain a 
monophyletic taxon with controversial in- and out-group 

Fig. 14 Two-dimensional graphs representing the morphology (x axis) and ecology (y axis) of biphasic anuran ontogenies. a Anuran larval mor-
phology and ecology occupy the negative quadrant and are indicated by the orange polygon. Adult morphology and ecology are in the positive 
quadrant, represented by the green polygon. Both polygons are overlapped by metamorphosis in which there are morphological transformations 
in the major organ systems affecting breathing, feeding, locomotion and other behaviors, as is observed in Chacophrys pierottii and Ceratophrys spp. 
Metamorphosis is represented by the region around where the two axes cross. Because of the profound difference between the ecology of most 
larvae and adults, anurans in the middle of metamorphosis are neither as efficient in locomotion nor feeding as either the larvae or adult life form. 
Since anurans in transition are typically ineffective in nutritional capture and predator escape, nature selection has acted to shorten the danger-
ous transformational period of metamorphic climax. This is represented by the relatively small area covered by the polygons where the two axes 
cross in the figure. b The graph for Lepidobatrachus spp. illustrates the relatively minor ecomorphological differences between larvae and adults 
compared with most anurans with a biphasic lifestyle (as shown in a). The fast developmental rate and the precocious metamorphic morphologies 
in Lepidobatrachus tadpoles define a peramorphic larval body plan, suggesting that the free-feeding stage in Lepidobatrachus spp. is equivalent 
to metamorphic larval stages (between forelimb emergence and complete tail loss) of most anurans [11]. Furthermore, some larval features are 
conserved during the whole ontogeny (e.g., lateral line system) with adult stages also resembling advanced metamorphic morphologies. Because 
of the similarity in the life style of the Lepidobatrachus larvae and adult, the typically precarious metamorphic period can be protracted; i.e., this is 
represented in the figure by not just the greater overlap in adult and larval polygons, but the convergence of those polygons around where the two 
axes cross, i.e., at metamorphosis
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relationships. In part, this reflects the fact that there 
are new structures in the Ceratophryidae that have no 
homology in their ancestors (i.e., autapomorphies, het-
erotypies or morphological novelties).

Conclusion
The ceratophryid frogs represent an excellent model to 
elucidate phenotypic variation through ontogeny, and 
witness the many ways that heterochrony, and the break-
ing of developmental constraints, can yield ecomor-
phological novelties. The influence of this ontogenetic 
variation is most pronounced in the genus Lepidobatra-
chus. Indeed, because of its large size and rapid develop-
ment, Lepidobatrachus laevis has recently been proposed 
as a model species in experimental studies undertaken 
to address a wealth of classic questions in amphibian 
embryogenesis [93]. Furthermore, because of its sympa-
try with several other ceratophyrid species (in the Gran 
Chaco of South America) and its well established phylo-
genetic relationship to those species [10], Lepidobatra-
chus stands out, not only as model species for studying 
developmental processes per se, but exceptional for stud-
ying the very evolution of those processes.
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Appendix
Glossary of major terms used in the literature to discuss 
the evolution and development of morphological struc-
tures in vertebrates.

The numbers in brackets refer to the key papers cited 
for definitions of these terms.

Adaptation Any feature that promoting fitness and was 
built by selection for its current role [40].

Apomorphy A character hypothesized to be uniquely 
derived for a particular monophyletic group [38].

Autapomorphy Any character hypothesized to be 
uniquely derived for a particular monophyletic terminal 
taxon [38].

Developmental constraint The difficulty or impossibility of 
producing certain variations from a given starting point [39].

Developmental drive The ease of producing variation in 
development in particular directions, opposite and com-
plementary, to developmental constraint [39].

Evolution Unidirectional (non-cyclic) organic change 
through multiple generations [38].

Evolutionary novelty New structure, new function, new 
adaptive niche [47–49].

Exaptation Any feature that now enhances fitness but 
was not built by natural selection for their current role [40].

Growth heterochrony The occurrence of developmental 
changes in the relationship of size [42–44].

Heterochrony (other timing) Change in the developmen-
tal timing for a part of an organism with regard to the 
time for development of that part in the ancestral ontog-
eny [39].

