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Revisiting the contribution of larval characters to an
analysis of phylogenetic relationships of basal anurans
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The higher-level relationships of anurans have been explored by numerous studies, producing a variety of hypoth-
eses. The relationships of the basal anurans (‘archaeobatrachians’) are, however, poorly known. In part, this may be
because the adult morphology of basal anurans is derived and therefore may not provide suitable phylogenetic sig-
nal. Recently, several authors have shown the phylogenetic utility of information derived from anuran larvae. In this
paper we conduct separate and combined analyses of anuran relationships based on adult and larval morphology.
Our combined results suggest that anurans form two major clades — the pipoids and all other frogs. Evidence also
suggests that, taken together, Neobatrachia and Pelobatoidea form a monophyletic group. We discuss support for var-
ious groupings as shown by the different data sets. We also comment on the consequences of our phylogenetic
hypothesis for the interpretation of reduction of vertebral elements and evolution of Orton’s tadpole types in

anurans.
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INTRODUCTION

Anurans (frogs and toads) have attracted serious
attention from systematic biologists who have
attempted to resolve their relationships for the past
80 years. Although Anura is modestly sized (4837 spe-
cies fide Frost, 2002), the relationships of the major
groups of frogs and toads have proven intractable to
resolution, despite molecular, morphological, and
developmental tools having been applied separately
and in tandem to the problem.

Anurans are highly derived and specialized amphib-
ians; they have exploited the terrestrial environment
with a success that has not been remotely paralleled
by either of their sister groups, the salamanders and
caecilians. At the risk of over-simplification, the expla-
nation for their evolutionary success seems to be
related primarily to the evolution of saltatorial loco-
motion in the group. The morphological modifications
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that attend this specialization have contributed to our
limited understanding of their phylogenetic relation-
ships. The major changes in the body plan that
facilitate jumping preclude facile morphological
comparisons with fossil and extant sister groups (e.g.
Triadobatrachus and salamanders). The success of
this body plan has resulted in an astounding overall
morphological similarity among anurans, as observed
by Inger (1967), and the apparent homoplasy of the
morphological variation that does occur has frustrated
systematists for decades.

An alternate approach to resolution of anuran rela-
tionships involved phylogenetic arrangements based
on features of external and oral morphology of larvae.
Orton’s (1953, 1957) early work was elaborated by
Starrett (1973), although these typological approaches
provided few characters that were phylogenetically
informative or broadly congruent with results of anal-
yses based on adult features. Sokol (1975, 1977, 1981)
undertook the first comparative studies of larval chon-
drocrania. His results, although promising, had lim-
ited impact because data were available for so few
taxa. In the last 20 years, we have learned a great deal
about the morphology of many more taxa of anuran
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larvae, thanks to the efforts of many herpetologists
(e.g. Haas, 1997, 2001; Larson & de S4, 1998; Wasser-
sug, 1980; Altig & McDiarmid, 1999). There is signif-
icant variation in larval structure that provides
characters amenable to phylogenetic analysis. Our
aim here is to apply some of these characters to an
analysis of the relationships of basal anurans, in con-
cert with features of the adult skeletal morphology, to
investigate the relative powers of resolution of larval
characters, adult characters, and a combination of lar-
val and adult characters.

THE STATUS OF ANURAN CLASSIFICATION

Ford & Cannatella’s (1993) analysis of relationships of
the major clades of anurans reveals the minimal state
of our understanding of the systematics of the group.
More than 95% of the species reside in a largely unre-
solved terminal polytomy known as the Neobatrachia,
or so-called ‘advanced’ anurans. The remaining 5%
comprises the basal anuran taxa; this relatively small
group is composed of 168 living species placed in 27
genera (Frost, 2002). Most authors concur that basal
anurans form a paraphyletic group (e.g. Duellman &
Trueb, 1986; Ford & Cannatella, 1993), but a few (e.g.
Hedges & Maxson, 1993; Hay et al., 1995) suggest that
it is monophyletic based on molecular evidence.

The anuran phylogenies proposed throughout the
last century derive mostly from Noble’s (1922, 1931)
arrangement, which was based on the adult structures
of the vertebral column and pectoral girdle, the nature
of thigh musculature, and the presence or absence of
dentition. Noble (1931) divided anurans into five sub-
orders. Three of these, Amphicoela (Leiopelma and
Ascaphus), Opisthocoela (discoglossids and pipids),
and Anomocoela (pelobatoids) included basal anurans.
All other frogs, including rhinophrynids, were divided
into Procoela and Displasiocoela. Noble’s classification
was widely accepted among researchers for nearly
30 years.

Based on larval morphology, Orton (1953, 1957)
divided anurans into four groups. Anurans with Type-
I larvae included pipids and rhinophrynids; Type-II
larvae were present in microhylids. Type-III larvae
included ascaphids (Ascaphus and Leiopelma) and dis-
coglossids, and Type-IV included all other frogs. These
types were arranged in order of increasing morpholog-
ical complexity and Orton (1957) suggested that they
might be in phylogenetic sequence. Although Orton did
not use larval types as a basis for a formal reclassifi-
cation of anurans, some authors adopted her concept of
four major evolutionary lineages based on larval fea-
tures (e.g. Savage, 1973; Starrett, 1973). Subsequent
publications (e.g. Griffiths, 1963; Griffiths & Carvalho,
1965) objected to the larval types and attempted to
show their lack of phylogenetic significance. In con-

trast, Hecht (1963) considered Orton’s tadpole types as
the only clear-cut key to the phylogeny of anurans.
Based on the larval types and information from the fos-
sil record, Hecht (1963) proposed that frogs with Type-
I larvae (pipids and rhinophrynids) were most basal,
and that pelobatoids were the sister to neobatrachians.
Tihen (1965), however, argued that Orton’s tadpole
types were not in phylogenetic order and claimed that
anurans with Type-III tadpoles were the most basal,
with the other types having been derived from them.
He suggested that pipids were paedomorphic, and that
pelobatoids were transitional between anurans with
Type-III and Type-IV tadpoles. Starrett (1973) rein-
vestigated the larval types of Orton, and concluded
that there were no exceptions to the four categories.
Following Hecht’s (1963) suggested phylogenetic
scheme, Starrett (1973) concluded that anurans with
Type-I larvae were indeed the most basal; those with
Type-II larvae were slightly more advanced, and those
with Types III and IV larvae were similar and repre-
sented the most advanced anurans. Sokol (1975) also
analysed Orton’s larval types and proposed a phylog-
eny of anuran larvae wherein Type-III larvae were
most basal, and Type-I larvae could have evolved from
either Type-III or Type-IV tadpoles.

Reig (1958) proposed the name Archaeobatrachia,
within which he placed discoglossids, rhinophrynids,
and pelobatoids. The remaining basal anurans were
included in Amphicoela (Ascaphus, Leiopelma, and
tNotobatrachus) and Aglossa (pipids); all other
anurans were placed within the newly named group
Neobatrachia. Several other authors suggested differ-
ent changes to the standard classification during the
late 1950s and early 1960s. Of these, the most signif-
icant was Griffiths (1963), who based his classification
on characters derived from adult skeletal and tongue
morphology, thigh musculature, reproduction, and
development. He considered ascaphids (Ascaphus and
Leiopelma), pipids, and discoglossids to be basal,
and suggested that pelobatoids were intermediate
between basal and advanced frogs. Griffiths (1963)
also proposed that rhinophrynids were closely related
to pelobatoids.

Most of the aforementioned classification schemes
were derived from a single character or a character
complex. Later works (e.g. Inger, 1967; Kluge & Farris,
1969; Lynch, 1973) represent progressively more rig-
orous attempts to incorporate more information on
additional anuran taxa with the goal of resolving the
historical relationships of anurans. Duellman (1975)
recognized that incongruities among earlier classifica-
tions could be correlated with analyses of larval data
vs. those based on adult morphology. The disparities
among some studies are so extraordinary that, as
Duellman (1975) pointed out, it was as if frogs and
tadpoles had evolved independently. To overcome this
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obstacle, he combined some of the schemes proposed
by earlier authors into a formal classification of
anurans, dividing them into two major groups,
Archaeobatrachia (Ascaphus, Leiopelma, discogloss-
ids, pelobatoids, and pipoids) and Neobatrachia (all
other anurans). Laurent (1979, 1986) subsequently
recognized a new group, Mesobatrachia, to include
pelobatoids and pipoids, leaving the discoglossids and
leiopelmatids in Archaeobatrachia. Although Duell-
man & Trueb (1986) did not recognize groups above
the family level, their phylogenetic analysis presented
discoglossoids (Ascaphus, Leiopelma, and discogloss-
ids) as monophyletic and the most basal clade of
anurans, and pipoids as the sister to the clade (pelo-
batoids + neobatrachians). Reanalysis of Duellman &
Trueb’s (1986) data by Hillis (1991) rendered different
results, including a paraphyletic Archaeobatrachia
and a basal polytomy that included pipoids, neobatra-
chians, and the three pelobatoid families.

Ford & Cannatella’s (1993) work on the evolution-
ary relationships of the major clades of frogs is an
amalgamation of separate studies by Cannatella
(1985) on archaeobatrachians and Ford (1989) on
neobatrachians. Cannatella (1985) and Ford & Canna-
tella (1993) recognized Archaeobatrachia, discoglos-
soids (Ascaphus, Leiopelma, and discoglossids), and
discoglossids as paraphyletic. Both Mesobatrachia
(including pelobatoids and pipoids) and Neobatrachia,
in contrast, were proposed to represent monophyletic
clades. Based on their results, Ford & Cannatella
(1993) proposed the informal use of the term
‘archaeobatrachian’ for those anurans that are not
part of Neobatrachia. Reanalyses of Cannatella (1985)
and Ford & Cannatella’s (1993) data matrices by
other workers (e.g. Hillis, 1991 and Lathrop, 1997,
respectively) produced results differing from Ford &
Cannatella’s published arrangement and included
Mesobatrachia as a paraphyletic taxon.

Most of our knowledge of the higher-level relation-
ships of anurans is founded on morphological studies,
but molecular data have been used to infer relation-
ships within less inclusive clades (e.g. Miyamoto,
1983; Green, 1986; Hillis & Davis, 1986; de Sa & Hil-
lis, 1990; Cannatella & de S4, 1993; Pramuk, Hass &
Hedges, 2001). Hillis et al. (1993) conducted a broad-
scale phylogenetic analysis of anurans based on
molecular data that supported the monophyly of meso-
batrachians plus neobatrachians (‘Pipanura’ sensu
Ford & Cannatella, 1993), which in turn indicated the
paraphyly of archaeobatrachians. The monophyly of
the clade (pelobatoids + pipoids) also was supported.
In their phylogenetic analysis of lissamphibians based
on molecular data, Hedges & Maxson (1993) found
support for the monophyly of both Archaeobatrachia
and Neobatrachia. Similar results were found by Hay
et al. (1995).

The most recent analyses of the evolutionary rela-
tionships of basal frogs are those of Haas (1997, 2001)
and Maglia, Pagener & Trueb (2001). Haas’s (1997,
2001) phylogenetic analyses were based on characters
of the larval hyobranchium and mandibular arch mus-
culature, respectively; Haas found the basal frogs
(Ascaphus and discoglossoids) to be paraphyletic, and
ascaphids to be the most basal clade. His analyses also
supported pipids as the sister to the clade (pelobatoids
+ neobatrachians). Using characters of both larval and
adult morphology, Maglia et al. (2001) found support
for the monophyly of Pipoidea and the combined clade
formed by the paraphyletic discoglossoids, peloba-
toids, and Neobatrachia. Pelobatoidea and Neobatra-
chia were found to be monophyletic sister taxa.

METHODS
TAaxA

Larval and adult morphology were examined in 21
anuran taxa, as follows: Ascaphus truei (Ascaphidae);
Bombina  orientalis  (Bombinatoridae);  Alytes
obstetricans, Discoglossus sardus (Discoglossidae);
Megophrys montana (Megophryidae); Pelobates cul-
tripes, P.fuscus, Spea bombifrons, S.intermontana
(Pelobatidae); Pelodytes punctatus (Pelodytidae);
Hymenochirus boettgeri, Pipa carvalhoi, P. parva, Sil-
urana tropicalis, Xenopus laevis, X. muelleri (Pipidae);
and Rhinophrynus dorsalis (Rhinophrynidae). The
neobatrachian taxa Hyla lanciformis (Hylidae), Lepto-
dactylus fuscus (Leptodactylidae), and Pyxicephalus
adspersus (Ranidae) also were included in the
analyses. The salamander Ambystoma talpoideum
(Urodela: Ambystomatidae) was used as an outgroup
based on the sister-group relationship between Cau-
data [tKaraurus + Urodela] and Salientia [{7Tria-
dobatrachus + Anura] proposed by several authors
(e.g. Milner, 1988, 1993; Trueb & Cloutier, 1991; Can-
natella & Hillis, 1993; Hay et al., 1995; Baez & Basso,
1996). Specimens examined are listed in Appendix 1.
The choice of taxa was a compromise between selec-
tion of representative taxa and the availability of spec-
imens or published data that allowed us to perform
the character coding. The most inclusive anuran tax-
onomic names, different from the family level pre-
sented above, and used throughout the Results and
Discussion are as follows: (1) Archaeobatrachians =
informal name used in reference to those anurans that
are not part of Neobatrachia; (2) Mesobatrachia =
clade that comprises the most recent common ancestor
of the living Pelobatoidea and Pipoidea and all of its
descendants (sensu Ford & Cannatella, 1993); (3) Neo-
batrachia = clade that comprises the most recent com-
mon ancestor of living hyloids and ranoids, and all of
its descendants (sensu Ford & Cannatella, 1993); (4)
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Pelobatoidea = clade that comprises the most recent
common ancestor of living megophryids, pelobatids,
and Pelodytes, and all of its descendants (sensu Ford &
Cannatella, 1993); (5) Pipoidea = clade that comprises
the common ancestor of the rhinophrynids, extinct
palaeobatrachids, and pipids, and all of its descen-
dants (sensu Baez & Trueb, 1997); (6) Pipinae = clade
that comprises the most recent common ancestor of
the living Hymenochirus and Pipa and all its descen-
dants; and (7) Xenopodinae = clade that comprises the
most recent common ancestor of the living Silurana
and Xenopus and all its descendants.

