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'Nous nous sommes efforcds de poser un nouveau jalon dans la voie suivic par

Hewitt, Noble. de Villiers e, Deckert. Nous croyons, en effet, que, pour la systdmatique

des Batraciens, I'dtude du squelette doit avoir la prioritd sur toute autrc

considt!rolion..... I'examen du squelette est indispensable pour ces derniers.'

Laurent (19.10:76)
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ABSTRACT

The Ranidae is one of the largest families ofthe 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 Westem 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 is taxonomic status is in need ofre-

appraisal.

The major aim of the present study was to test the monophyly of the Petropedetinae. The

generation ofa 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 ofthe 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 ofthe 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 ttanidae 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 sfudy utilised approximately 600 base pairs of sequence data ftom the

mitochondrial l2S rDNA and 165 rDNA gene regions, which was combined with 192

characters from osteology, extemal 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 ofthe 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 ofthe result to analysis parameters. This procedure is used to identify robustly

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

x
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from weakly supported arrangements (those that only appear under particular analysis parameter

values).

The equalty-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, cunentty placed in its own family, was shown to be embedded in the microhylids. The

Artholeptidae and Hyperoliidae were found to be sister lineages, with the hyperoliid genus

Leptopelis showing a tendency to $oup in the Astylosteminae, 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 metastemum.

However, only the presence of a musculus cutaneous pectoralis is uniquely synapomorphic for

the Ranidae. Monophyly of the ranid subfamilies (sersa Dubois 1992) Tomopteminae and

Ranixalinae was not tested by this analysis. Only two of the remaining five subfamilies of the

Ranidae (sensrz Dubois 1992) were consistently retrieved by the sensitivity analyses as

monophyletic, v2. the Ptychade ninae (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 Ranidae need to be

reallocated amongst the subfamilies in order to alter the classification of the Ranidae to one

reflective oftheir evolutionary history, and some subfamilies need to be abandoned altogether.

The equally-weighted topology and all sensitivity analyses indicated that the subfamily

.Petropedetinae' is paraphytetic, being composed of three clades. These are subsequently

referred to as the cacostemids, phrynobatrachids and petropedetids. While the petropedetids are

only distantly related to the cacostemids and phrynobatrachids, the latter two groups may be

sister taxa. Tomoptet-na appears to be closely related to the cacostemids, with strong affinities

apparent on the basis of the molecular data. The recently described enigmatic Ethiopian genus

Ericabatrachus is demonstrated to belong to the cacostemine lineage, although its morphology

is extremely abenant, disptaying 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

xl
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considered as a member of the genus Petropedetes. The large gents Phrynobatrachus is

morphologically coherent, but is rendered paraphyletic by the recognition of the genera

Dimorphognathus and Phrynodon, which will be synynomised with Phrynobattachus.

Natalobatrachus is the basal member of the phrynobatrachids and its recognition does not

render Phrynobatachus paraphyletic. Within the cacostemids, the recognition of

Anhydrophryne renderc Arthroleptella paraphyletic. Transferral of the species herritti to the

genus Anhydrophryte is advocated to rectifo 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 (seru Emerson & Ward 1998) and the

Iarge odontid-bearing ranids of Africa is suggested. However, further work is required to

elucidate the intemal 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 ofthe present study. This analysis demonstrates the value oftaking 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.

xll
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INTRoDUCTION

The superfamily Ranoidea (sensa Ford & Cannatella 1993) comprises a large group of

predominantly Old World Neobatrachian clades. Its distribution pattem suggests an origin ofthe

lineage in Gondwanaland. Earlier this century, most ranoids were classified into the poorly

defrned family Ranidaer, 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 ofthe 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, Aglyptodaclylus).

Recent evidence from the analysis ofmolecular 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 et al. 1998; Vences 1999; Emerson e/ 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 ofthe

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 ofthe 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 (lnger 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

I Author and year ofcitation for names listed in the text can be found in Tables I and 2, and Appendix L
Only ifnot present there are they listed in the text.

