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*Nous nous sommes efforcés de poser un nouveau jalon dans la voie suivie par
Hewitt, Noble, de Villiers et Deckert. Nous croyons, en effet, que, pour la systématique
des Batraciens, |'étude du squelette doit avoir la priorité sur toute autre

considération..... [ 'examen du squelette est indispensable pour ces derniers.”’

Laurent (1940:76)
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ABSTRACT

The Ranidae is one of the largest families of the Neobatrachia, but its taxonomy is in a state
of flux. Major taxonomic rearrangements have recently been instituted for this family, but these
have been mostly phenetic in nature and no comprehensive attempt has been made to
reconstruct its phylogeny. Within both the older and the contemporary classification systems of
the Ranidae, the subfamily Petropedetinae has always been recognized. This small subfamily is
endemic to Africa and comprises thirteen genera, eight of which are monotypic. The current
distribution of most genera appears to be relictual, and is concentrated primarily along the
Afromontane Forest regions, with a centre of generic endemism in the Western Cape Province
of South Africa. Despite the lack of known synapomorphies for the Petropedetinae, the group
was recently raised to familial level by Dubois (1992), and its taxonomic status is in need of re-
appraisal.

The major aim of the present study was to test the monephyly of the Petropedetinae. The
generation of a phylogenetic hypothesis was also required to test the validity of the monotypic
genera in this putative lineage, and to facilitate future evolutionary analyses of some of the more
interesting behaviours and ecologies of species within this group, such as male-male combat,
terrestrial breeding and various parental care strategies. Since affinities of the Petropedetinae are
poorly understood, testing the monophyly required the inclusion of exemplars of most other
major ranoid clades, particularly of those taxa that have previously been hypothesized to be
related to any of the petropedetine genera. With the inclusion of exemplars of only a few
additional groups, this was expanded to be a minimal exemplar analysis of the major clades of
the Ranoidea, although that is not the primary focus of this work.

Seventy-eight exemplar species were examined from seven Neobatrachian families, all
subfamilies of the Ranidae proposed in the new classification scheme of Dubois (1986, 1992)
and two clades of uncertain rank, in addition to all thirteen genera of the subfamily
Petropedetinae. The study utilised approximately 600 base pairs of sequence data from the
mitochondrial 128 rDNA and 16S rDNA gene regions, which was combined with 192
characters from osteology, external morphology, breeding biology and behaviour in a
simultaneous parsimony analysis. To avoid problems associated with multiple sequence
alignment, direct optimization analysis of the sequence data was performed under 20
combinations of the insertion: deletion cost ratio (gap cost), and the transition: transversion cost
ratio (change cost) for two sets of analyses, one with the morphology weighted to the change
cost and one with the morphology weighted to the gap cost. The equally-weighted hypothesis is
presented as the preferred estimate of the phylogeny, but the other analyses serve as a measure
of the sensitivity of the result to analysis parameters. This procedure is used to identify robustly

supported arrangements (those that are appear under a wide range of analysis parameter values),

https://etd.uwc.ac.za



from weakly supported arrangements (those that only appear under particular analysis parameter
values).

The equally-weighted topology is consistent with the placement of the dendrobatids in the
superfamily Bufonoidea, although the sensitivity analyses occasionally placed these as one of
the basal lineages in the superfamily Ranoidea. The family Sooglossidae was found to be
closely related to the Dendrobatidae, suggesting that both families may be ‘transitional’ or
intermediate between the two superfamilies, as has been suggested for the sooglossids. A
relationship between the Dendrobatidae and Arthroleptidae was not retrieved under any analysis
parameter sets. The Microhylidae were also found to be basal in the ranoid lineage. The genus
Hemisus, currently placed in its own family, was shown to be embedded in the microhylids. The
Arthroleptidae and Hyperoliidae were found to be sister lineages, with the hyperoliid genus
Leptopelis showing a tendency to group in the Astylosterninae, thus rendering both groups
paraphyletic. More detailed studies in future may suggest incorporating the hyperoliids into the
older family Arthroleptidae, which has nomenclatural priority.

The broadly defined family Ranidae (including the rhacophorids and mantellids) was found
to be monophyletic in almost all sensitivity analyses, with two synapomorphies identified for
this family: the presence of the musculus cutaneous pectoralis and an ossified metasternum.
However, only the presence of a musculus cutaneous pectoralis is uniquely synapomorphic for
the Ranidae. Monophyly of the ranid subfamilies (sensu Dubois 1992) Tomopterninae and
Ranixalinae was not tested by this analysis. Only two of the remaining five subfamilies of the
Ranidae (sensu Dubois 1992) were consistently retrieved by the sensitivity analyses as
monophyletic, viz. the Ptychadeninae (Hildebrandtia + Ptychadena) and the Pyxicephalinae
(Pyxicephalus + Aubria), although they were both embedded in the other ‘subfamilies’. The
Dicroglossinae (and its tribes the Dicroglossini and Limnonectini), the Petropedetinae, and the
Raninae were never retrieved as monophyletic. Many genera in the Ranidac need to be
reallocated amongst the subfamilies in order to alter the classification of the Ranidae to one
reflective of their evolutionary history, and some subfamilies need to be abandoned altogether.

The equally-weighted topology and all sensitivity analyses indicated that the subfamily
‘Petropedetinae’ is paraphyletic, being composed of three clades. These are subsequently
referred to as the cacosternids, phrynobatrachids and petropedetids. While the petropedetids are
only distantly related to the cacosternids and phrynobatrachids, the latter two groups may be
sister taxa. Tomopterna appears to be closely related to the cacosternids, with strong affinities
apparent on the basis of the molecular data. The recently described enigmatic Ethiopian genus
Ericabatrachus is demonstrated to belong to the cacosternine lineage, although its morphology
is extremely aberrant, displaying novel character combinations intermediate between the basal
ranoid clades and the Ranidae. Within the petropedetids and phrynobatrachids, the recognition

of three monotypic genera renders other genera paraphyletic. Arthroleptides is more correctly
Xi
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considered as a member of the genus Petropedetes. The large genus Phrynobatrachus is
morphologically coherent, but is rendered paraphyletic by the recognition of the genera
Dimorphognathus and Phrynodon, which will be synynomised with Phrynobatrachus.
Natalobatrachus is the basal member of the phrynobatrachids and its recognition does not
render Phrynobatrachus paraphyletic. Within the cacosternids, the recognition of
Anhydrophryne renders Arthroleptella paraphyletic. Transferral of the species hewitti to the
genus Anhydrophryne is advocated to rectify this situation, as the two genera are highly
disparate morphologically.