CHARACTER CODING

Forty-three characters of the larval morphology were
included in this analysis. Most data were collected
from ontogenetic series staged according to the devel-
opmental table of Gosner (1960) or Nieuwkoop &
Faber (1956); the salamander, Ambystoma talpoi-
deum, was staged according to Wilder (1925). Charac-
ters of the larval skeleton were coded from specimens
representing the ‘typical’ larval skeleton for each
taxon, i.e. the morphology of the skeleton was rela-
tively unchanged for at least one Gosner, Nieuwkoop
& Faber, or Wilder stage prior, and subsequent, to the
stage examined. Specimens were cleared and double-
stained for bone and cartilage following the tech-
niques of Taylor & van Dyke (1985), Dingerkus &
Uhler (1977), or Wassersug (1976). Larval data for
seven taxa were coded from the literature, as follows:
Leptodactylus fuscus (Larson & de S&a, 1998);
Megophrys montana (Ramaswami, 1943; Sokol, 1975,
1981); Pelobates fuscus (Rocek, 1980); Pelodytes punc-
tatus, Sokol (1981); Pipa carvalhoi and P. parva
(Sokol, 1977), and Spea intermontana (Hall & Larsen,
1998). Additional data were collected from the follow-
ing publications: de Beer (1937), de Sa (1988), Moore
(1989), Wiens (1989), Trueb & Hanken (1992), Puge-
ner & Maglia (1997), Wang (1997), Maglia & Pugener
(1998), de S4 & Swart (1999), and Swart & de Sa
(1999). Terminology is that of Gaupp (1896), Duellman
& Trueb (1986), and de Sa & Trueb (1991). Most char-
acters are illustrated in Figures 1-9.

A total of 73 characters (Appendix 2) coded from
adult skeletal morphology also was included in this
analysis. Most characters have been identified in prior
published studies (e.g. Cannatella & Trueb, 1988;
Baez & Trueb, 1997; Baez & Pugener, 1998; Maglia,
1998), but all relevant material was reexamined;
many characters were redefined and new ones were
incorporated. Scoring of characters was based on dried
skeletons and cleared-and-double-stained material.
Twenty-seven of the 73 transformation series derived
from adult specimens are multistate, and nine of the
43 transformation series derived from larval charac-

ters are multistate. In cases of inapplicability, the
characters were coded as missing (‘). The data matrix
is presented in Appendix 3.

PHYLOGENETIC ANALYSES

Three different phylogenetic analyses were per-
formed, as follows: (1) an analysis based only on char-
acters derived from larval morphology; (2) an analysis
based on characters from adult skeletal morphology;
and (3) a combined analysis, i.e. combining both data
sets. All trees were rooted using Ambystoma talpoi-
deum. Maximum-parsimony analyses of the data were
performed using PAUP* 4.0b8 (Swofford, 2000) with
the branch-and-bound option; all transformation
series were treated as unordered. The effects of equal
and successive weighting schemes were explored.
Under the latter, characters were weighted according
to the rescaled consistency index and, when multiple
most-parsimonious trees occurred, the maximum
value of the index was used. In those cases in which
more than one equally most-parsimonious tree
resulted from a search, the strict consensus of these
trees is presented, thereby depicting only those rela-
tionships that are shared among all shortest trees.
The g, statistic (Huelsenbeck, 1991; Hillis & Huelsen-
beck, 1992) was used to evaluate the skewness of the
tree-length frequency distributions generated from
10° trees randomly produced from the data. The
stability of each node in the tree was assessed using
bootstrap values (Felsenstein, 1985), with 500
pseudoreplicates, and Bremer decay indices (Bremer,
1988, 1994). The latter were calculated with TreeRot v.
2 (Sorenson, 1999). Bootstrap values >70% are consid-
ered significant (Hillis & Bull, 1993). Analysis of char-
acter optimizations were performed using PAUP*
4.0b8 (Swofford, 2000) and MacClade 4.0 (Maddison &
Maddison, 2000). Characters were optimized using
ACCTRAN when various possible most-parsimonious
transformations existed for a character.

RESULTS
DESCRIPTION OF LARVAL CHARACTERS

The 41 characters of the larval skeleton and two char-
acters of the larval external morphology used in this
analysis are described below. The data matrix is pre-
sented in Appendix 4.

Upper jaw cartilages

1. Suprarostrals. The suprarostral cartilages are de
novo structures that support the upper beak of the
tadpole (Figs 1-3). The cartilage may be single with a
medial corpus flanked by lateral alae, or there may be
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(a) suprarostral canilage

Meckel's cartilage
comu irabeculum

pars articularis

processus muscularis quadrati

quadrati

processus quadrato- frontoparietal fontanelle

ethmoidale
taenia tecti
transversalis
ascending process
ofic process

ofic ligament

(b)

admandibular cartilage
Meckel's cartilage

hyoquadrate process

parasphenoid

1 mm

ascending process

{c] processte s larty taenia tectl transversalis

quadrati

cormu trabeculum

olic ligament

suprarostral corpus

latoquadrale
suprarosiral ala palaioq

admandibular cartilage hyoguadrale process

Figure 1. Larval chondrocranium of Discoglossus sardus (Gosner Stage 34; KU 222383) in (a) dorsal (b) ventral, and
(c) lateral views. Cartilage is shown in grey, ossification in stippling, and foramina in black.
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(a)

suprarostral cartilage

processus muscularis !
quadrati 3

processus quadrato-
ethmoidale

[\
ventrolateral process —%

ascending process

otic capsule J

(b)

cornu trabeculumw

suprarostral cartilage ——
\

processus muscularis
quadrati

hyoquadrate process

infrarostral cartilage

Meckel's cartilage

\ —— barbel

cornu trabeculum

pars articularis
quadrati

palatoquadrate

palatoquadrate

processus
muscularis

ventrolateral process

—
1mm

Figure 2. (a) Larval chondrocranium of Xenopus laevis (Nieuwkoop and Faber Stage 53; KU 217900) in dorsal view. (b)
X. borealis (Nieuwkoop and Faber Stage 56; SMB 174) in lateral view. Cartilage is shown in grey, ossification in stippling,

and foramina in black.

a pair of cartilages, each of which has a medial corpus
and lateral ala. Suprarostrals are absent in sala-
manders (State 0), but present in most anuran larvae
(State 1). De Sa & Swart (1999) reported the presence
of reduced suprarostral alae in Hymenochirus larvae;
we located neither the alae nor a suprarostral corpus
in specimens that we examined.

2. Position of suprarostrals. In most anurans, the
suprarostral cartilages are dorsoventrally orientated,
i.e. perpendicular to the longitudinal axis of the chon-
drocranium (State 0; Fig. 1). However, in pipoids they
are orientated anteroposteriorly, i.e. parallel to the
longitudinal axis of the chondrocranium (State 1;
Fig. 2). This character does not apply to Ambystoma
talpoideum and Hymenochirus boettgeri (Character 1).

3. Suprarostral alae. The suprarostral alae are well-
developed, rectangular structures (State 0; Fig. 3a—e)
in all anurans except Pipa and the xenopodines (Xeno-
pus and Silurana). In xenopodines, the alae are well
developed, but triangular (State 1; Fig. 3f), whereas in
Pipa, they are greatly reduced (State 2). This charac-

ter does not apply to Ambystoma talpoideum and
Hymenochirus boettgeri (Character 1).

4. Dorsal margin of suprarostral. In Alytes, Ascaphus,
Bombina, Discoglossus, and Rhinophrynus, the dorsal
margin of the suprarostral is incomplete because the
lateral alae are separated from the medial corpus
(State 0). The dorsal margin is complete (State 1;
Fig. 3; modified from Larson & de S4, 1998: Character
b) in Hyla, Leptodactylus, pelobatoids, pipoids (except
Hymenochirus; Character 1), and Pyxicephalus. This
character does not apply to Ambystoma talpoideum
(Character 1).

5. Ventral margin of suprarostral. In Ascaphus, Hyla,
and Leptodactylus, the ventral margin of the supraros-
tral is incomplete because the lateral alae are sepa-
rated from the medial corpus (State 0). In all other taxa
considered herein, the alae are connected ventrally to
the corpus to form a complete ventral margin (State 1;
Fig. 3; modified from Larson & de S4, 1998: Character
a). This character does not apply to Ambystoma talpoi-
deum and Hymenochirus boettgeri (Character 1).
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(a)

cornu trabeculum

()

(d)
cornu trabeculum-l
{ ‘~ adrostral

e)

ala and corpus

(

cornu trabeculum

()
pars articularis
quadrati

cornu trabeculum —\

barbel
ala and corpus

Figure 3. Anterior view of suprarostral cartilages of (a)
Ascaphus truei (Gosner Stage 36; TNHC 54025) (b) Alytes
obstetricans (Gosner Stage 32/33; CAS 152175) (c) Bombina
orientalis (Gosner Stage 35; KU 223509) (d) Pelobates cul-
tripes (Gosner Stage 31; KU 110109) (e) Rhinophrynus dor-
salis (Gosner Stage 32, KU 307147), and (f) Xenopus laevis
(Nieuwkoop and Faber Stage 53; KU 217900). Grey denotes
cartilage. Not to scale.

cornu trabeculum

(a)

cornu trabeculum

(c)

cornu trabeculum

(d)

cornu trabeculum

barbelﬁ\

Figure 4. Dorsal view of cornua trabeculae and supraros-
tral cartilages of (a) Ascaphus truei (Gosner Stage 36;
TNHC 54025) (b) Bombina orientalis (Gosner Stage 35;
KU 223509) (c) Spea bombifrons (Gosner Stage 36; KU
209876), and (d) Xenopus laevis (Nieuwkoop and Faber
Stage 53; KU 217900). Grey denotes cartilage. Not to scale.

6. Connection between suprarostral corpus and alae.
In Alytes, Ascaphus, Bombina, Discoglossus, Hyla,
Leptodactylus, Pyxicephalus, and Rhinophrynus, the
medial fusion of each suprarostral ala to the corpus is
incomplete (State 0). In contrast, complete fusion
between these elements produces a unipartite plate in
pelobatoids and pipids (except Hymenochirus; Charac-
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ter 3) (State 1; Fig. 3d, f). This character does not
apply to Ambystoma talpoideum and Hymenochirus
boettgeri (Character 1).

7. Corpora of suprarostrals. The suprarostrum is rep-
resented by a pair of medially unfused corpora in Pel-
odytes, Pelobates, and Spea (State 0), whereas in other
taxa, the corpus is single (State 1). This character does
not apply to Ambystoma talpoideum and Hymenochi-
rus boettgeri (Character 1).

8. Barbels. Barbels (= tentacles of Nieuwkoop &
Faber, 1956; Trueb & Hanken, 1992; Figs 2, 3f, 4d) are
paired, filamentous structures located at each corner
of the mouth. These structures are absent in all anu-
ran larvae (State 0), except for Silurana and Xenopus
(State 1). A rodlike cartilage formed by the fusion of a
lateral prolongation of the suprarostral ala and an
anterior extension of the processus muscularis quad-
rati of the palatoquadrate supports each barbel. In
addition, barbels are innervated and under muscular
control (Sokol, 1977; Cannatella & Trueb, 1988). Rhi-
nophrynus has a series of short, slender marginal
structures around the mouth, also termed barbels by
(Orton, 1943) and other authors. Lynch (1973) equated
the paired barbels of xenopodines with the multiple
barbels of Rhinophrynus. However, in the latter, these
structures lack cartilaginous support, as well as mus-
cles and nerves. Thibaudeau & Altig (1988) proposed
that the structures present in Rhinophrynus are mod-
ified labial papillae; therefore, following Cannatella &
Trueb’s (1988) suggestion, we do not consider the
structures around the mouth of Rhinophrynus to be
homologues of the barbels of the xenopodines. We pro-
pose the term ‘barbellae’ (sing. barbella) for the oral
structures of Rhinophrynus to avoid confusion with
the barbels of xenopodines. Adults of Xenopus and
Barbourula have a structure located at the anteroven-
tral margin of the eye. This structure, usually called a
‘tentacle’, contains the terminal portion of the naso-
lacrimal duct; therefore, we assume that it is unre-
lated to the barbels observed in Silurana and Xenopus
larvae. Because of the lack of anatomical specificity
and the sundry structures that are termed ‘tentacles’
in anurans and other organisms, we recommend that
the term not be applied to any structure in larval
anurans. This character does not apply to Ambystoma
talpoideum and Hymenochirus boettgeri (Character 1).

9. Adrostrals. The paired adrostrals (= Suprarostral 2;
Hall & Larsen, 1998) are cartilaginous structures or
unchondrified connective tissue masses; each adros-
tral is located next to the posterior margin of the
suprarostral alae (Fig.3d). These structures are
absent in Ambystoma, Ascaphus, Bombina, discogloss-
ids, pipoids, and the three neobatrachian taxa
included in this study (State 0), and present in pelo-

batoids (State 1). Haas (1995) reported adrostrals in
bufonids, dendrobatids, heleophrynids, hylids, lepto-
dactylids, and at least some ranids; this observation
suggests that the presence of this structure is a syn-
apomorphy of a more inclusive group than Peloba-
toidea. We could not determine whether adrostrals are
present in Spea intermontana tadpoles.

Lower jaw cartilages

10. Infrarostrals. The infrarostral cartilages are de
novo structures that support the lower beak of the tad-
pole (Figs 1, 2). They are absent in salamanders (State
0) and present in anuran larvae (State 1).