I
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from the large and undoubtedly paraphyletic genus Rcna appear to be well founded and are

tikety 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'

(i986, 1992) subgeneric changes, but places his subfamilies at equivalent famity level until

further evidence comes to light, leaving those genera previously included in the subfamily

Raninae as the contents ofthe family Ranidae.

As Glaw et al. (1998) point out, there has to date been no comprehensive, large-scale

analysis ofranid relationships. Clarke's (1981) in{luential study ofthe osteology ofthe African

Raninae remains the only detailed morphological study dealing with this group (Sanchiz 1998).

However, it is limited by its a 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 a\.2000b; Marmayou el a/. 2000; Richards et aI.2000; Kosuch et a/. 2001; Jiang &

Zhou 2001a,2001b). However, some molecular studies on ranid higher level phylogeny are

being published (Bossuyt & Milinkovitch 2000; Emerson et 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 identifu the

appropriate rank and content for such clades, and ultimately allow them to be used to test

biogeographical and ecological hypotheses conceming these frogs.

The present study focuses primarily on relationships of the taxa currently classified in the

ranid subfamily Petropedetinae2. The Petropedetidae 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 onJine catalogue of Frost (2002), but

is not used here.

The Peropedetinae 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 sunounding their phylogenetic position. Many of these genera have historically

been moved around extensively within the Ranoidea. The subfamily Cacosterninae Noble, l93l

2 The name Phrynobatrachinae has also been used for this group. This name is now recognized as ajunior
sl.nonym ofthe name Petropedelinae, after a motion to conserv€ the name Phry.nobatrachinae was denied

by the Intemational 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 cacostemids 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 Cacostemum and

Anhydrophryne were more closely related to the Ranidae than to the Brevicipitidae. Parker

(1934) did not treat these g€nera as part of the Microhylidae. Laurent (1940) referred

Cacosternum and Anhydrophryne to the Ranidae, but kept them in a distinct subfamily, the

Cacosteminae, and included the genlos Microbatrachella.

Noble (t931) erected the subfamily Peffopedetinae for the genera Petopedetes and

Arthroleptides. Parker (1935) noted that various species of 'Arthroleptis' (rvhich were

subsequently transferred to Phrynobatrachus), Dimorphognalhus 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 Petopedetes natator. Parker (1935) considered these characters as evidence ofa

close relationship between these taxa, and placed them all in the same subfamily. Laurent

(1940) concuned that Phrynobatachus, Arthroleptella and Dimorphognalhus, all of which

were formerly classified in the Arthroleptidae, should be classified alongside Petropedetes it
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 cacostemids] agree almost in every respect with

the Raninae except in size and vomerine teeth, which are lacking lin the Petropedetinae]'.

Poynton (1964) placed the genera Phrynobatrachus, Arthroleptella and Dimorphognathus,

together with the additional genrs Natalobatracftus, in the subfamily Phrynobatrachinae of the

Ranidae, together with his newly-described genus, Nothophryre. Poynton's reasoning for

incorporating the Cacosteminae into this group is not clear, but may have been due to particular

character states of both the cacostemids and of the petropedetids being present in his newly

described genlos Nothophryne ('Notho' = mongrel). Following Noble (1926b) and Laurent

(1941a), Poynton argued that the Cacosteminae 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 Cacosteminae

(Poynton 1964; Kuhn 1965; Liem 1970; Lynch 1973; Duellman & Trueb 1986; Blommers-

Schldsser 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 l9l9; Laurent 1961; Amiet 1981). Examples ofthe latter arc Anhydrophryne and

Arthroleptella, which have direct development, while Natalobatrachus and many

Phrynobatachus species lay their eggs out of water (Wager 1931). Various parental care

strategies have also evolved in the Phrytobatracfrls lineage, with either the male or female

parent guarding the eggs in particular species (Penet 1966; Amiet 1981, l99l). Male-male

combat also occurs in some species of Petropedetes (Sanderson 1936), Arthroleptides and in