The results indicate that the evolution of the Ranidae mirrors that of the Ranoidea in that it
probably originated on the Gondwanan supercontinent, and challenges recent proposals of an
Indian or Asian origin of the (non-monophyletic) subfamilies Dicroglossinae and Raninae. A
close relationship between the fanged ranids of Asia (sensu Emerson & Ward 1998) and the
large odontid-bearing ranids of Africa is suggested. However, further work is required to
elucidate the internal relationships in the Raninae, which varied substantially in many of the
sensitivity analyses. Much remains to be studied, but some blatently paraphyletic groups should
be abandoned in the light of the present study. This analysis demonstrates the value of taking a
large-scale approach to the problem of ranid frog phylogeny and biogeography. Our current
knowledge of phylogenetic relationships in the Ranidae is exceedingly poor, and to work on
taxa from single geographical regions or presumed groups in isolation may exclude pivotal taxa
from other regions or groups, resulting in erroneous phylogenetic and biogeographic

conclusions.
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INTRODUCTION

The superfamily Ranoidea (sensu Ford & Cannatella 1993) comprises a large group of
predominantly Old World Neobatrachian clades. Its distribution pattern suggests an origin of the
lineage in Gondwanaland. Earlier this century, most ranoids were classified into the poorly
defined family Ranidae', but many groups have subsequently been split into new families.
While familial rank for the Hyperoliidae and Microhylidae are widely accepted, an equivalent
rank for some of the other splinter ranid families (notably the Arthroleptidae, the Hemisotidae,
the Rhacophoridae, the Mantellidae and the Petropedetidae), remains controversial. The
provision of familial status for some of these groups may have been premature, as the
phylogenetic relationships of the major clades of ranids are still unclear (Ford & Cannatella
1993; Hedges & Maxson 1993; Ruvinsky & Maxson 1996; Grant et al. 1997; Vences 1999;
Emerson et al. 2000a). With the exception of the arthroleptids and petropedetids, the monophyly
of most of the above-mentioned clades is generally accepted, barring some uncertainty
surrounding the placement of the occasional taxon (e.g. Hemisus, Leptopelis, Aglyptodactylus).
Recent evidence from the analysis of molecular data shows that the rhacophorids and mantellids
are embedded in the larger family Ranidae, suggesting that they are best considered as
subfamilies thereof (Ford & Cannatella 1993; Glaw er al. 1998; Vences 1999; Emerson et al.
2000a).

The family Ranidae is almost cosmopolitan in distribution and contains about 20% of all
extant amphibian species (Bossuyt & Milinkovitch 2001); and is a dominant component of the
amphibian fauna in most of the Old World (Poynton 1964; Duellman & Trueb 1986). The
simplest and oldest taxonomic scheme for the Ranidae, as expressed in Frost (1985), recognizes
three subfamilies. The first of these, the Raninae, is almost certainly paraphyletic (Ford 1990;
Ford & Cannatella 1993) and ‘displays taxonomic confusion on a grand scale’ (Frost 1985:451).
The second subfamily, the Mantellinae, is confined to Madagascar and some Indian Ocean
islands. Finally, the third subfamily, the Petropedetinae, is restricted to sub-Saharan Africa.

The classification of the Ranidae is still in a state of flux, mostly due to major rank changes
implemented by Dubois (1986, 1992), who did not present any discussion of the phylogenetics
underpinning these changes (Frost 2002). Most of these changes are reflected in Duellman’s
(1993) additions and corrections to Frost’s (1985) catalogue. This arrangement recognizes the
Ranidae as containing seven subfamilies (Table 1), few of which have been subjected to any
form of cladistic tests to determine monophyly and content (Inger 1996). Regardless of the
phenetic nature of Dubois’ arrangement, it has managed to impart a degree of order to the
taxonomic chaos that was the Ranidae, and provides testable hypotheses of relationship (Inger

1996). Many of the newly erected genera and subgenera, especially those that have been split

" Author and year of citation for names listed in the text can be found in Tables 1 and 2, and Appendix 1.
Only if not present there are they listed in the text.
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from the large and undoubtedly paraphyletic genus Rana appear to be well founded and are
likely to stand up to rigorous phylogenetic testing. Some of the new subfamilies, for example
the Ptychadeninae and Pyxicephalinae, are well supported by known synapomorphies (e.g.
Clarke 1981, 1983; Ohler 1996) and are most probably monophyletic. Others, for example the
Dicroglossinae, are likely to be para- or even polyphyletic, and may even render some otherwise
legitimate groupings paraphyletic. Frost’s (2002) updated classification recognizes Dubois’
(1986, 1992) subgeneric changes, but places his subfamilies at equivalent family level until
further evidence comes to light, leaving those genera previously included in the subfamily
Raninae as the contents of the family Ranidae.

As Glaw et al. (1998) point out, there has to date been no comprehensive, large-scale
analysis of ranid relationships. Clarke’s (1981) influential study of the osteology of the African
Raninae remains the only detailed morphological study dealing with this group (Sanchiz 1998).
However, it is limited by its @ priori assumption of monophyly of the subfamily Raninae, as
well as being geographically restricted to African taxa. The taxonomy of the Asian ranids has
recently received some attention from molecular systematists, but this work is still conducted
predominantly at lower systematic levels, or has focused on geographically and taxonomically
restricted subsets of the Ranidae (e.g. Tanaka et al. 1996; Tanaka-Ueno et al. 1998a, 1998b;
Emerson et al. 2000b; Marmayou et al. 2000; Richards et al. 2000; Kosuch et al. 2001; Jiang &
Zhou 2001a, 2001b). However, some molecular studies on ranid higher level phylogeny are
being published (Bossuyt & Milinkovitch 2000; Emerson ef al. 2000a). Within the family
Ranidae, there is a need to identify the major monophyletic clades and generate rigorous
hypotheses of their relationships based on synapomorphy. Only then can one identify the
appropriate rank and content for such clades, and ultimately allow them to be used to test
biogeographical and ecological hypotheses concerning these frogs.

The present study focuses primarily on relationships of the taxa currently classified in the
ranid subfamily Petropedetinae’. The Petropedetidac was raised to familial rank by Dubois
(1992) without discussion, but was not listed as such in Duellman (1993), who simply noted this
action of Dubois under comments, implying his rejection of this formally-proposed rank.
Familial recognition for this group is reflected in the latest on-line catalogue of Frost (2002), but
is not used here.