11. Midline articulation of infrarostral cartilages.
Paired infrarostrals occur in Ascaphus, Bombina, dis-
coglossids, Hyla, Leptodactylus, Pelodytes, Pelobates,
Pyxicephalus, and Spea (State 0; Fig. 1b). The carti-
lages are fused medially to form a single structure in
Megophrys and the pipoids (State 1; Fig.2a). The
lower jaw of Hymenochirus consists of a single, U-
shaped cartilage. De Sa & Swart (1999) reported this
mandibular cartilage to be formed by the fusion of
Meckel’s and infrarostral cartilages; therefore, we
coded this taxon as having State 1. The character does
not apply to Ambystoma talpoideum (Character 10).

12. Connection of infrarostral and Meckel’s cartilages.
Meckel’s cartilage articulates medially with the infra-
rostral cartilage (Figs 1, 2) by means of either a liga-
ment or connective tissue (State 0) in all taxa
examined except Hymenochirus and Rhinophrynus, in
which a cartilaginous bridge connects the two struc-
tures (State 1). This character does not apply to
Ambystoma talpoideum (Character 10).

13. Admandibular cartilages. These small, paired ele-
ments (= paramandibular cartilages of de Beer, 1937)
are located anterior to the anteroventral margin of
Meckel’s cartilages (Fig. 1). Admandibulars are absent
in Ambystoma and all anuran larvae (State 0) except
Alytes, Bombina, and Discoglossus (State 1).

Cornua trabeculum

14. Attachment of cornua trabeculum and supraros-
tral cartilages. The rodlike, cartilaginous cornua tra-
beculum extend forward from the anterior wall of the
braincase (Figs 1, 2, 4). Anteriorly, they are attached
to the suprarostral cartilages by cartilage or liga-
ments. A complete cartilaginous bridge (State 0)
occurs in Ascaphus, Bombina, Megophrys, pipoids, and
Spea intermontana. Discoglossids, Hyla, Leptodacty-
lus, Pyxicephalus, and Spea bombifrons have a liga-
mentous attachment without a synovial joint (State
1), whereas Pelodytes and Pelobates have a ligamen-
tous attachment with a synovial joint (State 2). This
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character does not apply to Ambystoma talpoideum
(Character 1).

15. Position of attachment of cornu trabeculae to
suprarostral. In Ascaphus, Bombina, discoglossids,
and pipoids, each cornu trabeculae is attached to the
corpus region of the suprarostral cartilage (State O;
Fig. 3a—c), whereas in Hyla, Leptodactylus, peloba-
toids, and Pyxicephalus, it is attached to the alar por-
tion of the suprarostral (State 1; Fig.3d). This
character does not apply to Ambystoma talpoideum
and Hymenochirus boettgeri (Character 1).

16. Ethmoid plate between cornua trabeculum. The
anterior process of the ethmoid plate (vertical anterior
wall of the braincase) is a sheet of cartilage that
extends anteriorly beyond the level of the planum
antorbitale (Figs 1, 2, 4). In Ambystoma and most anu-
ran taxa, the ethmoid plate lacks an anterior process
(State 0). In Spea and Megophrys, this structure is
present and distinct from the cornua trabeculum
(State 1), whereas in pipoids it is continuous with the
cornua (State 2).

17. Divergence of cornua trabeculum. In Ambystoma,
Ascaphus, and discoglossids, the cornua are parallel
(State 0; Fig. 4a). These structures diverge anterolat-
erally, describing a V-shape (State 1) in Bombina,
Hyla, Leptodactylus, pelobatoids, and Pyxicephalus
(Fig. 4b). It is not possible to assess the condition of
the cornua trabeculum in pipoids owing to the pres-
ence of the anterior process of the ethmoid plate
(Character 17).

18. Dorsal configuration of cornua trabeculum. The
width of each cornu is uniform (State 0; Fig. 4a,c)
in  Ambystoma, Ascaphus, discoglossids, Hyla,
Megophrys, Pelodytes, Spea, and Pyxicephalus,
whereas in Bombina, Leptodactylus, and Pelobates,
the cornu is expanded terminally (State 1; Fig. 4b). It
is not possible to assess the condition of the cornua
trabeculum in pipoids owing to the presence of the
anterior process of the ethmoid plate (Character 17).

Palatoquadrate cartilage

19. Palatoquadrate cartilage. The paired palatoquad-
rates are C-shaped in dorsal aspect and located lateral
to the lateral wall of the braincase. In Ambystoma and
most anurans, each palatoquadrate is formed by a sin-
gle element (State 0; Fig. 1), whereas in Silurana and
Xenopus, it is composed of an anterior and a posterior
element (State 1; Fig. 2).

20. Pars articularis quadrati and posterior margin of
suprarostral cartilage. The separation between the
pars articularis quadrati of the palatoquadrate carti-
lage and the posterior margin of the alar portion of the
suprarostral cartilage depends on the relative length

of the cornu trabeculae. In Ascaphus, Bombina, disco-
glossids, Hyla, Leptodactylus, pelobatoids, and Pyxi-
cephalus, the separation between these structures is
more than 20% the total length of the chondrocranium
(State 0; Fig. 1). In Rhinophrynus and Xenopus, the
separation is about 10% the total length of the chon-
drocranium (State 1; Fig. 2). Silurana has an autapo-
morphic condition in which the pars articularis
quadrati and the posterior margin of the suprarostral
ala are in contact (State 2). The state of this character
cannot be determined in Ambystoma and Hymenochi-
rus because of the absence of suprarostral alae, and
in Pipa because of the extreme reduction of these
elements.

21. Angle of suborbital cartilage relative to otic cap-
sule. The suborbital cartilage (= subocular bar of
Trueb & Hanken, 1992) is the portion of the palato-
quadrate cartilage parallel to the braincase between
the commissura quadratocranialis anterior and the
ascending process (Fig. 5). This cartilage forms a right
or oblique angle relative to the otic capsule (State 0) in
Ambystoma, Ascaphus, Bombina, discoglossids, Hyla,
Hymenochirus, Leptodactylus, Megophrys, peloba-
toids, Pyxicephalus, and Rhinophrynus. In Pipa and
the xenopodines, the suborbital cartilage forms an
obtuse angle relative to the otic capsule (State 1).

22. Quadrato-ethmoidalis ligament. In most anuran
larvae, this ligament attaches anteriorly to a small,
lateral process of the cornu trabeculae and posteriorly
to the processus quadrato-ethmoidalis of the commis-

Figure 5. Dorsal view of the left side of the chondrocra-
nium of (a) Discoglossus sardus (Gosner Stage 34; KU
222383) and (b) Xenopus laevis (Nieuwkoop and Faber
Stage 53; KU 217900). Cartilage is shown in grey; solid
lines illustrate the angle of the suborbital cartilage of the
palatoquadrate relative to the otic capsule. Not to scale.
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sura quadratocranialis of the palatoquadrate cartilage
(Figs 1, 2; Sokol, 1977) (State 0). In Hymenochirus
and Pipa, this element is chondrified (State 1). We
could not determine the state of this character in
Ambystoma.

23. Processus muscularis quadrati. This is a dorsal or
dorsolateral expansion of the lateral margin of the
anterior portion of the palatoquadrate -cartilage
(Figs 1, 2; modified from Larson & de S&, 1998: char-
acter r). In Ambystoma, it is absent (State 0), while in
Ascaphus and the pipoids, it is present but small
(State 1). Sokol (1962, 1975) reported the absence of a
muscular process of the palatoquadrate in Hymenochi-
rus; however, we observed the presence of a reduced
process in the specimens that we examined. Other
anuran larvae have a large processus muscularis qua-
drati (State 2).

24. Hyoquadrate process. The hyoquadrate process
projects ventrally from the suborbital portion of the
palatoquadrate, at about the level of the pars articu-
laris quadrati. This process bears a cotyle for the
articulation with the ceratohyal cartilage of the
hyobranchial skeleton (Figs 1, 2; modified from Larson
& de S4, 1998: character z). The hyoquadrate process
is absent in Ambystoma (State 0). In most anuran lar-
vae, it is present and large (State 1), whereas in
pipoids it is present but reduced (State 2).

25. Ventrolateral process of palatoquadrate. In
Ambystoma and most anurans, the posterior margin of
the palatoquadrate is rounded (State 0). The palato-
quadrate bears a ventrolateral process (= basal pro-
cess of Kotthaus, 1933) at the level of the ascending
process (i.e. the posterior connection of the palato-
quadrate to the braincase) in Pipa, Silurana, and
Xenopus (State 1; Fig. 2).

26. Position of attachment of ascending process to
braincase. The ascending process of the palatoquad-
rate connects to the pila antotica, the cartilage that
forms the lateral wall of the braincase between the
oculomotor foramen anteriorly and the prootic fora-
men posteriorly (Figs 1, 2; Sokol, 1975; modified from
Larson & de S&a, 1998: character n). The position of
attachment varies in different taxa; in Ambystoma
and most anuran larvae, it is above the oculomotor
foramen (State 0), whereas in Hyla, Leptodactylus,
and Pyxicephalus, it is at the level of, or below, the ocu-
lomotor foramen (State 1).

27. Otic process of palatoquadrate. The posterolateral
corner of the palatoquadrate bears an otic process
(Fig. 1). According to Sokol (1975, 1981), there are two
types of otic process. A flat, platelike otic process is
found in Ambystoma, Ascaphus, Megophrys, Pelobates,
Pelodytes, and the pipoids (State 0). A vertically

curved, thick otic process occurs in Bombina, discoglo-
ssids, Hyla, Leptodactylus, Pyxicephalus, and Spea
(State 1).

28. Otic ligament and larval otic process. The otic pro-
cess of the palatoquadrate cartilage is attached to the
anterior wall of the otic capsule by means of the otic
ligament in discoglossids, Hymenochirus, Leptodacty-
lus, Pyxicephalus, and Spea (State 0; Fig. 1). When
chondrified, the otic ligament forms the ‘larval otic
process’ (State 1; Fig. 2), as in Ambystoma, Ascaphus,
Hyla, pipoids (except Hymenochirus), and pelobatoids
(except Spea; Sokol, 1981; Maglia, 2000).

Tectum of braincase

29. Taenia tecti transversalis. This thin, cartilaginous
bar extends across the frontoparietal fontanelle at
about the level of the pila antotica, dividing the fon-
tanelle into frontal (anterior) and parietal (posterior)
portions (Fig. 1). Although absent in many anurans
(State 0), the structure is present (State 1) in Bom-
bina, discoglossids, Hyla, and Pyxicephalus.

30. Taenia tecti medialis. This thin, longitudinal car-
tilaginous bar extends across the midline of the pari-
etal (posterior) portion of the frontoparietal fontanelle,
dividing it into right and left portions. In most anuran
larvae, this structure is absent (State 0), but it is
present in Hyla and Pyxicephalus (State 1).

31. Length of frontoparietal fontanelle relative to total
length of chondrocranium. The dorsal opening of the
braincase is bordered by the taenia tecti marginalis
laterally, the ethmoid region anteriorly, and the tec-
tum synoticum posteriorly (Figs 1, 2). In Ambystoma
talpoideum and most anuran larvae, the fontanelle is
less than 70% the total length of the chondrocranium
(State 0), whereas in Pipinae it is more than 70% the
total length of the chondrocranium (State 1).

Otic capsules

32. Size of otic capsules. Most anuran larvae have otic
capsules that are about 25% the total length of the
chondrocranium (State 0). In Pipinae, however, the
proportion is at least 40% (State 1; modified from Lar-
son & de S4, 1998: character 1).

33. Processus muscularis of otic capsule. This flange of
cartilage borders the lateral and posterolateral mar-
gins of the otic capsule. Medially, it is in contact with
the crista parotica and posteriorly, it bears cartilagi-
nous connections (the commissurae craniobranchiales)
to the commissurae terminales of the hyobranchial
apparatus (Fig. 2). The muscular process of the otic
capsule is absent in all anuran larvae (State 0), except
Silurana and Xenopus (State 1).
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Parasphenoid

34. Anterior end. Typically, the parasphenoid is a
T-shaped bone that invests the braincase ventrally
(Fig. 1). A pair of posterolateral alae underlies the otic
capsules, and the cultriform process extends anteri-
orly from the level of the prootic region (Duellman &
Trueb, 1986). The parasphenoid is one of the first
three bones to ossify (together with frontoparietals
and exoccipitals), with ossification appearing near the
level of the prootic foramen between Gosner Stages 30
and 36, depending upon the species and specimen.
Ossification rapidly extends posteriorly to form the
subotic alae (except in pipids, which lack subotic alae)
and anteriorly to form the cultriform process. The
incipient cultriform process is blunt anteriorly (State
0) in Ambystoma, Alytes, Bombina, Discoglossus, Hyla,
Leptodactylus, and Pyxicephalus. In Megophrys, Pelo-
bates, Pelodytes, Pipa, Rhinophrynus, Silurana, Spea,
and Xenopus, it is acuminate (State 1), and in
Hymenochirus, it is rounded (State 2).

Hyobranchial skeleton

35. Copula I. Copula I (= Basibranchial I of Duellman
& Trueb, 1986; = copula anterior of Haas, 1995; = basi-
hyale of Haas, 1997) is a single, median, cartilage that
lies anterior to the pars reuniens (Fig. 6; from Haas,
1997: Character 2). According to Sokol (1975), Copula
I is unique to anuran larvae. The element is absent in
Ambystoma, Ascaphus, Hyla, Leptodactylus, Pelodytes,
Pipa, Pyxicephalus, Silurana, Spea, and Xenopus
(State 0) and present in discoglossids, Pelobates, and
Rhinophrynus (State 1). The single median element of
Hymenochirus consists of a slightly expanded pars
reuniens fused posteriorly to Copula II; anteriorly, the
pars reuniens has a robust process that might repre-
sent the fused Copula 1.

urobranchial Copula 1

S

ceratohyal

T,

Copula II
CbT~

Cbll

1mm

Figure 6. Larval hyobranchial skeleton of Discoglossus
sardus (Gosner Stage 34; KU 222383). Grey denotes carti-
lage. Cb I-IV = Ceratobranchials I-IV.