Phrynodon (Amiet 1981, l99l), 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 l5

mm snout-yent length) is seen in the genera Cacosternum, Microbatrachella, Arthroleptella and

in some species of Phrynobatach s, 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 Peropedetinae 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 ofthis 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 brevicipitid microhylids (Noble l93l) 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 gefllus Cacosternun has also been noted to

have affinities with the enigmatic Seychelles family, the Sooglossidae, on the basis of an

identical morphology ofthe os sesamoides tarsale, which occurs elsewhere in the Anura only in

the Pipidae Gray, 1825 (Nussbaum 1982). Recently, Blommers-Schl0sser (1993) proposed that

many ofthe 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 e/ al. 2000a), itself one of the most enigmatic taxa in the

ranid subfamily Raninae (Clarke l98l). 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 ofthe petropedetids requires the inclusion

of members of other putative ranoid clades, particularly those mentioned above, in order to

falsifu 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 ofGondwanaland (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 l95l and to some

extent by Kosuch e, a/. 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 ofthe 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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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 altemate method, vz. 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 irclude exemplars of all postulated ranoid

families and subfamilies, as no a piori knowledge ofthe relationships ofany ofthese 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,

Strongtlopus arrd. Amietia, are all distinctive and considered by local workers (e.g. Channing

1979; Passmore & Camrthers 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 (sersz 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 et al. 1995; Ruvinsky & Maxson 1996; Emerson et a|.2000a).

Consequently, choice ofa 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 et al. 1995; Ruvinsky & Maxson 1996), the

African heleophrynid Heleophryne was chosen from this superfamily as the primary outgoup.

The Leptodactylidae, like the tbnidae, is poorly defined and appears to share some of the
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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 stemal differences, were sufficient to place it outside ofthe

Ranidae in a large cladistic analysis.

Ingroup

Two taxa, the Sooglossidae and the Dendrobatidae, which have been variously regarded as

bufonids, 'transitional' families (sezsa Lynch 1973) or putatively associated with the Ranoidea

(Noble 1926a, l93l;Griffiths 1959a, 1959b; Lynch 1971, 1973; Savage 1973; Ford 1990; Hillis

et al. 1993 Ruvinsky & Maxson 1996), were included. As both ofthese 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 Arthroleptidae was considered necessary. All genera of the

Astylosteminae 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 cacostemids 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 ofcorrect basal relationships. The Hemisotidae, represented here by a single species,

was thought to be closely related to the microhylids by Blommers-Schldsser (1993), Wu (1994)

and Emerson et al. (2000a), but not by Parker (1934), Chaming (1995) or van Dijk (2001). The

familial status of the rhacophorids and mantellids was refuted by recent work (Emerson et a/.

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 ofthese taxa was determined by the availability of specimens for examination

and tissue for DNA extraction. All currently recognized monot,?ic 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 ofgeneric monophyly.
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Table 1. Classification ofthe 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 appticable, 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, 1 871
Tribe Ceratobatrachini Boulenger, 1884

Cerqtobatrachus Boulenger, 1884 (l), Discodeles Boulenger, 1881 (5), .Izgeraza Dubois,
1987 '1986' (8), Palmatorappia Ahl,1927 (l), Planmantis Ginther, 1859 (37), Taylorana
Dubois, 1987'1986' (2).

Tribe Conrauini Dubois, 1992
Cozraaa Nieden, 1908 (6)-

Tribe Dicroglossini Anderson, I 87 I
Euphlyctis Fitzinger, 1843 (4), Occidozyga Kuhl & van Hasselt, 1822 (17), Phrynozlossus
Peters, 1867 (8).

Tribe Limnonectini Dubois, 1992
Hoolobatrachus Peters, 1863 (5), Limnonectes Frtzinger, 1843 [88+ species in 3 subgenera:

Bourretia Dubois,1987; Feyervaria Bolkay,19151, Limnonectes Fitzinger, 1843].

Subfamily Petropedetinae Noble, 193 I
Ericabatrachus Largen, l99l (l ).

Tribe Cacostemini Noble, l93l
Anh]droohryne Hewitt, l9l9 (l), Arthroleptella Hewitt, 1926 (7*), Cacosternum
Boulenger, 1887 (9*), Miuobatrachella Hewitt, 1926 (\), Nothophryne Poynton, 1963 (l),
Povntonia Channing & Boycott, 1989 (l).