The Petropedetinae have received scant systematic attention in their own right. The validity
of many of the monotypic genera, accounting for eight of the thirteen genera, remains
questionable. The taxonomic history of the genera included in the Petropedetinae reflects the
uncertainty surrounding their phylogenetic position. Many of these genera have historically

been moved around extensively within the Ranoidea. The subfamily Cacosterninae Noble, 1931

? The name Phrynobatrachinae has also been used for this group. This name is now recognized as a junior
synonym of the name Petropedetinae, after a motion to conserve the name Phrynobatrachinae was denied
by the International Commission on Zoological Nomenclature (Dubois 1982; Anon 1995, 1999).
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was erected to include the genera Cacosternum and Anhydrophryne, and placed in the family
Brevicipitidae (now the Microhylidae). This proposed relationship of the cacosternids with the
brevicipitids was based on the shared loss of elements of the pectoral girdle, the greatly dilated
sacral diapophyses, reduced palatines and the large frontoparietal fontanelle. Latsky (1930a,
1930b) investigated the validity of the Brevicipitidae, and concluded that Cacosternum and
Anhydrophryne were more closely related to the Ranidae than to the Brevicipitidae. Parker
(1934) did not treat these genera as part of the Microhylidae. Laurent (1940) referred
Cacosternum and Anhydrophryne to the Ranidae, but kept them in a distinct subfamily, the
Cacosterninae, and included the genus Microbatrachella.

Noble (1931) erected the subfamily Petropedetinae for the genera Petropedetes and
Arthroleptides. Parker (1935) noted that various species of ‘Arthroleptis’ (which were
subsequently transferred to Phrynobatrachus), Dimorphognathus and his new genus,
Phrynodon, all share the presence of femoral glands, a medial lingual process and expanded
fingertips in some taxa with Noble’s (1931) Petropedetinae. In addition, Phrynodon and
Dimorphognathus share the character of small sexually dimorphic mandibular tusks present in
the males, with Petropedetes natator. Parker (1935) considered these characters as evidence of a
close relationship between these taxa, and placed them all in the same subfamily. Laurent
(1940) concurred that Phrynobatrachus, Arthroleptella and Dimorphognathus, all of which
were formerly classified in the Arthroleptidae, should be classified alongside Petropedetes in
the Phrynobatrachinae [Petropedetinae]. Later, Laurent (1961:199) expressed doubt as to the
distinctness of the subfamily Petropedetinae from the Raninae, stating that ‘the
Phrynobatrachinae [Petropedetinae minus the cacosternids] agree almost in every respect with
the Raninae except in size and vomerine teeth, which are lacking [in the Petropedetinae]’.

Poynton (1964) placed the genera Phrynobatrachus, Arthroleptella and Dimorphognathus,
together with the additional genus Natalobatrachus, in the subfamily Phrynobatrachinae of the
Ranidae, together with his newly-described genus, Nothophryne. Poynton’s reasoning for
incorporating the Cacosterninae into this group is not clear, but may have been due to particular
character states of both the cacosternids and of the petropedetids being present in his newly
described genus Nothophryne (‘Notho’ = mongrel). Following Noble (1926b) and Laurent
(1941a), Poynton argued that the Cacosterninac was diphyletic, with one lineage containing
Microbatrachella and Cacosternum, and the other containing Anhydrophryne and
Arthroleptella. Poynton stated that both lineages were derived from primitive Phrynobatrachus
stock, and he was presumably attempting to avoid the retention of a plethora of small
subfamilial names within what he perceived to be a single lineage. Opinions differ on whether
or not to accept Poynton’s (1964) merging of the Petropedetinae and the Cacosterninae
(Poynton 1964; Kuhn 1965; Liem 1970; Lynch 1973; Duellman & Trueb 1986; Blommers-
Schlosser 1993).
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Breeding systems in the Petropedetinae are strikingly diverse. These range from normal,
fully aquatic development, through various stages of reduction of the aquatic life stages and
concomitant larval specialization, to direct development completely independent of standing
water (Hewitt 1919; Laurent 1961; Amiet 1981). Examples of the latter are Anhydrophryne and
Arthroleptella, which have direct development, while Natalobatrachus and many
Phrynobatrachus species lay their eggs out of water (Wager 1931). Various parental care
strategies have also evolved in the Phrynobatrachus lineage, with either the male or female
parent guarding the eggs in particular species (Perret 1966; Amiet 1981, 1991). Male-male
combat also occurs in some species of Petropedetes (Sanderson 1936), Arthroleptides and in
Phrynodon (Amiet 1981, 1991), with a resultant development of a suite of secondary sexual
characteristics in the form of male armaments (e.g. metacarpal spines, odontids). In addition, a
marked ecological trend towards exploiting the dwarf frog ecological niche (less than around 15
mm snout-vent length) is seen in the genera Cacosternum, Microbatrachella, Arthroleptella and
in some species of Phrynobatrachus, the latter genus having radiated spectacularly. A distinct
specialization towards breeding in temporary waters is also evident in Cacosternum (van Dijk
1977). These breeding systems and behavioral strategies make the Petropedetinae an attractive
subject for students of the evolution of anuran breeding systems and ecology, providing that a
phylogeny for the group becomes available.

The phylogenetic placement of this subfamily, or its component clades, amongst the ranids is
currently unknown. As mentioned above, a wide range of hypotheses of relationships of the
petropedetids to other ranoid frogs have been proposed in the past. Some of these appear
reasonable, but others seem unfounded. Various petropedetine genera have in the past been
associated with the brevieipitid microhylids (Noble 1931) on the basis of what are now known
to be plesiomorphic character states. Some taxa were originally classified in the family
Arthroleptidae, based solely on the presence of terrestrial breeding (e.g. Arthroleptella, some
Phrynobatrachus species). The petropedetids have also been included peripherally in what has
historically been one of the most perplexing and contentious issues in anuran systematics, i.e.
the question of the phylogenetic position of the Dendrobatidae (Noble 1926a, 1931; Griffiths
1959a; Ford 1990, 1993; Grant et al. 1997). The genus Cacosternum has also been noted to
have affinities with the enigmatic Seychelles family, the Sooglossidae, on the basis of an
identical morphology of the os sesamoides tarsale, which occurs elsewhere in the Anura only in
the Pipidae Gray, 1825 (Nussbaum 1982). Recently, Blommers-Schlosser (1993) proposed that
many of the Asian ranids should be placed in the subfamily Petropedetinae, which she proposed
as being diphyletic, based on a few ostensibly labile characters. Cacosternum has recently
featured prominently in molecular investigations into the paraphyly of the burrowing genus
Tomopterna (Vences 1999; Vences et al. 2000a), itself one of the most enigmatic taxa in the

ranid subfamily Raninae (Clarke 1981). Since no all-encompassing phylogeny of the ranids
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exists, and no previous work has focused exclusively on the petropedetids, these assumptions of
relationship all remain to be tested.