36. Urobranchial. This ventral process (= urohyal of
Worthington & Wake, 1971) is located at about the
midline of Copula II (= Basibranchial II of Duellman &
Trueb, 1986; = basibranchial of Haas, 1997 and Wor-
thington & Wake, 1971; Fig. 6). In Ambystoma and
most anuran larvae, the urobranchial is elongate and
knoblike (State 0). In pipoids, it is ridgelike (State 1)
and in Ascaphus, it is bifurcate (State 2).

37. Hyobranchial spiculae. These dorsal processes
extend posteriorly from the commissurae proximales
(modified from Haas, 1997: Characters 9 and 10). The
spiculae are absent in Ambystoma, Ascaphus, and the
pipoids (State 0), and present in the rest of the taxa
(State 1).

38. Ceratobranchials. Four ceratobranchials usually
form a basketlike framework that supports the larval
gills. Each ceratobranchial is a barlike, cartilaginous
structure that is associated anteriorly with the hypo-
branchial plate and the other ceratobranchials via the
commissurae proximales. Posteriorly, the ceratobran-
chials are in contact with each other through the com-
missurae terminales (Fig. 6). In Ambystoma and most
anuran larvae, the ceratobranchials are simple and
not overlapping (State 0), whereas in pipoids, they are
complex and overlapping (State 1). The exception
within pipoids is Hymenochirus, in which the cerato-
branchials are simple (i.e. State 0).

Axial skeleton

39. Premetamorphic fusion of Presacral Vertebrae I
and II. In salamanders and most anurans, the first
and second presacral vertebrae are separate, each
arising from its own centre of chondrification (State
0; Fig. 7a). Presacral I bears cotyles for articulation
with the occipital condyles and lacks transverse pro-
cesses, whereas Presacral Il bears a pair of short
processes. A pair of spinal nerves leaves the spinal
cord through the space between the two vertebrae. In
Hymenochirus, Pipa, and Silurana, Presacral I has a
pair of spinal nerve foramina and a pair of trans-
verse processes, indicating fusion of Vertebrae I and
II. In adult Hymenochirus and Pipa, the compound
vertebra is about the same length as the posterior
vertebrae; the spinal nerve foramina are minute and
there is no evidence of a suture. Examination of
young larvae reveals that the two vertebral centres
of chondrification fuse before metamorphosis (State
1; Fig. 7b). In adult Silurana tropicalis, the length of
the first vertebra is about twice that of any posterior
vertebra; the spinal nerve foramina are larger than
in Hymenochirus and Pipa, and a suture usually can
be distinguished on the dorsum of the compound ver-
tebra (State 2; Fig. 7c; Trueb, Pagener & Maglia,
2000).
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Figure 7. Ventral views of vertebrae I and II of (a) Rhi-
nophrynus dorsalis (Gosner Stage 43, KU 307176) (b) Pipa
pipa (12.5 mm, KU 204077), and (c) Silurana tropicalis
(Nieuwkoop and Faber Stage 62, SMB 172). Not to scale.

40. Development of vertebral centra. In discoglossids,
pipids, Hyla, Pelobates, and Pelodytes, vertebral centra
ossify from the dorsal portion of the notochordal
sheath (i.e. epichordal; State 0). In Ambystoma, Asca-
phus, Leptodactylus, Megophrys, Pyxicephalus, Rhi-
nophrynus, and Spea, centra form from a sheath
surrounding the entire notochord (i.e. perichordal;
State 1).

41. Ribs. Of the taxa examined, free ribs are present
in larvae and adults of Alytes, Ambystoma, Ascaphus,
Bombina, and Discoglossus (State 0). These ribs
develop as independent centres of chondrification that
later ossify. A pair of ribs is associated with each pre-
sacral vertebra in Ambystoma talpoideum, whereas in
the anuran taxa, there are only three pairs of ribs
articulating with the transverse processes of Verte-
brae II-IV. Free ribs also occur in the larvae of Pipa,
Silurana, and Xenopus, but they fuse to the transverse
processes around metamorphosis (State 1). In Hyla,
Leptodactylus, Megophrys, Pelobates, Pelodytes, Pyxi-
cephalus, Rhinophrynus, and Spea, free ribs are
absent in larvae and adults (State 2). Cannatella
(1985) coded Hymenochirus as having free ribs during
the larval stages; however, we could not detect free
ribs in the developmental series we examined.

Non-skeletal characters
42. Eyes. In Ambystoma and most anuran tadpoles,
the eyes are dorsal to the palatoquadrate cartilage

Figure 8. Dorsal view of (a) Xenopus laevis and (b) Disco-
glossus sardus tadpoles. Not to scale.

Figure 9. Anterior view of mouths of (a) Pipa myersi and
(b) Rana palmipes. Not to scale.

(State 0), but in pipoids, they are lateral to the pala-
toquadrate (State 1; Fig. 8).

43. Oral keratinous structures. Following the termi-
nology proposed by Altig & McDiarmid (1999), we
use ‘oral apparatus’ to refer to the oral disc and its
associated keratinized and soft structures. Oral
keratinous structures (i.e. jaw sheath and labial
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teeth) are absent in pipoid tadpoles (State O;
Fig. 9a). All other anuran taxa included in this anal-
ysis bear keratinous structures associated to their
oral apparatus (State 1; Fig. 9b). Ambystoma larvae
have jaw sheaths, but these seem to differ structur-
ally from those of anuran larvae (Altig &
McDiarmid, 1999). Thus, we do not consider the jaw
sheath of Ambystoma homologous to those of anu-
ran tadpoles (State 2).

PHYLOGENETIC HYPOTHESES

The phylogenetic analysis based on larval characters
produced 12 most parsimonious trees of 84 steps (TL);
the retention index (RI) is 0.83 and the consistency
index (CI) is 0.64, and the rescaled consistency index
(RC) is 0.53. After successive weighting of the charac-
ters according to the RC, the analysis produced eight
most parsimonious trees of 46 steps (RI=0.93;
CI=0.84; RC=0.78). The analysis based on adult
characters resulted in three most parsimonious trees
of 214 steps (RI=0.74; CI=0.50; RC =0.37). After
successive weighting of the characters, the analysis
produced one most parsimonious tree of 78 steps
(RI=0.86; CI=0.68; RC=0.58). Finally, simulta-
neous analysis of all data resulted in one most parsi-
monious tree of 304 steps (RI=0.76; CI=0.53;
RC =0.40). After successive weighting of the charac-
ters, the number of steps was reduced to 121
(RI=0.88; CI=0.72; RC =0.63). The latter (Fig. 10)
shows total resolution and reasonable Bremer and
bootstrap support at most nodes; two major clades
occur at the base of the tree — Pipoidea and a clade
containing the remaining taxa. This basal split also
was recovered by the analysis of adult characters
(Fig. 11b). However, in the tree resulting from analy-
sis of larval characters (Fig. 11a), the basal dichotomy
differs markedly in the position of Ascaphus, which is
the sister taxon of pipoids, instead of discoglossids,
pelobatoids, and neobatrachians. The frequency distri-
butions of tree lengths in all analyses were highly left
skewed, with g; scores of —0.68 (larval characters),
—0.77 (adult characters), and —0.79 (combined data
sets). These values are well beyond the P = 0.05 and
0.01 significance levels (Hillis & Huelsenbeck, 1992),
suggesting considerable ‘hierarchical’ signal in the
data sets.

Each analysis established the monophyly of the
following lineages: (1) the clade formed by Bombina,
discoglossids, neobatrachians, and pelobatoids; (2)
pelobatoids; and (3) pipoids. Each of these clades is
supported by strong bootstrap values and Bremer
indices in the combined tree. Other portions of the
combined tree, however, are present in only one of the
topologies obtained based on the data partitions. For
example, a monophyletic [Alytes + Bombina + Disco-

glossus] was found by the analysis based on larval
characters, but was not supported by the adult
dataset. In contrast, the position of Ascaphus as the
sister taxon to the clade formed by Bombina, discoglo-
ssids, pelobatoids, and neobatrachians, and the sister
relationship between Megophrys and Pelobates were
recovered only by the phylogeny based on adult
characters.

The phylogenetic positions of Ascaphus truei, Bom-
bina orientalis, Hyla lanciformis, Megophrys mon-
tana, and Pelodytes punctatus, are problematic when
comparing the tree topologies obtained based on the
different data partitions and the combined data.
Ascaphus appears as the sister taxon to the clade
formed by all anurans, except pipoids, in the phylog-
enies based on combined data as well as adult char-
acters (Figs 10, 11b). In both cases, there is robust
support for the position held by Ascaphus. In con-
trast, in the phylogeny based on larval characters,
Ascaphus appears as the sister taxon to pipoids
(Fig. 11a). The latter arrangement, however, has
weak support. Bombina is closely related to Alytes
and Discoglossus in a polytomy or sister-group
arrangement in the phylogenies based on combined
data and larval characters (Figs 10, 11a). However,
in the phylogeny based on adult characters, Bom-
bina is the sister taxon to the clade formed by
Alytes, Discoglossus, and [Neobatrachia + Peloba-
toidea]. All of these arrangements are supported by
relatively high bootstrap values, but that generated
by larval characters has the best Bremer support.
The monophyly of Neobatrachia was recovered by
the analyses based on data partitions (Fig.11),
whereas the analysis based on combined data shows
Hyla as the sister taxon to pelobatoids. None of
these arrangements, however, is strongly supported.
The ambiguity probably reflects the limited sample
of neobatrachians, along with the equivocal relation-
ships among the pelobatoids. Megophrys is the sis-
ter taxon of Pelobates in the tree topologies based on
combined data and adult characters, and has high
Bremer and bootstrap support in both cases (Figs 10,
11b). But in the phylogeny based on larval charac-
ters, Megophrys appears in a polytomy with Spea
bombifrons and S.intermontana (Fig.11la). Pelo-
dytes has a slightly different position in the three
phylogenetic hypotheses; it is the sister taxon of
[Megophrys + Pelobates] in the topology based on
combined characters (Fig.10), the sister taxon of
Pelobates in the tree based on larval characters
(Fig. 11a), and the sister taxon of [[Megophrys +
Pelobates] + Spea] in the topology based on adult
characters (Fig. 11b). Bremer indices are the same
for all arrangements, but bootstrap values give
better support to the grouping generated by larval
characters.
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Figure 10. Most parsimonious tree based on 43 characters from larval morphology and 73 from adult skeletal morphology
(TL =121; RI = 0.88; CI =0.72; RC = 0.63 after successive weighting of the characters). Bootstrap values are shown above
each node and Bremer decay indices are presented beneath. Asterisks indicate taxa included in Mesobatrachia sensu Ford
& Cannatella (1993).

DISCUSSION ment of the pipoids. The group was considered a

sister taxon to pelobatoids + neobatrachians by

The most profound difference between the phyloge- Inger (1967), Kluge & Farris (1969), Lynch (1973),
netic arrangement proposed herein and other recent and Duellman & Trueb (1986), whereas more recent
hypotheses based on living anurans is in the place- studies proposed pipoids + pelobatoids to constitute
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Figure 11. (a) Strict consensus of eight most parsimoni-
ous trees based on 43 larval characters (TL = 46; RI = 0.93;
CI =0.84; RC = 0.78, after successive weighting of the char-
acters). (b) Most parsimonious tree based on adult skeletal
characters (TL =78; RI =0.86; CI =0.68; RC = 0.58, after
successive weighting of the characters). Bootstrap values
are shown above each node and Bremer decay indices are
presented beneath.

the sister clade to neobatrachians (Cannatella,
1985; Ford & Cannatella, 1993; Hillis et al., 1993;
Maglia, 2000). In contrast, our results indicate that
pipoids are the sister clade of Ascaphus + all other

anurans. In addition, our results, like those of Haas
(1997), fail to recover a well-supported, monophyl-
etic Neobatrachia. This suggests that future analy-
ses need to address the monophyly of Neobatrachia
and relationships between advanced and pelobatoid
anurans.

TAXONOMIC CONSIDERATIONS

Given the phylogenetic arrangement proposed
herein, we recommend some modifications to com-
mon anuran nomenclature. The monophyly of Meso-
batrachia, as proposed by Ford & Cannatella (1993),
has been largely unchallenged. However, Hillis
(1991) demonstrated Pelobatoidea to be paraphyl-
etic, with Neobatrachia nested within the group. Our
results indicate a basal position for pipoids and a
sister relationship between Pelobatoidea and Neo-
batrachia; therefore, we suggest that the term
‘Mesobatrachia’ be used with caution. We found no
evidence of the monophyly of Archaeobatrachia; this
is in agreement with Ford & Cannatella’s (1993)
results, but is contrary to the findings of Hedges &
Maxson (1993) and Hay et al. (1995) based on molec-
ular analyses. Therefore, we suggest the names
‘Archaeobatrachia’ and ‘archaeobatrachians’ should
not be used. Rather, we recommend referring to
indisputably monophyletic groups by name (e.g.
pipoids, discoglossoids), or simply referring to
anurans outside of the clade Neobatrachia + Peloba-
toidea as ‘basal anurans.” At the moment, we choose
not to suggest a name for the group Ascaphus + all
other anurans minus Pipoidea, because until the
relationships of anurans are resolved completely,
recognition of a new name potentially adds more
confusion than clarity. Likewise, we note the para-
phyly of Pelobatidae with respect to Megophryidae,
but prefer not to make a formal taxonomic change
based on these analyses of a limited number of taxa
in an historically problematic group.