Tribe Petropedetini Noble, l93l
Arthroleptides Nieder,, l9l0 (3+), Dimorphoqnathus Boulenger, 1906 (l), Natalobatrachus
Eewitt & Methuen, l9l3 (l'5, Petropedetes Reichenow, 1874 (7), Phrttnobatrachus Ginther,
1862 (66), Phrynodon Parker, 1935 (t).

Subfamily Ptychadeninae Dubois, 1987 '1986'
Hildebrandtia Nieden, 1907 (3); Lanzarana Clarke, 1983 (l); lndena Boulenger, 1917

[40 species in 2 subgenera: Pvchqdena Boulenger, l9l71' Parkerana Dubois, 1984].

Subfamily Pyxicephalinae Bonaparte, 1850
Aubria Boulenger,l9l7 (3*); Pyxicephalus Tschudi, 1838 (2).

Subfamily Raninae Rafi nesque-Schmaltz, 181 4
Amolops Cope, I865 [34 species in 4 subgenera: Amoloos Cope, 1865;' Hula Yarg, l99l;
Meristogenys Yang, 199t; lza Dubois, l992li Bqtrachvlodes Boulenger, 1887 (8);
Chaparana Borrrel, 1939 (6); Micrixalzs Boulenger, 1888 (7); Nanorana Gunther, 1896 [2
species in 2 subgenera: Altirqnq Slejieger, 19271, Nanorana Giinther, 1896]; Paa Dubois,
1975 t75+ species in 4 subgenera: Eripaa Drubors,1992; Gynandropaa Dubois, 1992;' Paa
Dubois, 1975; Quasipaa Dubois, 1992\ Rana Lirrlaevs, 1768 1222 species in 33 subgenera:
Afrana Dubois, 19921, Amerona Dubois, 1992; Amietia Dubois, 1987 '1986'; Amnirana
Dubois, 1992; Aquarsna Dubois, 1992; Aurorana Dubois, 1992; Babina \,'tan Denburgh,
l9l2; Chalcorana Dubois, 1992; Clinotarsus Mivart, 1869; Eburana Dttbois, 1992:'

Glandirana Fei, Ye & Huang, 1990; Humerana Dubois, 1992; Hvdrophtlar Fitzinger,
18431 Hylarana Tschudi, 1838; Lilhobates Fitzinger, 1843l. Nasirana Dubois, 1992;
Nidirana Dubois, 1992; Odorrana Fei, Ye & Huang, 1990; Pantherana Dubois, 1992;

Papurana Dubois, 1992; Pelophylar Fitzinger, 1843; Pseudoraza Fei, Ye & Huang, 1990;

Pterorana Kiyasetuo & K-hare, 1986' Pulchrana Dubois, 1992; Rara Linnaeus, 1758;
Rugosa Fei, Ye & Huang, 1990 Sanguirana Dubois, 1992; Sietana Dubois, 1992i
Stronwloous Tschudi, 1838; Sylvirana Dubois, 1992; Trypheropsis Cope, 1866; Tylerana
Dubois, I 9921 Zwe ife lia Dubois, 1 9921, .llarrois Cope, I 865 (3).

Subfamily Ranixalinae Dubois, 1987 '1986'
Ltdirono Laurerl, 1986 (9); Nanaoohtys Giinther, 1869 (3); Nyctibatrachus Boulenger,
r882 (l l).

Subfamily Tomopterninae Dubois, 1987 ' 1986'
Tomopterna Dumdril & Bibron, l84l (7); *Sphaerotheca Gtinther, 1859 '1858' (7)l
*Laliostoma Glaw, Vences & Bdhme, 1998 ( 1).
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Table 2. Classification of additional ranoid and bufonoid genera represented in lhe present

study by at least one exemplar.

Family Arthroleptidae Mivart, I 869
Subfamily Arthrol eptinae Mivart, 1869

Arthroleptis Smith, 1849; Cardioglossa Boulenger, 1900.

Subfamily Astylosteminae Noble, 1927
As\)loslernus Wemer, 1898; Leptodactylon Andersson, 1903; Nyctibates Boulenger,

Scotobleps Boulenger, 1900; Trichobatracirr Boulenger, 1900.