The diversity of these hypotheses is a reflection of the poor state of knowledge of ranid
phylogeny. Elucidating the phylogenetic relationships of the petropedetids requires the inclusion
of members of other putative ranoid clades, particularly those mentioned above, in order to
falsify or corroborate these hypotheses. There is a need to improve our knowledge of the
comparative morphology and relationships among the major clades of Old World Ranoidea. By
its content and scope, the present study provides a minimal test of the monophyly of many of
these other ranoid groups. It also assesses some aspects of the new subfamilial classification
scheme proposed for the Ranidae by Dubois (1986, 1992), which has been uncritically accepted
by some recent workers (e.g. Bossuyt & Milinkovitch 2000) to the potential detriment of their
biogeographic conclusions. A well-corroborated. phylogeny of the Ranidae and improved
delimitation of the major clades could also shed more light on the question of the nature and
geographical occurrence of the major ranid radiation(s). It is currently under debate as to
whether the family Ranidae originated prior to the break-up of Gondwanaland (as suggested by
its distribution), or on the Indian fragment of Gondwana as it drifted northwards (as suggested
by Bossuyt & Milinkovitch 2001), in tropical Asia (as suggested by Laurent 1951 and to some
extent by Kosuch ef al. 2001) or on continental Africa (as suggested by Savage 1973).

In summary, this research aims to test the monophyly of the ranid subfamily Petropedetinae,
and to elucidate the phylogenetic relationships of the genera to each other, and to other clades of
the Ranoidea. Although not attempting to construct a comprehensive phylogeny of the entire
Ranidae, this study has to address some of the persistent questions regarding the phylogeny of

the Ranidae in order to achieve resolution regarding the Petropedetinae.
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MATERIALS AND METHODS

Taxonomic Sampling

This investigation was undertaken using an exemplar approach, with species used as
terminals, as this involves using only verifiable and observable data, rather than hypothetical
states or character combinations as used in the alternate method, viz. groundplans (Yeates 1995;
Wiens 1998; Prendini 2001). The aim of the exemplar approach is to test the monophyly of
particular clades, rather than assuming it. The chosen exemplars act as ‘placeholders’ for their
respective clades: if they are truly representative of genuine monophyletic clades, then the
relationships obtained by the analysis between those taxa will mirror the relationships between
the monophyletic clades. An attempt was made to include exemplars of all postulated ranoid
families and subfamilies, as no @ priori knowledge of the relationships of any of these groups to
the Petropedetinae can reliably be assumed in the absence of a cladistic analysis. An attempt
was made to obtain molecular and morphological data for all of the selected exemplars, but
tissue from some taxa was unavailable for sequencing. Some presumably crucial taxa were
represented solely by morphological data. As the African subgenera of Rana, e.g. Afrana,
Strongylopus and Amietia, are all distinctive and considered by local workers (e.g. Channing
1979; Passmore & Carruthers 1995; Channing 2001; Kosuch et al. 2001) to be generically
distinct from Rana, as represented by R. temporaria Linnaeus, 1758, all subgenera of Dubois
(1986, 1992) are treated here at generic rank for consistency. The subfamilial classification of
the Ranidae (sensu Dubois) is followed, although his elevation of the petropedetids, mantellids
and rhacophorids to full familial rank is not. Dubois’ classification is used here as a working
hypothesis within the Ranidae, and will therefore be subject to some degree of testing during

this analysis.

Outgroup

The use of an archeobatrachian taxon as the outgroup would possibly have presented
problems of homology assessment due to gross morphological and molecular dissimilarity with
the ranoids. All previously conducted phylogenetic analyses could not adequately resolve the
basal node of the Ranoidea, or have obtained conflicting results (Duellman & Trueb 1986;
Hedges & Maxson 1993; Hay er al. 1995; Ruvinsky & Maxson 1996; Emerson et al. 2000a).
Consequently, choice of a primary outgroup from within this group may have led to erroneous
polarities. Since the superfamily Bufonoidea is widely accepted to be outside the boundaries of
the Ranoidea (Hedges & Maxson 1993; Hay er al. 1995; Ruvinsky & Maxson 1996), the
African heleophrynid Heleophryne was chosen from this superfamily as the primary outgroup.
The Leptodactylidae, like the Ranidae, is poorly defined and appears to share some of the

6
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hypothesized characteristics of the Ranidae, as assessed from Ford & Cannatella (1993). The
leptodactylid Leptodactylus melanonotus was also included to test whether its character state
combinations, notably the perceived sternal differences, were sufficient to place it outside of the

Ranidae in a large cladistic analysis.

Ingroup

Two taxa, the Sooglossidae and the Dendrobatidae, which have been variously regarded as
bufonids, ‘transitional’ families (sensu Lynch 1973) or putatively associated with the Ranoidea
(Noble 1926a, 1931; Griffiths 1959a, 1959b; Lynch 1971, 1973; Savage 1973; Ford 1990; Hillis
et al. 1993; Ruvinsky & Maxson 1996), were included. As both of these taxa have at some time
been suggested to be related to the petropedetids, and because the present study contains a larger
sample of the ranids proposed to be related to the dendrobatids by Griffiths (1963) than Ford’s
(1990) study did, their inclusion here is warranted. Many petropedetine genera were originally
included in the Arthroleptidae, and share similarities in breeding systems with these frogs,
hence inclusion of the Arthroleptidac was considered necessary. All genera of the
Astylosterninae were represented by one species, and three species of the Arthroleptinae were
included. The Hyperoliidae were thought to be closely related to the Arthroleptidae by Laurent
(1951, 1973, 1986), and were thus represented here by three species. The Microhylidae were
represented here because some cacosternids were historically included in this family on the
basis of many shared character states, although many of these have subsequently been
demonstrated to be plesiomorphic (Lynch 1971, 1973; Trueb 1973). The microhylids are also
widely held to be basal within the Ranoidea, and their exclusion could thus compromise the
elucidation of correct basal relationships. The Hemisotidae, represented here by a single species,
was thought to be closely related to the microhylids by Blommers-Schlgsser (1993), Wu (1994)
and Emerson ef al. (2000a), but not by Parker (1934), Channing (1995) or van Dijk (2001). The
familial status of the rhacophorids and mantellids was refuted by recent work (Emerson et al.
2000a), which unequivocally considers them as sister taxa within the family Ranidae. Although
neither of these taxa have previously been hypothesized to be closely related to the
petropedetids, they were included for completion of sampling.

At least two to three exemplars were included as representatives of all hypothesized
subfamilies of the Ranidae (sensu Dubois 1986), excepting the Ranixalinae, for which only one
exemplar could be obtained. Emphasis was placed on including all African genera of the
Ranidae. Choice of these taxa was determined by the availability of specimens for examination
and tissue for DNA extraction. All currently recognized monotypic genera of the subfamily
Petropedetinae were included in the present study. More than one species of each petropedetine

genus was included where possible, as a minimal test of generic monophyly.
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Table 1. Classification of the family Ranidae Rafinesque-Schmaltz, 1815 after Dubois (1986,
1992), compiled from Duellman (1993) and Frost (2002). The number of species in each genus
is indicated in parentheses and, where applicable, subgenera in brackets. Genera represented by
at least one exemplar in the present study are underlined. Asterisks represent genera or numbers
of species differing from that indicated in Duellman (1993).