Heterometry (other amount) Change in the amount (in 
size or proportion) of some part of an organism with 
regard to its proportions in the ancestral ontogeny [39].

Heterotopy (other place) Change in the anatomical loca-
tion of a structure in an organism with regard to the same 
part in the ancestral ontogeny [39].

Heterotypy The absence of any shift in the time of 
appearance, location or proportions of a structure in a 
current organism compared with the ancestral ontogeny 
[39].

Hypomorphosis/hypermorphosis Evolutionary processes 
producing interspecific changes in growth rates with 
consequences in adult size [46].

Homology Structures having the same origin, position, 
shape or composition in two or more organisms [38].

Homoplasy Incongruent data which, on grounds of par-
simony, cannot be explained as homology (i.e., as due to 
common ancestry) [38].
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Morphological change Any variation between the same 
kind of building blocks (i.e., organs, tissues or cells), 
among individuals or between species [41].

Morphological novelty A new structural element in a 
body plan that has no homology in the ancestor or in the 
same organism (serial homology) [47, 48].

Natural selection Differential survival of the variants 
across generations [38].

Ontogeny Developmental trajectory (series of forms) of 
an organism from its starting point to maturation [39].

Paedomorphosis/peramorphosis Evolutionary processes 
producing interspecific changes in developmental rates 
with consequence in the adult shape [45].

Parsimony Methodological tool to select the preferred 
hypothesis based on the fewest assumptions about a data 
set [38].

Phylogeny A pattern of evolutionary relationship 
between three or more taxa [38, 39].

Sequence heterochrony As the developmental trajectory 
is conceptualized as a series of discrete events, sequence 
of heterochrony is demonstrated when the temporal 
position of an event changes relative to other events in 
that sequence [42–44].

Synapomorphy A trait shared by all members of a 
monophyletic group set [38].

Received: 4 January 2016   Accepted: 11 February 2016

References
 1. Reig OA, Limeses CE. Un nuevo género de anuros ceratophrínidos del 

distrito chaqueño. Physis. 1963;24:113–28.
 2. Lynch J. Evolutionary relationships, osteology, and zoogeography of lep-

todactyloid frogs. Mus Nat Hist Univ Kansas, Miscel Publ. 1971;53:1–238.
 3. Lynch J. The transition from archaic to advanced frogs. In: Vial L, editor. 

Evolutionary biology of the Anurans: contemporary research on major 
problems. Columbia: University of Missouri Press; 1973. p. 133–82.

 4. Laurent RF. Souss classe lissamphibiens (Lissamphibia). Systématique. In: 
Grassé PP, Delsol M, editors. Traité de Zoologie. Anatomie, Systematique, 
Biologie, Tome XIV, Batraciens, Fasc. 1B. Paris: Masson; 1986. p. 594–798.

 5. Maxson L, Ruibal RR. Relationships of frogs in the leptodactylid subfamily 
Ceratophryinae. J Herpetol. 1988;22:228–31.

 6. Haas A. Phylogeny of frogs as inferred from primarily larval characters 
(Amphibia: Anura). Cladistics. 2003;19:23–89.

 7. Fabrezi M. Morphological evolution of Ceratophryinae (Anura, Neobatra-
chia). J Zool Syst Evol Res. 2006;44:153–66.

 8. Frost DR, Grant T, Faivovich J, Bain RH, Haas A, Haddad CFB, de Sá RO, 
Channing A, Wilkinson M, Donnellan SC, Raxworthy CJ, Campbell 
JA, Blotto BL, Moler P, Drewes RC, Nussbaum RA, Lynch JD, Green 
DM, Wheeler WC. The amphibian tree of life. Bull Am Mus Nat Hist. 
2006;297:1–370.

 9. Pyron RA, Wiens JJ. A large-scale phylogeny of Amphibia including over 
2800 species, and a revised classification of extant frogs, salamanders, 
and caecilians. Mol Phylogenet Evol. 2011;61:543–83.

 10. Faivovich J, Nicoli L, Blotto BL, Pereyra MO, Baldo D, Barrionuevo JS, 
Fabrezi M, Wild ER, Haddad CFB. Big, bad, and beautiful: phylogenetic 
relationships of the horned frogs (Anura: Ceratophryidae). S Am J Herpe-
tol. 2014;9:1–21.