INTERPRETATION OF CHARACTERS

The arrangement proposed herein has interesting
consequences for the interpretations of evolution-
ary patterns of morphological characters and com-
plexes that, classically, have been used to interpret
relationships of the major groups of anurans. Kluge
& Farris (1969) provided the best historical sum-
mary and explanation of these characters. Two of
these features are especially worthy of consider-
ation, given our emphasis on larvae: the develop-
ment of the vertebral column and the revision of
the evolutionary patterns of tadpole structures
based on the larval types as defined by Orton
(1953).
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Presacral vertebrae

It is generally agreed that there is a trend toward
decreasing the number of presacral vertebrae from 14
in fTriadobatrachus massinoti, the sister taxon of
Anura, to nine or ten in jVieraella herbstii, and nine in
TNotobatrachus degiustoi and Ascaphus truei, argu-
ably the most primitive of the anurans (Baez & Basso,
1996). As pointed out by Lynch (1973), all other fam-
ilies have eight. However, the first and second presac-
rals may be fused or the last presacral may fuse to the
sacrum, resulting in a functional reduction to seven or
fewer independent vertebrae. In bufonids and pipids
there may be as few as five presacrals, owing to the
fusion of anterior presacrals and incorporation of pos-
terior presacrals into the sacrum. In the case of most
frogs and toads having fewer than eight presacrals,
synostosis is evidenced by the presence of multiple
pairs of spinal nerve foramina and the increased
size of fused elements. In Pipinae (Hymenochirus,
Pseudhymenochirus, and Pipa), reduction occurs by
synchondrosis of the anterior vertebrae early in larval
development, with the result that the cervical verte-
bra is short (Fig. 12: Character 39). Thus, shortening
of the vertebral column apparently has occurred inde-
pendently in several anuran lineages; however, the
developmental mechanism in some pipid frogs seems
to be unique. This, along with the elaboration of the
pre- and postzygapophyses and complex neural arches
to form interlocking mechanisms between adjacent
vertebrae in xenopodines (Xenopus and Silurana) sug-
gests that vertebral modifications in this clade may
have evolved along an evolutionary trajectory quite
independent of those of the other anuran lineages.

Orton’s tadpole types revisited

The basal dichotomy between pipoids and all other
anurans in our tree does not support the contention of
several authors (e.g. Orton, 1957; Hecht, 1963; Sav-
age, 1973; Starrett, 1973), who visualized evolution
proceeding from simple to more complex morpholo-
gies; neither does it corroborate the assertions of other
authors (e.g. Ford & Cannatella, 1993; Lynch, 1973;
Sokol, 1975) that larval Type III most closely resem-
bles the tadpole of the hypothetical ancestral anuran.
The following discussion is based primarily on the con-
cepts elaborated by the contrasting studies of Sokol
(1975) and Starrett (1973). Cannatella’s (1999) state-
ment that the continued acceptance of Orton’s tadpole
types diverts attention from the issue of evolution of
larval structures is probably true. However, our
understanding of this part of the life cycle of anurans
is still poor and the available data, at least with
regard to larval Types I, III, and IV, do not seem to
contradict Orton’s (1957) definitions when broadly
taken. To facilitate discussion, we use Type I to refer to

pipoid larvae, Type III in reference to Ascaphus and
discoglossoid tadpoles, and Type IV for the larvae of
the rest of the anurans included in our study.

Starrett (1973) assumed that structural simplicity
is plesiomorphic and argued that the lack of kerati-
nous oral structures (Fig. 12: Character 43) and the
presence of a simpler skeletal system (e.g. fused
suprarostrals [Character 6]; elongate Meckel’s carti-
lage; small, fused infrarostrals [Character 11]) of
pipoid larvae are plesiomorphic for anurans (Canna-
tella, 1999); therefore, she proposed that larval Types
II, III, and IV evolved from larval Type I. However,
Sokol (1975) argued that there is no compelling reason
to think that the lack of keratinous mouth structures
is a primitive feature of anuran larvae, even though
the absence of keratinized oral parts in salamanders
and caecilians would suggest the plesiomorphy of this
character.

In addition, Sokol (1975) rejected the notion of
structural simplicity as being plesiomorphic in anuran
larvae; he argued that because fusion of the cartilag-
inous elements prevents mobility of the jaws (e.g. in
some Type-III tadpoles), it is apomorphic. Following
Sokol’s (1975) line of reasoning, the straight, fused
suprarostral (Fig. 12: Character 6) and the small,
fused infrarostral cartilages (Fig. 12: Character 11)
would derive from taxa having larvae with beak-
bearing cartilages.

However, Sokol (1975) also acknowledged that,
based on anatomical comparison, it is difficult to
decide whether suprarostral and infrarostral carti-
lages originated as a support for the beak or as a
‘stiffener’ for the upper and lower lips. Because
suprarostral and infrarostral cartilages are de novo
structures of anuran larvae, the results of our analysis
do not provide insights as to their probable morphol-
ogy and function in the common ancestral tadpole.
Based on outgroup comparison, however, we can esti-
mate that the first anuran larva probably lacked kera-
tinized mouth structures. Furthermore, if we follow
Sokol’s (1975) assumption that unfused rostral carti-
lages promote mobility of the mouthparts, then it
seems likely that the first tadpole had at least par-
tially fused cartilages that stiffened the lips; these car-
tilages underwent little or no change in the lineage
that gave rise to pipoids, whereas they evolved to bear
alae and corpora in the other lineage.

The larval feeding mode and its relation to respira-
tion was one of the key aspects of Starrett’s (1973)
interpretation of the evolutionary history of anurans
based on Orton’s (1953) tadpole types. Starrett consid-
ered filter feeding to be the primitive mode of procuring
food, because the larvae pump water into the mouth,
through the pharynx, and over the gills, thereby
entrapping food particles with their specialized buc-
copharyngeal filter apparatus. Thus, both feeding and
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respiration would involve the same jaw actions.
Because some pipoid larvae filter feed, Starrett (1973)
suggested that the basal anuran larva might have
resembled Recent pipoid larvae. She also claimed that
the evolution of keratinized mouthparts contributed to
the functional separation of feeding and respiration.

However, most tadpoles are filter feeders (Wasser-
sug, 1972); larvae lacking keratinized mouthparts fil-
ter particles suspended in the water column and those
with keratinized oral structures scrape food from the
substrate and filter the suspension (Viertel & Richter,
1999). Moreover, it seems that, at least in Xenopus, the
feeding capability does not differ significantly from the
typical beaked larvae (Kenny, 1969; Wassersug, 1972).
In addition, and as correctly pointed out by Cannatella
(1999), feeding in pipoid larvae is more diverse than
Starrett (1973) recognized. The larvae of Rhinophry-
nus — the most basal living taxon within Pipoidea
(Cannatella & de Sa, 1993; Baez & Trueb, 1997; Baez
& Pudgener, 1998) — are known to feed not only
microphagously, but also macrophagously on other
tadpoles (Stuart, 1961; Satel & Wassersug, 1981;
Swart & de S4, 1999).

Within Pipidae, Silurana and Xenopus have an
extreme microphagous condition. Free-swimming
Pipa larvae are adapted to feed on medium-sized
planktonic organisms; the direct-developing Pipa spe-
cies do not feed as larvae. Hymenochirus is a carni-
vore, specialized for feeding on large planktonic
organisms (Sokol, 1977; Wassersug, 1980; Cannatella,
1999). Thus, the variation of feeding modes observed
among pipoid tadpoles parallels that present among
the larvae of the rest of the anurans. Hymenochirus,
Pipa (Sokol, 1977), Rhinophrynus (Sokol, 1975), and
Xenopus (Gradwell, 1971; Sokol, 1977; Wassersug,
1996) larvae lack persistent (= internal) gills and are
obligate air breathers; the latter is made possible by
the early ontogenetic differentiation of lungs (Viertel
& Richter, 1999). As a consequence, movement of
water through the mouth does not have a respiratory
function (Cannatella, 1999).

Sokol (1975) considered persistent gills to be de
novo structures of anuran larvae; these gills develop
as ventral expansions of the transient (= external)
gills, which disappear during the earliest feeding
stages (Schmalhausen, 1968; Viertel & Richter, 1999).
Sokol (1975) assumed that the presence of gills on all
four branchial arches is plesiomorphic among anuran
larvae. However, he noted that the absence of persis-
tent gills also could be interpreted as a genuinely ple-
siomorphic character, but rejected this hypothesis
because pipoid larvae lack well-developed transient
gills. Sokol (1975) reasoned that the poor develop-
ment of transient gills probably triggered the sup-
pression of the development of persistent gills. Thus,
the absence of persistent gills in pipoids would repre-

sent a secondary loss and should be considered a
derived condition.

Based on the results of our analysis, we can infer
that the first tadpole was a filter feeder because this
feeding mode is present in most tadpoles and is a fea-
ture of the basal taxa of both major clades (i.e. pipoids
and the remaining anurans). In addition, this ances-
tral larva probably had transient gills, but lacked per-
sistent gills; the latter probably evolved later on the
lineage that includes all nonpipoid anurans.

The hyobranchial skeleton of anuran larvae consists
of a pair of anterior ceratohyals that articulate with
the palatoquadrates and are joined to the branchial
baskets by cartilaginous basihyobranchial elements.
Copula I, a structure unique to anuran larvae, occurs
in the tadpoles of most anuran taxa, but is absent in
all pipoids except Rhinophrynus and Hymenochirus
(Fig. 12: Character 35). Sokol (1975) assumed the
presence of Copula I most likely to be plesiomorphic.
Hypobranchial elements of salamanders are usually
connected by ligaments; Sokol (1975) therefore
inferred that the presence of the ligamentous attach-
ments between the ceratobranchials and hypobran-
chial plates in the branchial baskets of some Type-III
larvae is plesiomorphic, whereas the fusion of these
elements in pipid larvae is derived. However, Rhi-
nophrynus larvae, overall, are the most generalized
Type-I larvae and their filter apparatus resembles in
certain aspects those of beaked larvae (Sokol, 1977;
Wassersug, 1980).

Sokol’s (1975) hypothesis that the larval hyobran-
chial apparatus of Type-III larvae retains the most
numerous plesiomorphic characters among anurans
is supported by Haas’s (1997) phylogenetic analysis
based on characters derived from the larval hyobran-
chial apparatus. Our phylogenetic arrangement
also supports the hypothesis that the hyobranchial
apparatus of the ancestral larval anuran probably
resembled those of Ascaphus, discoglossoids, and
Rhinophrynus, but offers a different explanation for
the evolutionary history of the hyobranchial appara-
tus than that presented by Haas (1997). The hyobran-
chial apparatus was significantly modified twice. One
modification occurred in the pipoid lineage (Fig. 12:
Characters 35, 36, and 38), and resulted in larvae that
inhabit the middle of the water column in lotic situa-
tions and, in some cases, are limited to filter feeding
on fine suspended particulate matter. Another modifi-
cation of the hyobranchial apparatus occurred in the
lineage that includes the rest of the anurans, and gen-
erated a wide diversity of larvae adapted to macroph-
agous feeding in a variety of aquatic habitats (Fig. 12:
Characters 36, 37).

In salamanders, the trigeminal and facial ganglia
are separated, and a median wall of the otic capsule
(the prefacial commissure) divides the trigeminal fora-
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men for the trigeminal nerve rami from the palatine
foramen for the palatine ramus of the facial nerve
(Pusey, 1938; Sokol, 1981; Puagener & Maglia, 1997).
When the trigeminal and facial ganglia fuse, the pre-
facial commissure is lost and a single prootic foramen
is present (Pusey, 1938; Sokol, 1975).

In anurans, a cartilaginous or bony prefacial com-
missure is present in Ascaphus (de Villiers, 1934;
Pusey, 1938), Barbourula (pers. obs.), Bombina (Can-
natella, 1999; pers. obs.), Discoglossus (Pigener &
Maglia, 1997), and Leiopelma (Wagner, 1934; Pusey,
1938). Alytes also has a prefacial commissure, but
apparently in this taxon, the trigeminal and facial
ganglia are partially fused into a prootic ganglion
(Pusey, 1938). Sokol (1975) suggested that all anuran
tadpoles, except for the aforementioned, lack a prefa-
cial commissure and have a single prootic ganglion
and only the prootic foramen. Furthermore, Canna-
tella (1999) identified the absence of the prefacial
commissure as a synapomorphy of Pipanura
([Pelobatoidea + Pipoidea] + Neobatrachia, sensu Ford
& Cannatella, 1993). However, a prefacial commissure
unquestionably is present in the living taxa Xenopus
clivii and X. muelleri (pers. obs.), and the fossil Shel-
ania laurenti (Baez & Pugener, 1998) and X. romeri
(Estes, 1975a,b).

Our phylogenetic arrangement (Fig. 12) suggests
that the ancestral tadpole had a prefacial commissure
separating trigeminal and palatine foramina and sep-
arate trigeminal and facial ganglia, and that the dis-
appearance of the prefacial commissure and fusion of
the ganglia occurred independently in the two basal
anuran lineages. This hypothesis seems to be sup-
ported by Wassersug’s (1980) investigations on the
internal oral features of anuran larvae. He suggested
that the fusion of the fifth and seventh ganglia is an
indirect result of an anterior displacement of the pala-
toquadrate bar and an expansion of the ceratohyal in
nondiscoglossoid larvae. Based on the differences in
the form of the palatoquadrate in pipoid and nonpi-
poid, nondiscoglossoid tadpoles, he concluded that it
could be possible that the modifications of these carti-
laginous elements, as well as the changes in the cer-
atohyal and consequent fusion of trigeminal and facial
ganglia evolved twice, once in the pipoid clade and a
second time in the clade that includes all remaining
anurans.