Subfamily Dicroglossinae Anderson, 1871
Tribe Ceratobatrachini Boulenger, 1884
Ceratobatrachus Boulenger, 1884 (1), Discodeles Boulenger, 1881 (5), Ingerana Dubois,
1987 *1986° (8), Palmatorappia Ahl, 1927 (1), Platvmantis Ginther, 1859 (37), Taylorana
Dubois, 1987 “1986’ (2).
Tribe Conrauini Dubois, 1992
Conraua Nieden, 1908 (6).
Tribe Dicroglossini Anderson, 1871
Euphlyctis Fitzinger, 1843 (4), Occidozyga Kuhl & van Hasselt, 1822 (17), Phrynoglossus
Peters, 1867 (8).
Tribe Limnonectini Dubois, 1992
Hoplobatrachus Peters, 1863 (5), Limnonectes Fitzinger, 1843 [88+ species in 3 subgenera:
Bourretia Dubois, 1987; Feyervaria Bolkay, 1915; Limnonectes Fitzinger, 1843].
Subfamily Petropedetinae Noble, 1931
Ericabatrachus Largen, 1991 (1)
Tribe Cacosternini Noble, 1931
Anhydrophryne Hewitt, 1919 (1), Arthroleptella Hewitt, 1926 (7*), Cacosternum
Boulenger, 1887 (9%), Microbatrachella Hewitt, 1926 (1), Nothophryne Poynton, 1963 (1),
Poyntonia Channing & Boycott, 1989 (1).
Tribe Petropedetimi Noble, 1931
Arthroleptides Nieden, 1910 (3*), Dimorphognathus Boulenger, 1906 (1), Natalobatrachus
Hewitt & Methuen, 1913 (1), Petropedetes Reichenow, 1874 (7), Phrynobatrachus Giinther,
1862 (66), Phrynodon Parker, 1935 (1).
Subfamily Ptychadeninae Dubois, 1987 ‘1986’
Hildebrandtia Nieden, 1907 (3); Lanzarana Clarke, 1983 (1); Ptychadena Boulenger, 1917
[40 species in 2 subgenera: Prychadena Boulenger, 1917; Parkerana Dubois, 1984].
Subfamily Pyxicephalinae Bonaparte, 1850
Aubria Boulenger, 1917 (3*); Pyxicephalus Tschudi, 1838 (2).
Subfamily Raninae Rafinesque-Schmaltz, 1814
Amolops Cope, 1865 [34 species in 4 subgenera: Amolops Cope, 1865; Huia Yang, 1991;
Meristogenys Yang, 1991; Amo Dubois, 1992); Batrachylodes Boulenger, 1887 (8);
Chaparana Bourret, 1939 (6); Micrixalus Boulenger, 1888 (7); Nanorana Giinther, 1896 [2
species in 2 subgenera: Altirana Stejneger, 1927; Nanorana Guinther, 1896]; Paa Dubois,
1975 [25+ species in 4 subgenera: Eripaa Dubois, 1992; Gynandropaa Dubois, 1992; Paa
Dubois, 1975; Quasipaa Dubois, 1992]; Rana Linnaeus, 1768 [222 species in 33 subgenera:
Afrana Dubois, 1992; Amerana Dubois, 1992; Amietia Dubois, 1987 “1986°; Amnirana
Dubois, 1992; Aguarana Dubois, 1992; Aurorana Dubois, 1992; Babina Van Denburgh,
1912; Chalcorana Dubois, 1992; Clinotarsus Mivart, 1869; Eburana Dubois, 1992;
Glandirana Fei, Ye & Huang, 1990; Humerana Dubois, 1992; Hydrophylax Fitzinger,
1843; Hylarana Tschudi, 1838; Lithobates Fitzinger, 1843; Nasirana Dubois, 1992;
Nidirana Dubois, 1992; Odorrana Fei, Ye & Huang, 1990; Pantherana Dubois, 1992;
Papurana Dubois, 1992; Pelophylax Fitzinger, 1843; Pseudorana Fei, Ye & Huang, 1990;
Pterorana Kiyasetuo & Khare, 1986; Pulchrana Dubois, 1992; Rana Linnaeus, 1758;
Rugosa Fei, Ye & Huang, 1990; Sanguirana Dubois, 1992; Sierrana Dubois, 1992;
Strongylopus Tschudi, 1838; Sylvirana Dubois, 1992; Trypheropsis Cope, 1866; Tylerana
Dubois, 1992; Zweifelia Dubois, 1992], Staurois Cope, 1865 (3).
Subfamily Ranixalinae Dubois, 1987 ‘1986’
Indirana Laurent, 1986 (9); Nannophrys Giinther, 1869 (3); Nvctibatrachus Boulenger,
1882 (11).
Subfamily Tomopterninae Dubois, 1987 ‘1986’
Tomopterna Duméril & Bibron, 1841 (7); *Sphaerotheca Giinther, 1859 *1858> (7);
*Laliostoma Glaw, Vences & Bohme, 1998 (1).
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Table 2. Classification of additional ranoid and bufonoid genera represented in the present
study by at least one exemplar.

Family Arthroleptidae Mivart, 1869
Subfamily Arthroleptinae Mivart, 1869
Arthroleptis Smith, 1849; Cardioglossa Boulenger, 1900.
Subfamily Astylosterninae Noble, 1927
Astylosternus Werner, 1898; Leptodactylon Andersson, 1903; Nyctibates Boulenger, 1904;
Scotobleps Boulenger, 1900; Trichobatrachus Boulenger, 1900.
Family Mantellidae Laurent, 1946
Mantella Boulenger, 1882; Mantidactylus Boulenger, 1895.
Family Dendrobatidae Cope, 1865
Colostethus Cope, 1866; Dendrobates Wagler, 1830; Mannophryne LaMarca, 1992.
Family Heleophrynidae Noble, 1931
Heleophryne Sclater, 1899.
Family Hemisotidae Cope, 1867
Hemisus Giinther, 1859 “1858°.
Family Hyperoliidae Laurent, 1943
Subfamily Hyperoliinae Laurent, 1943
Hyperolius Rapp, 1842.
Subfamily Kassininae Laurent, 1972
Kassina Girard, 1853.
Subfamily Leptopelinae Laurent, 1942
Leptopelis Glinther, 1859 “1858°.
Family Leptodactylidae Werner, 1896 ‘1838’
Subfamily Leptodactylinae Wemer, 1896 ‘1838’
Leptodactyvlus Fitzinger, 1826.
Family Microhylidae Giinther, 1858 ‘1843
Subfamily Brevicipitinaec Bonaparte, 1850
Breviceps Merrem, 1820.
Subfamily Phrynomerinae Noble, 1931
Phrynomantis Peters, 1867.
Family Rhacophoridae Hoffman, 1932 1858’
Subfamily Rhacophorinae Hoffman, 1932 *1858’
Chiromantis Peters, 1855; Philautus Gistel, 1848.
Family Sooglossidae Noble, 1931
Sooglossus Boulenger, 1906.