 11. Fabrezi M, Quinzio SI. Morphological evolution in Ceratophyinae frogs 
(Anura, Neobatrachia): the effects of heterochronic changes during larval 
development and metamorphosis. Zool J Linn Soc. 2008;154:752–80.

 12. Grant T, Frost DR, Caldwell JP, Gagliardo R, Haddad CFB, Kok PJR, Means 
DB, Noonan BP, Schargel WE, Wheeler WC. Phylogenetic systematics of 
dart poison frogs and their relatives (Amphibia: Athesphatanura: Dendro-
batidae). Bull Am Mus Nat Hist. 2006;299:1–262.

 13. Evans SE, Groenke JR, Jones MEH, Turner AH, Krause DW. New material of 
Beelzebufo, a hyperossified Frog (Amphibia: Anura) from the Late Creta-
ceous of Madagascar. PLoS ONE. 2014. doi:10.1371/journal.pone.0087236.

 14. Evans SE, Jones MEH, Krause DW. A giant frog with South American affini-
ties from the Late Cretaceous of Madagascar. PNAS. 2008;105:2951–6.

 15. Báez AM, Perí S. Baurubatrachus pricei, nov. gen. et sp., un anuro 
del Cretácico Superior de Minas Gerais, Brasil. An Acad Bras Ciênc. 
1989;61:447–58.

 16. Báez AM, Perí S. Revisión de Wawelia geroldhi, un anuro del Mioceno de 
Patagonia. Ameghiniana. 1990;27:379–86.

 17. Perí S. Ceratophrys (Anura, Leptodactylidae) en el Holoceno de Laguna Los 
Tres Reyes, provincia de Buenos Aires, Argentina. Ameghiniana. 1993;30:3–7.

 18. Fernicola JC. Una nueva especie de Ceratophrys (Anura, Leptodactylidae) 
en el Neógeno de la provincia de Buenos Aires, Argentina. Ameghiniana. 
2001;38:385–91.

 19. Agnolín FL. Un nuevo escuerzo (Anura, Leptodactylidae) del 
“Ensenadense” (Pleistoceno Inferior-Medio) de la provincia de Buenos 
Aires (Argentina), con notas sobre la clasificación del género Ceratophrys. 
Stud Geol Salmant. 2005;41:45–55.

 20. Nicoli L. Reappraisal of a ceratophryid frog from the oligocene of patago-
nia: assignation to Ceratophrys and new insight about its provenance. 
Ameghiniana. 2014;51:184–93.

 21. Tomassini RL, Agnolin F, Oliva C. First fossil record of the genus Lepidoba-
trachus Budgett, 1899 (Anura, Ceratophryidae), from the early Pliocene of 
Argentina. J Vertebr Paleontol. 2011;31:1005–9.

 22. Nicoli L. New fossil species of the extant genus Lepidobatrachus (Anura, 
Ceratophryidae) from the Late Miocene-Early Pliocene of central Argen-
tina. J Vertebr Paleontol. 2015. doi:10.1080/02724634.2015.981636.

 23. Ruane S, Pyron RA, Burbrink FT. Phylogenetic relationships of the Cre-
taceous frog Beelzebufo from Madagascar and the placement of fossil 
constraints based on temporal and phylogenetic evidence. J Evol Biol. 
2011;24:274–85.

 24. Cei JM. Amphibians of Argentina. Monit Zool Ital. 1981;2:1–609.
 25. Fabrezi M, Emerson SB. Parallelism and convergence in anuran fangs. J 

Zool. 2003;260:41–51.
 26. Orton GI. The systematics of vertebrate larvae. Syst Zool. 

1953;1953(2):63–75.
 27. Quinzio SI, Fabrezi M, Faivovich J. Redescription of the tadpole of Cha-

cophrys pierottii (Vellard, 1948) (Anura: Ceratophryidae). S Am J Herpetol. 
2006;1:202–9.

 28. Salgado Costa C, TrudeauVL Ronco A, Natale GS. Exploring antipredator 
mechanisms: new findings in ceratophryid tadpoles. J Herpetol. 2015. 
doi:10.1670/14-179.