Family Mantellidae Laurent, 1946
Mantella Botlenger, 1882; Mantidactylzs Boulenger, I 895,

Family Dendrobatidae Cope, 1865
Colostethus Cope, 1866; Dendrobates Wagler,1830; Mannophryne LaMatca, 1992.

Family Heleophrynidae Noble, 1931
Heleophryne Sclater , 1899 .

Family Hemisotidae Cope, 1867
Ilern rtas Giinther, 1859 '1858'.

Family Hlperoliidae Laurent, 1943

Subfamily Hyperoliinae Laurent, 1943
Hyperolius Rapp, 1842.

Subfamily Kassininae Laurent, I 972
Kossrza Cirard, 1853.

Subfamily Leptopelinae Laurent, 19 42
Leptopelis Gtnthet, I 859' I 858'.

Family Leptodactylidae Wemer, 1896 ' 1838'
Subfamily Leptodactylinae Wemer, 1 896' 1 838'

Lepto dacty lus F ilginger, I 826.

Family Microhylidae Giinther, 1858 '1843'
Subfamily Brevicipitinae Bonaparte, I 850

Breviceps Menem, 1820 .

Subfamily Phrynomerinae Noble, 193 I
P hryno mantis P eters, 1867.

Family Rhacophoridae Hoffman, 1932 '1858'
Subfamily Rhacophorinae Hoffman, 1932 '1858'

Chiromantis Peters, 1855; Philautus Gistel, 1 848.

Family Sooglossidae Noble, 1931

1904;

Soog/ossus Boulenger, 1906

The largest sample was taken from the genus Phrynobatrachus, which was represented by

seven exemplar species, although this corresponds to only l0% of its described species. Genera

of the Ranidae represented in the present study are underlined in Table l. 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 l. 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
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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 ofthe skull, 13 from osteology of the vertebral column,25 from osteology ofthe

pectoral girdle and forelimbs, 18 from osteology ofthe pelvic girdle and hindlimbs, 22 from the

hyolaryngeal apparatus,45 from extemal morphology, 15 sexually dimorphic characteristics

from osteology or extemal morphology, and one character each from the breeding system and

muscles. Of the included characters, 89 were binary and 103 were multistate. Composite coding

(sensr Maddison 1993; Strong & Lipscomb 1999) was used in preference to binary coding

10

a longitudinal incision in the skin of the venter lo 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 ofDingerkus & Uhler (1977),

as modified in Drewes (l9Sa) 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 ofthe 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:l KOH: glycerine

step, a 0.5% KOH step was inserted for large specimens only. Large specimens were placed in

the suntight for all of the KOH: gtycerine steps, with the occasional addition ofa few drops of

l0 volume H2O2. Some large or older specimens were difficult to clear enzymatically, the latter

tlpe due to dehydration or alteration ofthe 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 stitl obtainable from disarticulated specimens. Specimens were not disarticulated for

coding, except the occasional removal ofthe pectoral girdle and lower jaw.

Rare specimens and additional specimens of some species were X-rayed onto Ilford Pan FP4

btack and white 9 x 1 1.5 cm film using a dental X-ray apparatus (25 kV, 4 mA). These were

developed using Agfa Rodinala developer as per instructions, and printed commercially onto

black and rvhite high contrast film. X-rays were digitally scanned and processed using Corel

PhotoPaint v. l0 (Corel Corporation Ltd.). Digital images will be deposited in the collection of

the TMSA.
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where possible, in order lo 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, vrz. 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 et 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 identiffing

those characters which are not presented identically to those in that reference. Since many ofthe

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 l-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 hee, 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 (serlsr

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 'c' is the character number, followed by a

colon, and then the state number ofthat character (e.g., c2:1 refers to state I ofcharacter 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 (!990) 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; Fanis 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 l97l), whereby the minimum distance between all pairs of

character states could be as low as one step. Unfalsifiable a priori hypolheses regarding

character state order were not incorporated, rather character congruence was allowed to

determine the order (Hauser & Presch l99l; Slowinski 1993; Hormiga 1994).

1l
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Table 3. Abridged character list, giving states only. For references to previous usage,

explarations and illustrations, and morphological character optimizations onto the equally-
weighted hypothesis, refer to Appendix 2.