The largest sample was taken from the genus Phrynobatrachus, which was represented by
seven exemplar species, although this corresponds to only 10% of its described species. Genera
of the Ranidae represented in the present study are underlined in Table 1. Non-ranid taxa

included in the present study are indicated in Table 2.

Morphological Data Collection

Voucher Specimens and Preparation

Voucher specimens examined for morphological data collection are listed in Appendix 1. All
character states were coded preferentially from adult males, unless another semaphoront is
specified. Minimal dissections were performed on whole specimens; these were usually only a

lateral incision to sex the specimen and determine the character state pertaining to the testes, and

https://etd.uwc.ac.za



a longitudinal incision in the skin of the venter to assess the condition of the musculus
cutaneous pectoralis.

All osteological material examined was double-stained (alizarin red and alcian blue) and
enzymatically cleared. Skeletons were prepared using the method of Dingerkus & Uhler (1977),
as modified in Drewes (1984) by incubating the enzyme-assisted digestion stage at the optimal
enzyme temperature (35.5 °C for the bovine pancreatic trypsin used). Specimens were skinned
and sexed beforehand, the skin was often left on the hands to prevent the disarticulation of the
phalanges (L. S. Ford, personal communication). Many of the larger muscle masses were
removed from large specimens, notably the calf and thigh muscles, and some of the muscles of
the pectoral region. The removed skin, organs and muscle tissue were retained separately for
future study or redetermination. After the rehydration series and before the 3:1 KOH: glycerine
step, a 0.5% KOH step was inserted for large specimens only. Large specimens were placed in
the sunlight for all of the KOH: glycerine steps, with the occasional addition of a few drops of
10 volume H,0,. Some large or older specimens were difficult to clear enzymatically, the latter
type due to dehydration or alteration of the tissue composition with time. In these cases, length
of time in the KOH: glycerine steps were increased, up to about two months. Limited
disintegration occurred in some of the older specimens as a result, but if the tissue fails to clear,
the usefulness of the preparation is drastically reduced, whereas osteological information is
usually still obtainable from disarticulated specimens. Specimens were not disarticulated for
coding, except the occasional removal of the pectoral girdle and lower jaw.

Rare specimens and additional specimens of some species were X-rayed onto Ilford Pan FP4
black and white 9 x 11.5 cm film using a dental X-ray apparatus (25 kV, 4 mA). These were
developed using Agfa Rodinal® developer as per instructions, and printed commercially onto
black and white high contrast film. X-rays were digitally scanned and processed using Corel
PhotoPaint v. 10 (Corel Corporation Ltd.). Digital images will be deposited in the collection of
the TMSA.

Morphological Characters

An abridged list of the 192 phylogenetically informative morphological characters used in
the analysis, including definitions of the states observed for these in the set of chosen exemplar
taxa, is presented in Table 3. The characters were drawn from the following sources: 52 from
the osteology of the skull, 13 from osteology of the vertebral column, 25 from osteology of the
pectoral girdle and forelimbs, 18 from osteology of the pelvic girdle and hindlimbs, 22 from the
hyolaryngeal apparatus, 45 from external morphology, 15 sexually dimorphic characteristics
from osteology or external morphology, and one character each from the breeding system and
muscles. Of the included characters, 89 were binary and 103 were multistate. Composite coding

(sensu Maddison 1993; Strong & Lipscomb 1999) was used in preference to binary coding
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where possible, in order to minimise the occurrence of inapplicable or missing entries
(Maddison 1993; Pleijel 1995; Wilkinson 1995; Strong & Lipscomb 1999; Lee & Bryant 1999).
Terminology generally follows the two most recent comparable works dealing with the
Ranoidea, viz. Ford (1990) and Wu (1994).

Criteria for recognizing characters and the definitions of states are discussed in Appendix 2.
Although the process of primary homology assessment inherently contains some element of
subjectively, because different researchers may perceive character states slightly differently
(Hawkins er al. 1997; Hawkins 2000; Wiens 2001), every effort was made to use standardized
states. To facilitate comparison with the findings of previous researchers, the history of usage of
each character is referenced as fully as possible in Appendix 2, with an asterisk identifying
those characters which are not presented identically to those in that reference. Since many of the
characters used are well known in anuran systematics, only characters considered not
adequately explained in previous works and not self-evident, are explained in detail in Appendix
2 or illustrated in Figures 1-19. In Appendix 2, distinction is made between synapomorphies
that occur only once in the tree, termed ‘unique’, and those that occur elsewhere in the tree, in
order to provide more information regarding their relative homoplasy in the discussion.
However, whether a unique character has reversed or not is not implied by this usage (sensu
Kluge & Farris 1969) and all character states that support a clade are listed, regardless of their
tendency for reversal or transformation. Terminology regarding characters and states is similar
to that used by Ford (1990), the number following a ‘¢’ is the character number, followed by a
colon, and then the state number of that character (e.g., ¢2:1 refers to state 1 of character 2). The
original works of Cannatella (1985) and Tyson (1988) were not seen. In these cases, the
information on correspondence of characters presented in Appendix 2 is taken from that
provided in Ford (1990) and Wu (1994).

Characters were assumed to be logically independent, even if they may not be so
biologically. Character polarities were determined via outgroup comparison (Watrous &
Wheeler 1981; Farris 1982; Maddison et al. 1984; Nixon & Carpenter 1993) with reference to
Heleophryne purcelli, which is coded consistently as zero in the matrix for ease of visually
determining the state considered plesiomorphic by the analysis in the resulting matrix and
character optimizations. All morphological multistate characters were treated by the analyses as
non-additive, i.e. unordered (Fitch 1971), whereby the minimum distance between all pairs of
character states could be as low as one step. Unfalsifiable a priori hypotheses regarding
character state order were not incorporated, rather character congruence was allowed to

determine the order (Hauser & Presch 1991; Slowinski 1993; Hormiga 1994).
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Table 3. Abridged character list, giving states only. For references to previous usage,
explanations and illustrations, and morphological character optimizations onto the equally-
weighted hypothesis, refer to Appendix 2.

0.

1.
2.

8.
9.
10

11.

12.

13.
14.

15.
16.

17

18.

Atlantal intercotylar distance: (0) widely separated, at least one cotyl width apart (Lynch
type I); (1) juxtaposed but distinct, very narrowly separated by a notch (Lynch type II).