 29. Natale GS, Alcalde L, Herrera R, Cajade R, Schaefer EF, Marangoni F, 
Trudeau VL. Underwater acoustic communication in the macrophagic 
carnivorous larvae of Ceratophrys ornata (Anura: Ceratophryidae). Acta 
Zool. 2011;92:46–53.

 30. Salgado Costa C, Chuliver Pereyra M, Alcalde L, Herrera R, Trudeau VL, 
Natale GS. Underwater sound emission as part of an antipredator mecha-
nism in Ceratophrys cranwelli tadpoles. Acta Zool. 2014;95:367–74.

 31. Ruibal RR, Thomas E. The obligate carnivorous larvae of the frog Lepidoba-
trachus laevis (Leptodactylidae). Copeia. 1988;3:591–604.

 32. Wassersug RJ, Heyer WR. A survey of internal oral features of leptodacty-
loid larvae (Amphibia: Anura). Smithson Contr Zool. 1988;457:1–96.

 33. Vera Candioti F. Ecomorphological guilds in anuran larvae: an application 
of geometric morphometric methods. Herpetol J. 2006;16:149–62.

 34. Faivovich J, Carrizo GR. Descripción de la larva de Chacophrys pierottii 
(Vellard, 1948) (Leptodactylidae, Ceratophryinae). Alytes. 1992;10:81–9.

 35. Ziermann JM, Infante C, Hanken J, Olsson L. Morphology of the cranial 
skeleton and musculature in the obligate carnivorous tadpole of Lepido-
batrachus laevis (Anura: Ceratophryidae). Acta Zool. 2013;94:101–12.

 36. Quinzio SI, Fabrezi M. The lateral line system in anuran tadpoles: 
neuromast morphology, arrangement, and innervation. Anat Rec. 
2014;297:1508–22.

http://dx.doi.org/10.1371/journal.pone.0087236
http://dx.doi.org/10.1080/02724634.2015.981636
http://dx.doi.org/10.1670/14-179


Page 16 of 16Fabrezi et al. EvoDevo  (2016) 7:5 

 37. Roelants K, Haas A, Bossuyt F. Anuran radiations and the evolution of 
tadpole morphospace. PNAS. 2011;108:8731–6.

 38. Grande L, Rieppel O. Interpreting the hierarchy of nature. From systematic 
patterns to evolutionary process theory. San Diego: Academic Press; 
1994.

 39. Arthur W. Biased embryos and evolution. Cambridge: Cambridge Univer-
sity Press; 2004.

 40. Gould SJ, Vra ES. Exaptation—a missing term in the science of form. 
Paleobiology. 1982;8:4–15.

 41. Wagner GP. Homologues, natural kinds and the evolution of modularity. 
Am Zool. 1996;36:36–43.

 42. Smith KK. Heterochrony revisited: the evolution of developmental 
sequences. Biol J Linn Soc. 2001;73:169–86.

 43. Smith KK. Sequence heterochrony and the evolution of development. J 
Morphol. 2002;252:82–97.

 44. Smith KK. Time’s arrow: heterochrony and the evolution of development. 
Int J Dev Biol. 2003;47:613–21.

 45. Reilly SM, Wiley EO, Meinhardt DJ. An integrative approach to hetero-
chrony: the distinction between interspecific and intraspecific phenom-
ena. Biol J Linn Soc. 1997;60:119–43.

 46. Alberch P, Gould SJ, Oster GF, Wake DB. Size and shape in ontogeny and 
phylogeny. Paleobiology. 1979;5:296–317.

 47. Müller GB, Wagner GP. Novelty in evolution: restructuring the concept. 
Annu Rev Ecol Syst. 1991;22:229–56.

 48. Müller GB, Wagner GP. Innovation. In: Hall BK, Olson WB, editors. Keywords 
and concepts in evolutionary developmental biology. Cambridge: Har-
vard University Press; 2003. p. 218–27.

 49. Wagner GP, Larsson HCE. Fins/limbs in the study of evolutionary novelties. 
In: Hall BK, editor. Fins into limbs: evolution, development, and transfor-
mation. Chicago: University of Chicago Press; 2007. p. 49–61.

 50. Fabrezi M. Heterochrony in growth and development in anurans from the 
Chaco of South America. Evol Biol. 2011;38:390–411.