The attachments of the posterior end of the palato-
quadrate to the otic capsule and the neurocranium
constitute the palatoquadrate suspensorium. Sokol
(1975) determined that two basic types of suspenso-
rium are found among anurans: a high suspensorium,
found in Ascaphus and discoglossoids, and a low sus-
pensorium found in most other nondiscoglossoid, non-
pipoid anurans. Pipoids, according to this author, have
a derived high suspensorium. We considered that the

suspensorium should not be analysed as a whole but
as three different characters: (1) position of the attach-
ment of the ascending process of the palatoquadrate to
the braincase; (2) condition of the otic process of the
palatoquadrate; and (3) condition of the attachment of
the otic process of the palatoquadrate to the wall of the
otic capsule (i.e. presence of an otic ligament or a lar-
val otic process). The results of our analysis suggest
that the ancestral anuran larva presumably possessed
a high attachment of the ascending process of the
palatoquadrate cartilage (i.e. above the oculomotor
foramen) and a flat otic process of the palatoquadrate
that probably was connected to the anterior wall of the
otic capsule through a ‘larval otic process’ (Fig. 12:
Characters 26, 27). Our results also indicate that in
the hypothetical ancestral tadpole, the eyes were prob-
ably located dorsally on the head. In addition, the
palatoquadrate cartilage had a small processus mus-
cularis quadrati. The frontoparietal fontanelle lacked
cartilaginous bars (i.e. taenia tecti transversalis and
medialis), and free ribs were present.

In summary, our phylogenetic arrangement sug-
gests that both discoglossoid and pipoid tadpoles
retain numerous plesiomorphic features. We think
that the common ancestor to all anurans had a larva
that was, in many respects, intermediate between the
typical Type-I and Type-III larvae, and that all
anurans with Type-IV larvae (i.e. pelobatoids and
most neobatrachians) arose from an ancestor with a
Type-III tadpole. We did not include taxa with a Type-
II larva in our study. It is noteworthy that the hypoth-
esis of an ancestral tadpole with intermediate charac-
teristics between those of Type-I and Type-III larvae is
supported by the studies of Viertel (1991) and Viertel
& Richter (1999) on the buccopharyngeal system of
anuran larvae. Furthermore, some of the findings
reported by Haas (2001) on the mandibular arch mus-
culature of anuran tadpoles seem to provide addi-
tional support for our hypothesis.

The a priori notion that pipoid larvae and adults are
so ‘aberrant’ that they could not be regarded as basal
has guided most of the research on anuran evolution
for the last 40 years. This preconception has probably
been driven, at least in part, by the fact that most liv-
ing anurans have tadpoles with oral keratinous struc-
tures (Types III and IV). Most of these larvae develop
into terrestrial adults, whereas beakless larvae (Type
I), usually metamorphose into aquatic adults; such
anurans are a minority and therefore unusual. In
addition, the most recent phylogenetic analyses based
on adult characters indicate that the discoglossoids,
and hence Type-III tadpoles, are plesiomorphic and
pipoids with their Type-I larvae are derived. The
results presented herein demonstrate, for the first
time in the context of a phylogenetic analysis, that
there was an early divergence of anurans reflected in
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both the morphology of the adults and in the larvae;
one clade evolved into aquatic adults with a unique
vertebral column especially adapted for such environ-
ment and larvae feeding on suspended food particles,
and the second clade gave rise to terrestrial, jumping
frogs and larvae that are able to scrape or bite food
from the substrate. Thus, our study resolves the long-
lasting incongruence between the phylogenies derived
from adult characters and those based on larval char-
acters, and provides an answer to Sokol’s (1975 :21)
question: ‘Why, in view of the wide range of food items
available to beaked larvae, should beakless forms
evolve?

ACKNOWLEDGEMENTS

We are grateful to José E. Gonzalez (Museo Nacional
de Ciencias Naturales, Madrid), Charles Myers
(American Museum of Natural History), Jens Vin-
dum (California Academy of Sciences), and Arnold
Kluge (University of Michigan Museum of Zoology)
for loans of specimens and permission to clear and
stain ontogenetic series. Christopher Sheil, Jennifer
Pramuk, and Omar Torres provided comments on an
earlier version of the manuscript. Portions of this
research were supported by the Panorama Society of
the Natural History Museum, The University of
Kansas to A. Maglia, the Colorado Herpetological
Society to A. Maglia, and NSF DEB 95-21691 to
L. Trueb.

REFERENCES

Altig R, McDiarmid RW. 1999. Body plan. Development and
morphology. In: McDiarmid RW, Altig R, eds. Tadpoles. The
biology of anuran larvae. Chicago: University of Chicago
Press, 24-51.

Baez AM, Basso NG. 1996. The earliest known frogs of the
Jurassic of South America: review and cladistic appraisal of
their relationships. In: Arratia G, ed. Contributions of south-
ern South America to vertebrate paleontology. Miinchen:
Miinchner Geowissenschaftliche Abhandlungen, Reihe A.
Geologie und Paldontologie, 131-158.

Baez AM, Pugener LA. 1998. A new Paleogene pipid frog
from northwestern Patagonia. Journal of Vertebrate Paleon-
tology 18: 511-524.

Baez AM, Trueb L. 1997. Redescription of the Paleogene
Shelania pascuali from Patagonia and its bearing on the
relationships of fossil and Recent pipoid frogs. Scientific
Papers, Natural History Museum, University of Kansas 4: 1—
41.

de Beer GR. 1937. The development of the vertebrate skull.
Oxford: Oxford University Press.

Bremer K. 1988. The limits of amino acid sequence data in
angiosperm phylogeny reconstruction. Evolution 42: 795—
803.

Bremer K. 1994. Branch support and tree stability. Cladistics
10: 295-304.

Cannatella DC. 1985. A phylogeny of primitive frogs (Archae-
obatrachians). Lawrence: University of Kansas.

Cannatella DC. 1999. Architecture. Cranial and axial mus-
culoskeleton. In: McDiarmid RW, Altig R, eds. Tadpoles. The
biology of anuran larvae. Chicago: University of Chicago
Press, 52-91.

Cannatella DC, de Sa RO. 1993. Xenopus laevis as a model
organism. Systematic Biology 42: 476-507.

Cannatella DC, Hillis DM. 1993. Amphibian relationships:
phylogenetic analysis of morphology and molecules. Herpe-
tological Monographs 7: 1-17.

Cannatella DC, Trueb L. 1988. Evolution of pipoid frogs:
intergeneric relationships of the aquatic frog family Pipi-
dae (Anura). Zoological Journal of the Linnean Society 94:
1-38.

Dingerkus G, Uhler LD. 1977. Enzyme clearing of alcian
blue stained whole small vertebrates for demonstration of
cartilage. Stain Technology 52: 229-232.

Duellman WE. 1975. On the classification of frogs. Occasional
Papers of the Museum of Natural History, University of Kan-
sas 42: 1-14.

Duellman WE, Trueb L. 1986. Biology of amphibians. New
York: McGraw-Hill.

Estes R. 1975a. Fossil Xenopus from the Paleocene of South
America and the zoogeography of pipid frogs. Herpetologica
31: 263-278.

Estes R. 1975b. Xenopus from the Palaeocene of Brazil and its
zoogeographic importance. Nature 254: 48-50.

Felsenstein J. 1985. Confidence limits on phylogenies: an
approach using the bootstrap. Evolution 39: 783-791.

Ford LS. 1989. The phylogenetic position of poison-dart
frogs (Dendrobatidae): Reassessment of the neobatrachian
phylogeny with commentary on complex character systems.
Lawrence: The University of Kansas.

Ford LS, Cannatella DC. 1993. The major clades of frogs.
Herpetological Monographs 7: 94-117.

Frost DR. 2002. Amphibian Species of the World V2.21 Data-
base. New York: American Museum of Natural History.
http:/research.amnh.org/cgi-bin/herpetology/amphibia_tree.

Gaupp E. 1896. Anatomie des Frosches. Erste Abtheilung.
Lehre vom Skelet und vom Muskelsystem. Braunschweig:
Friedrich Vieweg und Sohn.

Gosner KL. 1960. A simplified table for staging anuran
embryos and larvae with notes on identification. Herpetolog-
ica 16: 183-190.

Gradwell N. 1971. Xenopus tadpole: on the water pumping
mechanism. Herpetologica 27: 107-123.

Green DM. 1986. Systematics and evolution of western
North American frogs allied to Rana aurora and Rana
boylii: electrophoretic evidence. Systematic Zoology 335:
283-296.

Griffiths 1. 1963. The phylogeny of the Salientia. Biological
Reviews of the Cambridge Philosophical Society 38: 241-292.

Griffiths I, de Carvalho AL. 1965. On the validity of employ-
ing larval characters as major phyletic indices in Amphibia
Salientia. Revista Brasileira de Biologia 25: 113-121.

© 2003 The Linnean Society of London, Zoological Journal of the Linnean Society, 2003, 139, 129-155


http://research.amnh.org/cgi-bin/herpetology/amphibia_tree

ANURAN LARVAE AND PHYLOGENY 149

Haas A. 1995. Cranial features of dendrobatid larvae
(Amphibia: Anura: Dendrobatidae). Journal of Morphology
224: 241-264.

Haas A. 1997. The larval hyobranchial apparatus of discoglo-
ssoid frogs: its structure and bearing on the systematics of
the Anura (Amphibia: Anura). Journal of Zoological, System-
atic, and Evolutionary Research 35: 179-197.

Haas A. 2001. Mandibular arch musculature of anuran tad-
poles, with comments on homologies of amphibian jaw mus-
cles. Journal of Morphology 247: 1-33.

Hall JA, Larsen JH. 1998. Postembryonic ontogeny of the
spadefoot toad, Scaphiopus intermontanus (Anura: Peloba-
toidea): skeletal morphology. Journal of Morphology 238:
179-244.

Hay JM, Ruvinsky I, Hedges SB, Maxson LR. 1995. Phy-
logenetic relationships of amphibian families inferred from
DNA sequences of mitochondrial 12S and 16S ribosomal
RNA genes. Molecular Phylogenetics and Evolution 12: 928—
937.

Hecht MK. 1963. A reevaluation of the early history of the
frogs. Part I1. Systematic Zoology 12: 20-35.

Hedges SB, Maxson LR. 1993. A molecular perspective on lis-
samphibian phylogeny. Herpetological Monographs 7: 27-42.

Hillis DM. 1991. The phylogeny of amphibians: current
knowledge and the role of cytogenetics. In: Green DM, Ses-
sions SK, eds. Amphibian cytogenetics and evolution. San
Diego: Academic Press, 7-31.

Hillis DM, Ammerman LK, Dixon MT, de Sa RO. 1993.
Ribosomal DNA and the phylogeny of frogs. Herpetological
Monographs 7: 118-131.

Hillis DM, Bull JdJ. 1993. An empirical test of bootstrapping
as a method for assessing confidence in phylogenetic analy-
sis. Systematic Biology 42: 182-192.

Hillis DM, Davis SK. 1986. Evolution of ribosomal DNA: 50
million years of recorded history in the frog genus Rana.
Evolution 40: 1275-1288.

Hillis DM, Huelsenbeck JP. 1992. Signal, noise, and reli-
ability in molecular phylogenetic analyses. Journal of Hered-
ity 83: 189-195.

Huelsenbeck JP. 1991. Tree-length distribution skewness:
an indicator of phylogenetic information. Systematic Zoology
40: 257-270.

Inger RF. 1967. The development of a phylogeny of frogs. Evo-
lution 21: 369-384.

Kenny JS. 1969. Feeding mechanisms in anuran larvae. Jour-
nal of Zoology, London 157: 225-246.

Kluge AG, Farris JS. 1969. Quantitative phyletics and the
evolution of anurans. Systematic Zoology 18: 1-32.

Kotthaus A. 1933. Die Entwicklung des Primordial-Craniums
von Xenopus laevis bis zur Metamorphose. Zeitschrift fiir
Wissenschaftliche Zoologie, Abteilung A 144: 510-572.

Larson PM, de Sa RO. 1998. Chondrocranial morphology of
Leptodactylus larvae (Leptodactylidae: Leptodactylinae): its
utility in phylogenetic reconstruction. Journal of Morphol-
ogy 238: 287-305.

Lathrop A. 1997. Taxonomic review of the megophryid frogs
(Anura: Pelobatoidea). Asiatic Herpetological Research T:
68-79.

Laurent RF. 1979. Esquisse d’'une phylogenése des anoures.
Bulletin de la Société Zoologique de France 104: 397—422.
Laurent RF. 1986. Sous classe des lissamphibiens. Systéma-
tique. In: Grassé P-P, Delsol M, eds. Traité de Zoologie.

Paris: Masson, 594-797.

Lynch JD. 1973. The transition from archaic to advanced
frogs. In: Vial JL, ed. Evolutionary biology of the anurans.
Contemporary research on major problems. Columbia, Mis-
souri: University of Missouri Press, 133—-182.analysis of phy-
logeny and character evolution

Maddison WP, Maddison DR. 2000. Macclade:, Version 4.0.
Sunderland, MA: Sinauer.

Maglia AM. 1998. Phylogenetic relationships of extant pelo-
batoid frogs (Anura: Pelobatoidea): evidence from adult mor-
phology. Scientific Papers, Natural History Museum, the
University of Kansas 10: 1-19.

Maglia AM. 2000. Phylogenetic relationships of pelobatoid
frogs (Anura: Pelobatoidea). Lawrence: University of
Kansas.

Maglia AM, Pagener LA. 1998. Skeletal development and
adult osteology of Bombina orientalis (Anura: Bombinatori-
dae). Herpetologica 54: 344-363.

Maglia AM, Pugener LA, Trueb L. 2001. Comparative
development of frogs: using phylogeny to understand ontog-
eny. American Zoologist 41: 538-551.

Milner AR. 1988. The relationships and origin of living
amphibians. In: Benton MJ, ed. The phylogeny and classifi-
cation of tetrapods. Oxford: Systematics Association, 59—
102.