Atlas, neural arches: (0) fused; (1) failing to completely unite, dorsal gap present.

First and second presacral vertebrae: (0) normally ossified and separate; (1) neural spine
of the first vertebra appears flattened and extends posteriorly, overlapping the anterior
portion of the second vertebra to which it is fused, forming a dorsal bone bridge centrally
between the first and second vertebrae; (2) neural spine strongly overlaps the second
vertebra from the first, but no fusion of the first to the second vertebra occurs.

. Vertebral column, eighth vertebra, length of transverse processes: (0) much shorter than

those of the fourth vertebra; (1) roughly equal in length to those of the fourth vertebra.

. Vertebral column, eighth vertebra, orientation of transverse processes in frontal plane:

(0) orientated laterally, perpendicular to spine; (1) slight anterolateral orientation,
approximately 20° — 30°; (2) acute anterolateral orientation, approximately 45° or more.

. Vertebral column, shape in dorsal view of posterior four vertebrae: (0) square, minimal

space between vertebrae; (1) rectangular, gap between vertebrae greater than half their
width.

. Vertebral column, dorsal view of posterior four vertebrae, margins: (0) very strong V-

shaped indent in anterior margin, reaching approximately half of the vertebral width; (1)
anterior and posterior margins parallel, no large indent.

. Neural spines on vertebrae two to four: (0) absent; (1) present; (2) extreme dorsal and

posterior development of neural spines which may be totally fused in up to the first four

vertebrae.
Fusion of eighth presacral and sacral vertebrae: (0) not fused; (1) fused.
Fusion of first (atlas) and second presacral vertebrae: (0) fused; (1) unfused.
. Ossification of suprascapular cartilage: (0) limited, so that only the proximal section is
ossified and forms a Y-shaped flange of mineralisation with the cleithrum, with the fork
facing dorsally; (1) heavily ossified, 1/3 to 2/3 of blade, forming one rounded, rectangular
or triangular flange with the cleithrum.

Vertebrae five to eight, ventral view; shape of centrum and base of transverse
processes: (0) centra cylindrical or sub-cylindrical, bases of the transverse processes not
laterally expanded; (1) centra rectangular-shaped, with a small gap between the bases of the
transverse processes; (2) centra diamond-shaped, well developed lateral expansion of the
bases of the transverse processes.
Vertebrae five to eight, attachment of zygapophyses: (0) on lateral (mid) portion of
centrum, which thus gives the curvature of the centrum (and the initiation of the base of the
transverse processes) an evenly graded appearance in ventral view; (1) on dorsolateral
surface of centrum, thus giving the centrum’s curvature a sharply cylindrical appearance in
ventral view, and leading to a sharp distinction between the bases of the transverse
processes and the centrum.
Vertebra eight, centrum: (0) procoelous; (1) diplasiocoelous.
Coccyx, dorsal ridge (crista dorsalis): (0) absent or greatly reduced, less than half the
length of the coccyx; (1) around half the length of the coccyx but well developed; (2) longer
than half the length of the coccyx and well developed.
Coccyx, anterior process (canalis coccygeus): (0) absent; (1) present.
Coccyx, length relative to precoccygeal vertebral column length: (0) approximately one
vertebral length shorter; (1) equal to the vertebral column; (2) more than one vertebral
length shorter.
. Coceyx, transverse processes: (0) present anteriorly, often as small vestiges; (1) absent.
Ilium, dorsal protuberance: (0) oval and inconspicuous; (1) projected laterally and tending
to be spike-like, can be small, sharp and triangular or slightly rounded; (2) large spike- or
flange-like, not oval or adpressed to shatft.
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19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.
32.

33,

34.

35,

Ilium, height of crest along dorsal surface measured centrally: (0) absent; (1) 0.5 to 1
times height of ilium; (2) 1 to 2.5 times height of ilium, very well developed and squared off
posteriorly.

Sacral diapophyses, expansion: (0) ratio of distal end to proximal region (base) is greater
than two (strongly dilated); (1) ratio of distal end to proximal region is greater than one but
less than two (slightly dilated); (2) ratio of distal end to proximal region is equal to one

(undilated).

Sacral diapophyses, distal ends: (0) distinctly flattened (dorsoventrally compressed); (1)
cylindrical or nearly so in lateral view.

Sacral diapophyses, anterior margin: (0) angled posteriorly; (1) angled transversely
(perpendicular to the spine), even if due to dilation; (2) directed anteriorly, due to rounded
(axe-shaped) type of sacral diapophysis dilation.

Clavicles, width: (0) slightly tapering along whole length, meeting the procoracoid cartilage
medially; (1) narrowing sharply, half the length of the coracoids; (2) slightly ossified
expansion medially.

Clavicles, nature: (0) stout and thick; (1) reduced and thin; (2) absent.

Clavicle orientation: (0) strongly or slightly bowed, pointing distinctly anteromedially and
contacting only the procoracoid cartilage; (1) bowed slightly but roughly at right angles to
the main to body axis; (2) straight and perpendicular to body axis.

Clavicle-coracoid, contact: (0) clavicle not touching coracoid, separated by long
procoracoid cartilage; (1) procoracoid cartilage ossified and indistinguishably fused to the
coracoid, which expands strongly towards the clavicle medially: coracoid appears fused to
clavicle in this manner for about 1/5 to 1/4 of the latter’s length; (2) clavicle descends
medially and is fused to coracoid for approximately the medial 1/3 of is length; (3) only
point contact anteromedially via short procoracoid cartilage.

Overlap of the medial borders of the coracoids: (0) epicoracoids elaborated into posterior
epicoracoid horns which overlap medially, usually fused in the interclavicle region

(arciferal condition); (1) epicoracoid cartilages fused medially, coracoids slightly angled
ventrally and one side of coracoid overlapping the other medially, overlapping coracoid 1s
usually fenestrated at its medial edge (modified firmisternal condition, or pseudoarciferal
condition); (2) epicoracoid cartilage fused medially (firmisternal condition); (3)
firmisternal, with fused epicoracoid cartilages and extremely long procoracoid cartilages.
Coracoid, shape: (0) evenly constricted from medial edge to centre, trumpet-shaped; (1)
strong constriction just after medial edge, T-shaped; (2) weaker constriction just after
medial edge, broader medially than state 1.

Dilation of coracoid: (0) lateral and medial edges of coracoid about the same width, medial
edge less than 1.3 times width of lateral edge; (1) medial edge of coracoid dilated and
distinctly wider than lateral edge, more than 1.4 times its width.

Coracoid, posterior margin (excluding extreme medial section): (0) straight; (1) curved;

(2) sigmoid.

Medial edges of both coracoids: (0) always single; (1) often bifurcated or nicked.