 51. Bloom S, Ledon-Rettig C, Infante C, Everly A, Hanken J. Developmental 
origins of a novel gut morphology in frogs. Evol Dev. 2013;15:213–23.

 52. Etkin W. The phenomena of anuran metamorphosis. III. The development 
of the thyroid gland. J Morphol. 1936;59:68–89.

 53. Gosner KL. A simplified table for staging anuran embryos and larvae with 
notes on identification. Herpetologica. 1960;16:183–90.

 54. Fabrezi M, Manzano AS, Abdala V, Lobo FJ. Anuran locomotion: ontogeny 
and morphological variation of a distinctive set of muscles. Evol Biol. 
2014;41:308–26.

 55. Gass GL, Bolker JA. Modularity. In: Hall BK, Olson WB, editors. Keywords 
and concepts in evolutionary developmental biology. Cambridge: Har-
vard University Press; 2003. p. 260–7.

 56. Limeses CE. La musculatura del muslo en los ceratofrínidos y formas 
afines. ContribucionesCientíficas UBA, Ser Zoología. 1964;1:191–245.

 57. Quinzio SI, Fabrezi M. Ontogenetic and structural variation of minerali-
zations and ossifications in the integument within ceratophryid frogs 
(Anura, Ceratophryidae). Anat Rec. 2012;295:2089–103.

 58. Limeses CE. La musculatura del muslo en las especies del género Lepido-
batrachus (Anura-Ceratophrynidae). Physis. 1963;24:205–18.

 59. Howes GB, Ridewood W. On the carpus and tarsus of the Anura. P Zool 
Soc Lond. 1888;56:141–80.

 60. Laurent RF. Note sur l’Osteologie des genres Breviceps et Phrynomerus 
(Batraciens). Rev Zool Bot Afr. 1942;35:417–8.

 61. Wiens JJ. Ontogeny of the skeleton of Spea bombifrons (Anura: Pelobati-
dae). J Morphol. 1989;202:29–51.

 62. Wild ER. Description of the adult skeleton and developmental osteology 
of the hyperossified horned frog, Ceratophrys cornuta (Anura: Leptodac-
tylidae). J Morphol. 1997;232:169–206.

 63. Wild ER. Description of the chondrocranium and osteogenesis of the 
chacoan burrowing frog, Chacophrys pierottii (Anura: Leptodactylidae). J 
Morphol. 1999;1999(242):229–46.

 64. Fabrezi M. A survey of prepollex and prehallux variation in anuran limbs. 
Zool J Linn Soc. 2001;131:227–48.

 65. DeMar RE. The phylogenetic and functional implications of the armor of 
the Dissorophidae. Fieldiana Geol. 1966;16:55–88.

 66. Elkan E. Mucopolysaccharides in the anuran defence against desiccation. 
J Zool. 1968;155:19–53.

 67. Seibert E, Lillywhite HB, Wassersug RJ. Cranial co-ossification in frogs: 
relationship to rate of evaporative water loss. Physiol Zool. 1974;4:261–5.

 68. Ruibal RR, Shoemaker V. Osteoderms in anurans. J Herpetol. 
1984;18:313–28.

 69. Toledo RC, Jared C. The calcified dermal layer in anurans. Comp Biochem 
Phys A. 1993;104:443–8.

 70. Azevedo RA, Santana AS, de Brito-Gitirana L. Dermal collagen organi-
zation in Bufo ictericus and in Rana catesbeiana integument (Anuran, 
Amphibian) under the evaluation of laser confocal microscopy. Micron. 
2005;37:223–8.

 71. Pelli AA, Cinelli LP, Souza Mourão PA, de Brito-Gitirana L. Glycosaminogly-
cans and glycoconjugates in the adult anuran integument (Lithobates 
catesbeianus). Micron. 2010;41:660–5.

 72. Trueb L. Bones, frogs, and evolution. In: Vial L, editor. Evolutionary biology 
of the anurans: contemporary research on major problems. Columbia: 
University of Missouri Press; 1973. p. 65–132.

 73. Campos LA, Da Silva HR, Sebben A. Morphology and development of 
additional bony elements in the genus Brachycephalus (Anura: Brachy-
cephalidae). Biol J Linn Soc. 2010;2010(99):752–67.