0. Atlantal intercotylar distance: (0) widely separated, at least one cotyl width apart (Lynch

tlpe I); (l)juxtaposed but distinct, very narrowly separated by a notch (Lynch type II).
l. Atlas, neural arches: (0) fused; (l) failing to completely unite, dorsal gap present.

2. First and second presacral v€rtebrae: (0) normally ossified and separate; (l) neural spine

of the first vertebra appears flattened and extends posteriorly, overlapping the anterior
porlion of the second vertebra to u'hich 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 ofthe first to the second vertebra occurs.
3. Vertebral column, eighth vertebra, length of transverse processes: (0) much shorter than

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

4. Vertebral column, eighth vertebra, orientation of transverse processes in frontal plane:
(0) orientated laterally, perpendicular to spine; (l) slight anterolateral orientation,
approximately 20" - 30"; (2) acute anterolateral orientation, approximately 45o or more.

5. Vertebral column, shape in dorsal view of posterior four vertebrae: (0) square, minimal
space between vertebrae; (l) rectangular, gap between vertebrae greater than half their
width.

6. Vertebral column, dorsal view of posterior four Yertebrae, margins: (0) very strong V-
shaped indent in anterior margin, reaching approximately half of the vertebral widthl (1)
anterior and posterior margins parallel, no large indent.

7. Neural spines on vertebrae fti'o to four: (0) absent; (l) present; (2) extreme dorsal and
posterior development of neural spines which may be rotally fused in up to the first four
vertebrae.

8. Fusion ofeighth presacral and sacral yertebrae: (0) not fused; (l) fused.

9. Fusion oflirst (atlas) and second presacral vertebrae: (0) fused; (l) unfused.
10. 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.

11. 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; (l) 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 ofthe transverse processes.

12. Vertebrae five to eight, attachment of rygapophyses: (0) on lateral (mid) portion of
centnrm, which thus gives the curvature ofthe centrum (and the initiation of the base ofthe
transverse processes) an evenly graded appearance in ventral view; (l) 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.

13. Vertebra eight, centrum: (0) procoelous; (1) diplasiocoelous.
14. Coccyx, dorsal ridge (cristr dorsalis): (0) absent or greatly reduced, less than half the

length of the coccyx; (l) around halfthe length ofthe cocc)r( but well developed; (2) longer
than halfthe length ofthe coccyx and well developed.

15. Coccyx, anterior process (canalis coccygeus): (0) absent; (l) present.
16. Coccyx, length relative to precoccygeal vert€bral column length: (0) approximately one

vertebral length shorter; (l) equal to the vertebral cotumn; (2) more than one vertebral
length shorter.

17. Coccyx, transverse processes: (0) present anteriorly, often as small vestiges; (1) absent.

18. llium, 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
flangeJike, not oval or adpressed to shaft.
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19. Ilium, height of crest along dorsal surface measured centrally: (0) absent; (l) 0.5 to I
times height of ilium ; (2) | to 2.5 times height of ilium, very well developed and squared off
posteriorly.

20. 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 Glightly dilated); (2) ratio of distal end to proximal region is equal to one

(undilated).
21. Sacral diapophyses, distal ends: (0) distinctly flattened (dorsoventrally compressed); (l)

cylindrical or nearly so in lateral view.
22. Sacral diapophyses, anterior margin: (0) angled posteriorly; (l) angled transversely

(perpendicular to the spine), even if due to dilation; (2) directed anteriorly, due to rounded
(axe-shaped) type of sacral diapophysis dilation.

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

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

25. Clavicle orientation: (0) strongly or slightly bowed, pointing distinctly anteromedially and

contacting only the procoracoid cartilage; (l) bowed slightly but roughly at right angles to

the main to body axis; (2) straight and perpendicular to body axis.
26. Clavicle-coracoid, contact: (0) clavicle not touching coracoid, separated by long

procoracoid cartilaget (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 ll5 to ll4 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.