Omosternum style: (0) minute cartilaginous peg, occasionally absent; (1) present and
cartilaginous, large; (2) present and well ossified; (3) always absent.

Metasternum: (0) cartilaginous and broad, sometimes with slight calcification; (1) narrow
bony stylus; (2) absent.

If metasternum ossified, shape: (0) short, hourglass-shaped plate, expanded at both ends;
(1) long, narrow and tapering markedly anteriorly to posteriorly, length up to 3.5 times
maximum width; (2) long, narrow and tapering markedly anteriorly to posteriorly, length
more than 4 times maximum width.

Xiphisternum, shape: (0) large, rounded; (1) small peg, usually triangular; (2) large
triangular with distinctly serrated distal edge; (3) roughly X-shaped, two expansions of
cartilage attached to a short inflated mineralised section; (4) large inverted U-shaped plate;
(5) rectangular with a smooth distal end; (6) large anchor shape; (7) narrow and divided, i.e.
two long rectangular projections which are expanded distally; (8) rectangular with strongly
serrated distal end.
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36.

37,
38.

39,
40.
41.

42,
43.

44.

45.

46.
. Vomer, posterior (dentigerous) process, if present: (0) connected to main body of vomer;

47

48.

49

S1.

- 78

o3,

54.

35

56.

57,

58.

59.

Xiphisternum, posterior fenestra: (0) absent; (1) present on posterior peripheral margin;
(2) present centrally on plate, cartilage fused posterior to fenestra.

Sphenethmoid, ventral portion: (0) fused, single; (1) paired.

Ventral sphenethmoid, extension of ossified anterior portion (antrum pro lobo
olfactoria): (0) reduced and narrow, adpressed to braincase; (1) covering about 1/2 the
distance from palatines (or anterior edge of orbit) to premaxilla; (2) covering 2/3 or more of
the distance from palatines (or anterior edge of orbit) to premaxilla.

Ethmoid cartilage, septum nasi: (0) thin, nasal capsules close together; (1) thick, nasal
capsules medially separate.
Palatines: (0) present and well developed; (1) reduced, thin sliver of bone only; (2) absent.
Palatines: (0) present, touching the sphenethmoid but not nearly meeting medially; (1)
present, nearly meeting at the midline over the sphenethmoid, medial portion can be slightly
expanded.
Vomer, anterior process: (0) absent; (1) present.
Vomers, position and reduction: (0) not reduced, centre of vomer not lateral to articulation
of the maxilla and premaxilla; (1) reduced, vomers placed laterally, with centre of vomer
lateral to articulation of premaxilla and maxilla.

Vomer, anterior process: (0) short or absent, separated by a small or large gap from
articulation of premaxilla-and maxilla; (1) long, passing dorsally to articulation of
premaxilla and maxilla; (2) long, but curving anteriorly and laterally and passing dorsally to
the anterior end of the maxilla.

Vomer, postchoanal process: (0) horizontal, (1) vertical; (2) oblique; (3) fused to
hyperossified sphenethmoid.
Vomer, posterior (dentigerous) process: (0) present; (1) absent.

(1) separate from main body of vomer.
Vomerine teeth: (0) present; (1) absent.

. Maxillary and premaxillary teeth: (0) present; (1) absent.
50.

Premaxilla, shape of pars palatina: (0) medial edge greater than lateral edge; (1) medial
edge equal to lateral edge; (2) medial edge less than lateral edge; (3) lateral edge slanting
outwards therefore longer, and lateral section of pars palatina usually thicker than medial
section.

Maxilla, expansion of the pars palatina (not including the anteromedial flange): (0)
expansion of anterior 1/4 of pars palatina equals the expansion of posterior 1/4 in width; (1)
anterior 1/4 more expanded than posterior 1/4.

Maxilla, anteromedial flange of pars palatina: (0) absent; (1) present; (2) present and
large, veering medially, creating a strongly concave anterior margin of the maxilla which
creates a large fenestra between the maxilla and premaxilla.

Pterygoid, anterior ramus: (0) in contact with or fused to the maxilla; (1) separated
slightly from the maxilla by cartilage.

Mandibular odontids: (0) absent; (1) present as large thickened processes of the anterior
edge of angulosplenial, more developed in males but also present in a reduced state in
females; (2) small, fine, tooth- or tusk-like projections of the dentary, angled posteriorly, in
adult males only; (3) irregularly-shaped jaggered fang-like odontids present for the entire
length of lower jaw (false teeth).

Mentomeckelian bone, relative height on medial versus lateral edges: (0) height of
medial edge is equal to height of lateral edge; (1) height of medial edge is less than height
of lateral edge; (2) mentomeckelian long and fused with the angulosplenial.
Mentomeckelian bone, lateral processes: (0) absent; (1) shorter than or equal in length to
mentomeckelian bones; (2) much longer than mentomeckelian bones.

Angulosplenial: (0) terminates at jaw articulation; (1) extends posteriorly to jaw articulation
due to retroarticular process.

Parasphenoid, shape of tip of cultriform process: (0) rounded or serrated; (1) sharply
pointed.

Parasphenoid, shape of cultriform process: (0) borders straight, process relatively wide;
(1) borders biconcave, i.e. slight expansion in middle with narrower posterior section; (2)
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60.

61.

62.

63.

64.

65.
66.
67.

68.

69.

70.

.

72.

73.

74.
75.

76.

7 f

borders not straight but slightly tapering, can be very thin; (3) borders strongly converging,
strongly triangular-shaped cultriform process.

Parasphenoid, length of cultriform process: (0) reaching the anterior 1/5 of the orbit, but
falling just short of the level of the palatines and planum antorbitale; (1) shorter, reaching
only to about 2/3 length of orbit; (2) long, reaching the level of the palatines and planum
antorbitale.

Anterior ramus of pterygoid in relation to the palatines and planum antorbitale in the
dorsoventral plane: (0) falling far short of palatines, extending to approximately mid-
orbital level; (1) short gap or slight overlap; (2) long, curving medially away from the
maxilla towards an enlarged, wider planum antorbitale, separated from the lateral border of
planum antorbitale by wide gap, palatines absent.

Pterygoid, length of medial ramus: (0) present and long; (1) reduced, short but longer than
its width, or rudimentary bumps; (2) extra long and thin.

Pterygoid, articulation of medial ramus: (0) anteroventral surface of otoccipital, may be a
large gap; (1) ventrolateral edge of otic capsule; (2) anterior to and adpressed to
parasphenoid ala along at least 1/2 its length.

Overlap of the anterior border of the parasphenoid ala and medial ramus of pterygoid
in the anterior to posterior plane: (0) point overlap (approximately 1/5) to moderately
overlapping (approximately 1/4) along the length of the anterior edge of the ala, abutting;
(1) close together but no contact (distinct gap), as medial ramus is more anterior; (