 74. Witzmann F, Scholz H, Müller J, Kardjilov N. Sculpture and vasculariza-
tion of dermal bones, and the implications for the physiology of basal 
tetrapods. Zool J Linn Soc. 2010;160:302–40.

 75. Fabrezi M. Variación morfológica de la dentición en anuros. Cuadernos 
Herpetol. 2001;15:17–28.

 76. Haas A. Larval and metamorphic development in the fast develop-
ing frog Pyxicephalus adspersus (Anura, Ranidae). Zoomorphology. 
1999;119:23–35.

 77. Smirnov SV, Vasil’eva AB. Anuran dentition: development and evolution. 
Russ J Herpetol. 1995;2:120–8.

 78. Parsons TS, Williams EE. The teeth of Amphibia and their relation to 
amphibian phylogeny. J Morphol. 1962;10:375–89.

 79. Gans C, Gorniak GC. How does the toad flip its tongue? Test of two 
hypotheses. Science. 1982;216:1135–7.

 80. Haas A. Mandibular arch musculature of anuran tadpoles, with comments 
on homologies of amphibian jaw muscles. J Morphol. 2001;247:1–33.

 81. Fabrezi M, Lobo FJ. Hyoid skeleton, related muscles, and morphological 
novelties in the frog Lepidobatrachus (Anura, Ceratophryidae). Anat Rec. 
2009;292:1700–12.

 82. Hallgrímsson B, Jamniczky HA, Young NM, Rolian C, Schmidt-Ott U, 
Marcucio RS. The generation of variation and developmental basis for 
evolutionary novelty. J Exp Zool. 2012;318:501–17.

 83. Nishikawa K. Feeding in frogs. In: Schwenk K, editor. Feeding: form, func-
tion, and evolution in tetrapod vertebrates. San Diego: Academic Press; 
2000. p. 117–44.

 84. Emerson SB. Movement of the hyoid in frogs during feeding. Am J Anat. 
1977;149:115–20.

 85. De Vree F, Gans C. Functional morphology of the feeding mechanisms in 
lower tetrapods. In: Splechtna H, Hilgers H, editors. Trends in vertebrate 
morphology: proceedings of the 2nd international symposium on 
vertebrate morphology, Vienna. Stuuttgart: Gustav Fischer Verlag; 1986. p. 
115–27.

 86. Kleinteich T, Gorb SN. Tongue adhesion in the horned frog Ceratophrys sp. 
Sci Rep. 2014. doi:10.1038/srep05225.

 87. Dodd MHI, Dodd JM. The biology of metamorphosis. In: Lofts B, editor. 
Physiology of the Amphibia. New York: Academic Press Inc.; 1976. p. 
467–599.

 88. Denver RJ. Neuroendocrinology of amphibian metamorphosis. Curr Top 
Dev Biol. 2013;10:195–227.

 89. Buchholz DR, Hayes T. Variation in thyroid hormone action and tissue 
content underlies species differences in the timing of metamorphosis in 
desert frogs. Evol Dev. 2005;7:458–67.

 90. Ledón-Rettig CC, Pfennig DW, Crespi EJ. Stress hormones and the fitness 
consequences associated with the transition to a novel diet in larval 
amphibians. J Exp Biol. 2009;212:3743–50.

 91. Fabrezi M, Cruz JC. Ontogeny of the thyroid glands during larval develop-
ment of South American horned frogs (Anura, Ceratophryidae). Evol Biol. 
2014;41:606–18.

 92. Sokol OM. The phylogeny of anuran larvae: a new look. Copeia. 
1975;1:1–23.

 93. Amin NM, Womble M, Ledón-Rettig C, Hull M, Dickinson A, Nascone-
Yoder N. Budgett’s frog (Lepidobatrachus laevis): a new amphibian 
embryo for developmental biology. Dev Biol. 2015;405:291–303.

http://dx.doi.org/10.1038/srep05225

	Developmental changes and novelties in ceratophryid frogs
	Abstract 
	Background
	Developmental and growth rates
	Morphological evolution related to the postaxial skeleton indicative of homoplasy
	Morphological evolution related to the visceral arches and feeding indicative of synapomorphies
	Additional developmental changes indicative of autapomorphies, heterotypy and morphological novelties
	Conclusion
	Authors’ contributions
	References