Milner AR. 1993. The Paleozoic relatives of lissamphibians.
Herpetological Monographs 7: 8-27.

Miyamoto MM. 1983. Frogs of the Eleutherodactylus rugulo-
sus group: a cladistic study of allozyme, morphological, and
karyological data. Systematic Zoology 32: 109-124.

Moore MK. 1989. Comparative ontogeny of cranial ossification
in the spotted salamander, Ambystoma maculatum, and the
tailed frog, Ascaphus truei. Baton Rouge, LA: Louisiana
State University.

Nieuwkoop PD, Faber J. 1956. Normal table of Xenopus lae-
vis (Daudin). A systematical and chronological survey of the
development from the fertilized egg till the end of metamor-
phosis. Amsterdam: North-Holland.

Noble GK. 1922. The phylogeny of the Salientia. I. The oste-
ology and the thigh musculature; their bearing on classifica-
tion and phylogeny. Bulletin of the American Museum of
Natural History 46: 1-87.

Noble GK. 1931. The biology of the Amphibia. New York:
McGraw-Hill.

Orton G. 1943. The tadpole of Rhinophrynus dorsalis. Occa-
sitonal Papers of the Museum of Zoology, University of Mich-
igan 472: 1-7.

Orton G. 1953. The systematics of vertebrate larvae. System-
atic Zoology 2: 63-75.

Orton G. 1957. The bearing of larval evolution on some prob-
lems in frog classification. Systematic Zoology 6: 79—86.

Pramuk J, Hass CA, Hedges SB. 2001. Phylogeny and bio-
geography of West Indian toads (Anura: Bufonidae). Molec-
ular Phylogenetics and Evolution 233: 267-286.

© 2003 The Linnean Society of London, Zoological Journal of the Linnean Society, 2003, 139, 129-155



150 L. A. PUGENER ET AL.

Pugener LA, Maglia AM. 1997. Osteology and skeletal devel-
opment of Discoglossus sardus (Anura: Discoglossidae).
Journal of Morphology 233: 267—286.

Pusey HK. 1938. Structural changes in the anuran mandibu-
lar arch during metamorphosis, with reference to Rana tem-
poraria. Quarterly Journal of the Microscopical Society 8:
479-552.

Ramaswami LS. 1943. An account of the chondrocranium of
Rana afghana and Megophrys, with a description of the
masticatory musculature of some tadpoles. Proceedings of
the National Institute of Sciences, India, Section B 9: 43—
48.

Reig OA. 1958. Proposiciones para una nueva macrosistemat-
ica de los anuros. Nota preliminar. Physis (Buenos Aires),
Secciéon B 21: 109-118.

Roéek Z. 1980. Cranial anatomy of frogs of the family Pelo-
batidae Stannius, 1856, with outlines of their phylogeny and
systematics. Acta Universitatis Carolinae, Biologica.

de Sa R. 1988. Chondrocranium and ossification sequence of
Hyla lanciformis. Journal of Morphology 195: 345-355.

de Sa RO, Hillis DM. 1990. Phylogenetic relationships of the
pipid frogs Xenopus and Silurana: an integration of riboso-
mal DNA and morphology. Molecular Biology and Evolution
7: 365-376.

de Sa RO, Swart CC. 1999. Development of the suprarostral
plate of pipoid frogs. Journal of Morphology 240: 143-153.

de Sa R, Trueb L. 1991. Osteology, skeletal development,
and chondrocranial structure of Hamptophryne boliviana
(Anura: Microhylidae). Journal of Morphology 209: 311—
330.

Satel SL, Wassersug RdJ. 1981. On the relative sizes of buccal
floor depressor and elevator musculature in tadpoles. Copeia
1981: 129-137.

Savage JM. 1973. The geographic distribution of frogs: pat-
terns and predictions. In: Vial JL, ed. Evolutionary biology of
the anurans. Columbia, Missouri: University of Missouri
Press, 351-445.

Schmalhausen II. 1968. The origin of terrestrial vertebrates.
New York: Academic Press.

Sokol OM. 1962. The tadpole of Hymenochirus boettgeri (Torn-
ier). Copeia 1962: 273-284.

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

Sokol OM. 1977. The free swimming Pipa larvae, with a
review of pipid phylogeny (Anura: Pipidae). Journal of Mor-
phology 154: 357-426.

Sokol OM. 1981. The larval chondrocranium of Pelodytes
punctatus, with a review of tadpole chondrocrania. Journal
of Morphology 169: 161-183.

Sorenson MD. 1999. TreeRot, Version 2. Ann Arbor: Univer-
sity of Michigan.

Starrett PH. 1973. Evolutionary patterns in larval morphol-
ogy. In: Vial JL, ed. Evolutionary biology of the anurans.
Contemporary research on major problems. Columbia, Mis-
souri: University of Missouri Press, 251-297.

Stuart LC. 1961. Some observations on the natural history of
tadpoles of Rhinophrynus dorsalis Duméril and Bibron. Her-
petologica 17: 73-79.

Swart CC, de Sa RO. 1999. The chondrocranium of the Mex-
ican burrowing toad, Rhinophrynus dorsalis. Journal of Her-
petology 33: 23-28.

Swofford DL. 2000. PAUP. Phylogenetic analysis using par-
simony. 4.0% ed. Champagne, Illinois: Illinois Natural His-
tory Survey.

Taylor W, van Dyke G. 1985. Revised procedure for staining
and clearing small fishes and other vertebrates for bone and
cartilage study. Cybium 9: 107-119.

Thibaudeau DG, Altig R. 1988. Sequence of ontogenetic
development and atrophy of the oral apparatus of six anuran
tadpoles. Journal of Morphology 197: 63—69.

Tihen JA. 1965. Evolutionary trends in frogs. American Zool-
ogist 5: 309-318.

Trueb L, Cloutier R. 1991. A phylogenetic investigation of the
inter- and intrarelationships of the Lissamphibia (Amphibia:
Temnospondyli). In: Schultze H-P, Trueb L, eds. Origins of the
higher groups of tetrapods: controversy and consensus. Ithaca,
New York: Cornell University Press, 223-313.

Trueb L, Hanken J. 1992. Skeletal development in Xeno-
pus laevis (Anura: Pipidae). Journal of Morphology 214: 1-
41.

Trueb L, Pugener LA, Maglia AM. 2000. Ontogeny of the
bizarre: an osteological description of Pipa pipa (Anura: Pip-
idae), with an account of skeletal development in the species.
Journal of Morphology 243: 75-104.

Viertel B. 1991. The ontogeny of the filter apparatus of anu-
ran larvae (Amphibia, Anura). Zoomorphology 110: 239—
266.

Viertel B, Richter S. 1999. Anatomy. Viscera and endocrines.
In: McDiarmid RW, Altig R, eds. Tadpoles. The biology of
anuran larvae. Chicago: University of Chicago Press, 93—
148.

de Villiers. 1934. Studies of the cranial anatomy of Ascaphus
truei Steineeger, the American ‘leiopelmid’. Bulletin Museum
Comparative Zoology Harvard University 77: 1-38.

Wagner. 1934. On the cranial characters of Leiopelma hoch-
stetteri. Anatomischer Anzeiger 79: 65-717.

Wang Y. 1997. Positcranial skeleton and development of Alytes
obstetricans (Anura: Discoglossidae), with a redescription of
chondrocranial and cranial morphology. Lawrence: Univer-
sity of Kansas.

Wassersug R. 1972. the mechanism of ultraplanktonic
entrapment in anuran larvae. Journal of Morphology 137:
279-288.

Wassersug RdJ. 1976. A procedure for differential staining of
cartilage and bone in whole formalin-fixed vertebrates. Stain
Technology 51: 131-134.

Wassersug R. 1980. Internal oral features of larvae from
eight anuran families: functional, systematic, evolutionary
and ecological University of Kansas
Museum of Natural History Miscellaneous Publication 68:
146.

Wassersug R. 1996. The biology of Xenopus tadpoles. In: Tin-
sley RC, Kobel HR, eds. The biology of Xenopus. Oxford:
Clarendon Press, 195-211.

Wiens JdJ. 1989. Ontogeny of the skeleton of Spea bombifrons
(Anura: Pelobatidae). Journal of Morphology 202: 29-51.

considerations.

© 2003 The Linnean Society of London, Zoological Journal of the Linnean Society, 2003, 139, 129-155



ANURAN LARVAE AND PHYLOGENY 151

Wilder IW. 1925. The morphology of amphibian metamorpho-
sts. Northampton, MA: Smith College.

Worthington RD, Wake DB. 1971. Larval morphology and
ontogeny of the ambystomatid salamander, Rhyacotriton
olympicus. American Midland Naturalist 85: 349-365.

APPENDIX 1

Specimens examined. Abbreviations: A = adult; G =
Gosner Stage (Gosner, 1960); N & F = Nieuwkoop and
Faber Stage (Nieuwkoop & Faber, 1956); W = Wilder
Stage (Wilder, 1925). Codes for institutional collec-
tions: CAS = C(alifornia Academy of Sciences;
DJM =D. J. Meinhardt specimen (uncatalogued at
KU); KU = The University of Kansas Natural History
Museum; MNCN = Museo Nacional de Ciencias Nat-
urales, Madrid; SMB = S. M. Brown specimen (uncat-
alogued at KU); TNHC = Texas Natural History
Collection; and UMMZ = University of Michigan
Museum of Zoology.

LARVAL SPECIMENS

Alytes  obstetricans: CAS 152175  (G27-41).
Ambystoma talpoideum: KU 204668 (WIII), 204699
(WIII), 204701 (WIII), 204712 (WVI), 204714 (WVI);
204715 (WVI), 204693 (WIV). Ascaphus truei: TNHC
54023 (G34), 54026 (G37), 54031 (G44). Bombina
orientalis: KU 223508-09 (G35), 223510-15 (G36),
223516-24 (G37), 223526-32 (G38), 223533-40 (G39),
223541-46 (G40). Discoglossus pictus: UMMZ 143266
(G28-46). Discoglossus sardus: KU 222383 (G34),
222384 A-B (G35), 222384C-E (G36), KU 222385 A-B
(G37/38), KU 222384C (G38), KU 222384D-E (G38/
39), KU 222386 (G41), 222387 A-B (G42). Hyla lanci-
formis: KU 205966 (G38), 205967 (G39), 205968 (G40),
205970 (G41), 205972 (G42), 205982 (G33), 205983
(G36), 205984 (G37), 205981 (G31). Hymenochirus
curtipes: DJM 024 (N & F58), 025 (N & F55), 027 (N &
F54), 029 (N & F58). Pelobates cultripes: MNCN
288646 (G30), 288647 (G31), 288648 (G32), 288649
(G33), 288650 (G34), 288651 (G35), 288652 (G36),
288653 (G37), 288654 (G38), 288655 (G39), 288656
(G40), 288659 (G41), 288660 (G42). Spea bombifrons:
KU 209862 (G30), 209863 (G31), 209865 (G32),
209867 (G33); 209870 (G34), 209872 (G35), 209873
(G35), 209879 (G36), 209880 (G37), 209884 (G38),
209887 (G39), 209890 (G40), 209908 (G 42). Silurana
tropicalis: SMB 141 (N & F53), 151 (N & F57), 152 (N
& F60), 168 (N & F56), 169 (N & F58), 174 (N & F56).
Pyxicephalus adspersus: KU 220958, 220959, 220972
(G31), 220944220946 (G34). Rhinophrynus dorsalis:
KU 307147 (G32), 307145 (G38), 307154 (G33) 307155
(G34), 307156 (G35), 307157 (G36), 307158 (G37),
307169 (G38), 307160 (G39), 307161 (G40), 307167
(G42), 307168 (G41), 307175 (G40). Xenopus laevis:
KU 217919 (N & 57), 217924 (N & F58), 217925 (N &

F58), 217927 (N & F59), 217934 (N & F60). Xenopus
muelleri: KU 206507 (N & F56).

ADULT SPECIMENS

Alytes obstetricans: KU 148616; MNCN 15098, 15090.
Ambystoma talpoideum: KU 204729, 204733, 204736,
204737, 204738. Ambystoma tigrinum: KU 20416.
Ascaphus truei: KU 153186, 153187, 153208, 153209;
TNHC 53301. Barbourula busuangensis: KU 79003.
Bombina bombina: KU 129238. Bombina orientalis:
KU 129702, 129703. Bombina variegata: KU 94388.
Discoglossus galganoi: MNCN 15143—44. Discoglossus
Jjaeneae: MNCN 11844. Discoglossus pictus: MNCN
19710. Discoglossus sardus: KU 129239. Hyla lanci-
formis: KU 99299. Leptodactylus fuscus: KU 92957,
167678. Megophrys aceras: MCZ 23436, 23437.
Megophrys montana: KU 79010, 147205. Megophrys
monticola: MCZ 22635. Pelobates cultripes: MNCN
18047,18039, 20241. Pelobates fuscus: KU 129240;
MCZ 1012-3. Pelodytes punctatus: KU 153435; MCZ
1616. Pipa carvalhoi: KU 92370, 128761; MCZ 97278.
Pipa parva: USNM 115775. Pipa snethlagae: MCZ
85572. Pyxicephalus adspersus: KU 170526, 220957.
Rhinophrynus dorsalis: KU 62137, 69084, 84883. Sil-
urana tropicalis: KU 195667. Spea bombifrons: KU
22142, 73383. Spea intermontana: KU 204563.
Xenopus borealis: KU 206861. Xenopus clivii: KU
195642-643. Xenopus laevis: KU 195934, 195935,
203844. Xenopus muelleri: KU 97203,129699-700;
MCZ 51689, 85213.

APPENDIX 2

Characters and character states derived from adult
morphology.

CRANIAL FEATURES

1. Skull rounded (State 0) or wedge-shaped (State 1)
in lateral profile.

2. Septum nasi not ossified (State 0) or ossified for
half its length or more (State 1).

3. Margin of optic foramen cartilaginous or incom-
pletely ossified (State 0) or completely bound in
bone (State 1).

4. Anterior margin of prootic foramen not com-
pletely ossified (State 0) or completely formed by
bone (State 1).

5. Eustachian canal absent (State 0) or present
(State 1).

6. Inferior perilymphatic foramen present (State 0)
or absent (State 1).

7. Superior perilymphatic foramen present (State 0)
or absent (State 1).

8. Prootic and palatine foramina separate, prefa-
cial commissurae present (State 0) or foram-
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ina fused, prefacial commissurae absent (State
1).
9. Teeth present, pedicellate (State 0); present, non-
pedicellate (State 1); or absent (State 2).
10. Ornamentation absent (State 0) or present
(State 1).

Frontal and parietal (frontoparietal)

11. Not in contact medially or in contact posteriorly
only (State 0); in contact for most of medial mar-
gin (State 1); fused, two centres of chondrification
(State 2); or fused, three centre of chondrification
(State 3).

12. Frontal (frontoparietal) and nasal not in contact
(State 0) or in contact (State 1).

13. Supraorbital flange absent (State 0) or present
(State 1).

14. Lateral foramen of lamina perpendicularis absent
(State 0) or present (State 1).

15. Pathway for occipital vessels open (State 0) or
roofed by bone (State 1).

Nasal

16. Nasals paired, not in contact medially (State 0);
paired, in contact medially (State 1); or fused
medially (State 2).

17. Posterior divergence one third or less the length of
the bones (State 0) or at least half the length
(State 1). Note: The length does not include the
rostral process.

18. Maxillary process of nasal absent (State 0) or
present (State 1).

Septomaxilla
19. Small, U-shaped (State 0) or large, arcuate
(State 1).

Premaxilla

20. Alary process notably taller than wide (State 0);
about as tall as wide, not expanded distally
(State 1); about as tall as wide, expanded distally
(State 2); or lower than wide, scarcely evident
(State 3).

21. Lingual process absent (State 0) or present, medi-
ally overlapping maxilla (State 1).

22. Palatine process well developed, daggerlike
(State 0) or greatly reduced or absent (State 1).

Maxilla

23. Pars facialis not extending to alary process of pre-
maxilla (State 0); extending to slightly overlap
pars facialis of premaxilla (State 1); or extending
to, or overlapping, entire lateral margin of alary
process or premaxilla (State 2).

24. Preorbital process absent (State 0) or present
(State 1).

25. Postorbital process absent (State 0) or present
(State 1).

26. Maxilla not extending posteriorly beyond about
half the length of the orbit (State 0) or extending
for most of the length of the orbit (State 1).

27. Pars facialis poorly developed (State 0) or rela-
tively well developed (State 1).

28. Pterygoid process absent (State 0) or present
(State 1). From Maglia (1998).

29. Anterior process of pars palatina absent (State 0)
or present (State 1).

30. Palatine process of pars facialis absent (State 0) or
present (State 1).

Quadratojugal
31. Absent (State 0) or present (State 1).

Palatine (Neopalatine)
32. Absent (State 0) or present (State 1).

Vomer

33. Vomers present, paired (State 0); present, fused
(State 1); or absent (State 2).

34. Postchoanal process of vomer absent (State 0);
present, short (State 1); or present, long (State 2).

35. Dentigerous process of vomer present, at about the
level of posterior margin of planum antorbitale
(State 0); present, anterior to posterior margin of
planum antorbitale (State 1); or absent (State 2).

Parasphenoid

36. Not fused to braincase (State 0) or fused to brain-
case (State 1).

37. Anterior terminus not reaching maxillary
arcade (State 0) or reaching maxillary arcade
(State 1).

38. Subotic alae present (State 0) or absent (State 1).

39. Posteromedial process ending near ventral mar-
gin of foramen magnum (State 0) or ending well
anterior to ventral margin of foramen magnum
(State 1).

Pterygoid

40. Anterior ramus present, short, not reaching max-
illa (State 0); present, abuts maxilla (State 1);
present, medially overlapping maxilla (State 2); or
absent (State 3).

41. Ventral flange of anterior ramus absent (State 0);
or present (State 1).

42. Auxiliary dorsal process of anterior ramus absent
(State 0) or present (State 1).

43. Medial ramus present, not expanded (State 0);
present, slightly expanded, investing anterolat-
eral region of otic capsule (State 1); present,
expanded to form an otic plate (State 2); or absent
(State 3).
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Squamosal

44. Rectangular (State 0); T-shaped (State 1); or
conch-shaped (State 2).

45. Zygomatic ramus of squamosal absent (State 0);
present, short (State 1); or present, long (State 2).

46. Otic ramus of squamosal barely overlapping lat-
eral margin of crista parotica (State 0) or forming
otic plate (State 1).

Plectral apparatus

47. Stapes absent (State 0); present, shorter than or
extending entire length of ear cavity (State 1); or
present, much longer than ear cavity (State 2).

Lower jaw

48. Coronoid process of angulosplenial subtriangular
(State 0); rectangular, bladelike (State 1); or
greatly reduced (State 2).

Hyolaryngeal apparatus

49. Parahyoid bone absent (State 0); present, single
(State 1); present, paired (State 2).

50. Hyale of hyoid continuous, unbroken (State 0);
divided, otic portion present (State 1); divided,
otic portion absent (State 2); or entirely absent
(State 3).

51. Hyoglossal sinus present, not bounded by laminar
expansions of hyalia (State 0); present, partially
bounded by laminar expansions of hyalia
(State 1); or absent, hyalia fused forming foramen
for hyoglossal nerve (State 2).

52. Anterolateral process of hyoid absent (State 0);
present, not fused to hyale (State 1); or present,
fused to hyale, forming foramen for hypoglossal
nerve (State 2).

POSTCRANIAL CHARACTERS

Vertebral column

53. Zygapophyseal articular surfaces flat (State 0);
bearing sulci and ridges (State 1); or postzygapo-
physes curved to cover margin of prezygapophyses
(State 2).

54. Spinous process of vertebrae single, if any (State 0)
or paired parasagittal spinous processes (State 1).

55. Transverse processes of Vertebra ITI longest (State
0); about as long as transverse process of Vertebra
IV (State 1); or transverse process of Vertebra IV
longest with terminal cartilaginous plate (State 2).
Note: ribs have been included when considering the
entire length of the transverse process for those
species in which these elements are present.

56. Uncinate processes on transverse processes of
Vertebra III absent (State 0) or present (State 1).

57. Length of sacral diapophyses less than or equal to
width (State 0); length greater than width, ante-

rior and posterior lateral angles rounded (State
1); or length greater than width, anterior and pos-
terior lateral angles acuminate (State 2).

58. Sacrum and wurostyle articulating, no fused
(State 0); fused, ‘webbing’ absent (State 1); or
fused, ‘webbing’ present (State 2).

59. Urostyle shorter than combined length of presac-
ral vertebrae (State 0); about as long or longer
than combined length of presacral vertebrae
(State 1); or absent (State 2).

Pectoral girdle

60. Pectoral girdle arciferal (State 0); firmisternal
(State 1); or pseudofirmisternal (State 2). Note: in
this analysis Ambystoma is assumed to have an
arciferal type of pectoral girdle.

61. Diameter of glenoid fossa about one third total
length of scapula (State 0) or more than one third
total length of scapula (State 1).

62. Clavicle and scapula not fused (State 0) or fused
(State 1).

63. Clavicle approximately equal in length to coracoid
(State 0) or clavicle longer than coracoid (State 1).

64. Medial end of clavicle slender or acuminate
(State 0) or expanded and wider than lateral end
(State 1).

65. Prezonal element absent (State 0); present, carti-
laginous (State 1); or present, ossified (State 2).

66. Sternum absent (State 0); present, elongate rod
with or without rounded posterior plate (State 1);
present, plate-like (State 2); or present, sickle-
shaped (State 3).

Forelimb
67. Torsion of Digit IT of the forelimb absent (State 0)
or present (State 1).

Pelvic girdle

68. Supra-acetabular ilium laterally compressed in
dorsal view, expanded and bladelike in lateral
view (State 0) or wide in dorsal aspect and lacking
dorsal expansion in lateral aspect (State 1).

69. Preacetabular (ventral) region of ilium narrow
(State 0) or wide (State 1).

70. Dorsal crest on ischium greatly reduced or absent
(State 0) or present, well developed (State 1).

71. Pubis well developed, cartilaginous, with or with-
out mineral deposits (State 0) or poorly developed
and usually ossified (State 1).

72. Epipubis present, rodlike (State 0); present,
forming an expanded plate (State 1); or absent
(State 2).

Hind limb
73. Proximal phalanx of digit I longer than wide
(State 0) or about as long as wide (State 1).
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APPENDIX 3
Table of adult characters
0 0 1 1 1 2 2 2 3 3 3 4
Characters 1-40 1 5 0 1 5 0 1 5 0 5 0

Ambystoma talpoideum
Alytes obstetricans
Ascaphus truei
Bombina orientalis
Discoglossus sardus
Hyla lanciformis
Hymenochirus boettgeri
Leptodactylus fuscus
Megophrys montana
Pelobates cultripes
Pelobates fuscus
Pelodytes punctatus
Pipa parva

Pipa carvalhoi
Pyxicephalus adspersus
Rhinophrynus dorsalis
Silurana tropicalis
Spea intermontana
Xenopus laevis
Xenopus muelleri

0000000000
0000000000
0000000000
0000000010
0000000000
0000000100
0111110120
0111000100
0000000100
0000000101
0100000101
0000000100
1111110120
1111110110
0101000111
0000000120
0011101010
0120000100
0011101010
0011101010

1100000000
0000011101
0000001001
1000010101
1000010101
0000001101
2110010013
1000020100
1010111101
3111111101
3111111101
0000011101
2110010013
2110010013
2110120000
2110011000
2100011012
0000101001
2100020012
2100020012

0001000000
0000011000
1000010000
0000011000
0000111101
0011011000
0020000000
1010011000
0111110101
0001111101
0001111101
0010011000
0020000010
0020000010
0010111110
0100001100
1120000000
0001001000
1120000000
1120000000

0000000100
1001000002
0000100002
1001000002
1001000002
1101100012
00272210113
1101000002
1001100002
1001100002
1001100002
1001100002
002727211111
002??211112
1101100002
1002200101
002??211102
0002100002
0010211102
0010011102

4 4 5 5 5 6 6 6 7 7 7
Characters 41-73 1 5 0 1 5 0 1 5 0 13
Ambystoma talpoideum 1000001100 22001102 20 1222020007 020
Alytes obstetricans 1001101020 01000000 10 1010130000 000
Ascaphus truei 0001100010 10001100 00 0110020001 010
Bombina orientalis 0001100010 01000110 10 0010130000 020
Discoglossus sardus 1001101020 01000100 10 1010130001 000
Hyla lanciformis 0001101000 01001000 10 1010111001 020
Hymenochirus boettgeri 2222102103 20210022 12 1100020111 121
Leptodactylus fuscus 0001101000 01001000 10 1010211001 120
Megophrys montana 0011111002 10001020 10 1010211000 020
Pelobates cultripes 1111210001 12000120/100 1010111000 020
Pelobates fuscus 1111211001 12000121 00 1010111000 020
Pelodytes punctatus 0001001021 12000020 10 1010111000 020
Pipa parva 1022002103 20012022 12 1010020111 120
Pipa carvalhoi 1022002103 20012022 12 1010020111 120
Pyxicephalus adspersus 0111221000 01001100 01 1000211001 020
Rhinophrynus dorsalis 0031000111 11000110 12 1010001001 020
Silurana tropicalis 1022202100 21102022 12 0101020111 111
Spea bombifrons 0001101201 12000012 10 1010111001 020
Spea intermontana 0001001201 12000012 10 1010111001 020
Xenopus laevis 1022202100 21102022 12 0101020111 111
Xenopus muelleri 1022202100 21102022 12 0101020111 111
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APPENDIX 4

Table of larval characters

Characters 1-43 0 0 1 1 1 2 2 2 3 3 3 4 4 4
Taxa 1 5 0 1 5 0 1 5 0 1 5 0 13
Ambystoma talpoideum 0?2?2?2222200 2?20?2?20000°7? 0200000100 0000000001 002
Alytes obstetricans 1000101001 0011000000 0021001010 0000101000 001
Ascaphus truei 1000001001 0000000000 0011000100 0001020001 001
Bombina orientalis 1000101001 0010001100 0021001010 0000101000 001
Discoglossus sardus 1000101001 0011000000 0021001010 0000101000 001
Hyla lanciformis 1001001001 0001101000 0021011111 0000001000 201
Hymenochirus boettgeri ?2?2?2?2?222?201 11002272207 0112000000 1102110010 210
Leptodactylus fuscus 1001001001 0001101100 0021011000 0000001001 201
Megophrys montana 1001111011 1000111000 0021000100 0001201001 201
Pelobates cultripes 1001110011 0002101100 0021000100 0001101000 201
Pelobates fuscus 1001110011 0002101100 0021000100 0001101000 201
Pelodytes punctatus 1001110011 0002101000 0021000100 0001001000 201
Pipa parva 1121111001 10000272207 1112100100 1101010110 110
Pipa carvalhoi 1121111001 10000272207 1112100100 1101010110 110
Pyxicephalus adspersus 1001101001 0001101000 0021011011 0000001001 201
Rhinophrynus dorsalis 1100101001 110002727201 0012000100 0001110101 210
Silurana tropicalis 1111111101 10000272712 1012100100 0011010120 110
Spea bombifrons 1001110011 0001111000 0021001000 0001001001 201
Spea intermontana 1001110021 0000111000 0021001000 0001001001 201
Xenopus laevis 1111111101 10000277211 1012100100 0011010100 110
Xenopus muelleri 1111111101 1000027711 1012100100 0011010100 110
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