27. 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); (l) epicoracoid cartilages fused medially, coracoids slightly angled
ventrally and one side of coracoid overlapping the other medially, overlapping coracoid is
usually fenestrated at its medial edge (modified firmistemal condition, or pseudoarciferal
condition)i (2) epicoracoid cartilage fused medially (firmistemal condition); (3)
firmistemal, with fused epicoracoid cartilages and extremely long procoracoid cartilages.

28. Coracoid, shape: (0) evenly consricted from medial edge to centre, trumpet-shaped; (l)
strong constriction just after medial edge, T-shaped; (2) weaker constriction just after
medial edge, broader medially than state 1.

29. 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; (l) medial edge of coracoid dilated and

distinctly wider than lateral edge, more than 1.4 times its width.
30, Coracoid, posterior margin (excluding extreme medial section): (0) straight; (l) curved;

(2) sigmoid.
31. Medial edges ofboth coracoids: (0) always single; (l) often bifurcated or nicked.
32. Omosternum style; (0) minute cartilaginous peg, occasionally absent; (l) present and

cartilaginous, large; (2) present and well ossified; (3) always absent.

33. Metasternum: (0) cartilaginous and broad, sornetimes with slight calcification; (l) narrow
bony stylusi (2) absent.

34. If metasternum ossilied, shape: (0) short, hourglass-shaped plate, expanded at both ends;

(l) 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.
35. Xiphisternum, shape: (0) large, rounded; (l) small peg, usually triangular; (2) large

triangular with distinctty 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) nanow and divided, i'e.
two long rectangular projections which are expanded distally; (8) rectangular with strongly
serrated distal end.
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36. Xiphisternum, posterior fenestra: (0) absent; (1) present on posterior peripheral margin;
(2) present centrally on plate, cartilage fused posterior to fenestra.

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

38. Ventral sphenethmoid, extension of ossilied anterior portion (antrum pro lobo
olfactoria): (0) reduced and narrow, adpressed to braincase; (l) covering about l/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 oforbit) to premaxilla.

39. Ethmoid cartilage, septum nasi: (0) thin, nasal capsules close together; (l) thick, nasal

capsules medially separate.
40. Palatines: (0) present and well developed; (l) reduced, thin sliver ofbone only; (2) absent.

41. Palatines: (0) present, touching the sphenethmoid but not nearly meeting medially; (l)
present, nearly meeting at the midline over the sphenethmoid, medial portion can be slightly
expanded.

42. Vomer, anterior process: (0) absent; (l) present.

43. Vomers, position and reduction: (0) not reduced, centre ofvomer not lateral to articulation
of the maxilla and premaxilla; (l) reduced, vomers placed laterally, with centre of vomer
lateral to articulation of premaxilla and maxilla.

44. Vomer, anterior process: (0) short or absent, separated by a small or large gap from
articulation of premaxilla and maxilta; (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.

45. Vomer, postchoanal process: (0) horizontal; (l) vertical; (2) oblique; (3) fused to

hyperossi fi ed sphenethmoid.
46. Vomer, posterior (dentigerous) process: (0) present; (1) absent.

47. Vomer, posterior (dentigerous) process, if present: (0) connected to main body ofvomer;
(l) separate from main body ofvomer.

48. Vomerine teeth: (0) present; (l) absent.
49. Maxillary and premaxillary teeth: (0) present; (l) absent.

50. Premaxilla, shape of pars palatina: (0) medial edge greater than lateral edge; (l) 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.

5L Maxilla, expansion of the pars palatina (not including the anteromedial flange): (0)

expansion of anterior l/4 ofpars palatina equals the expansion of posterior l/4 in B'idth; (l)
anterior l/4 more expanded than posterior 1/4.

52. Maxilla, anteromedial flange of pars palatina: (0) absent; (l) present; (2) present and

large, veering medially, creating a strongly concave anterior margin of the maxilla rvhich

creates a large fenestra between the maxilla and premaxilla.
53. Pterygoid, anterior ramus: (0) in contact with or fused to the maxilla; (l) separated

slightly from the maxilla by cartilage.
54. Mandibular odontids: (0) absent; (l) 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 ofthe dentary, angled posteriorly, in
adult males only; (3) irregularly-shaped jaggered fangJike odontids present for the entire
length of lower jaw (false teeth).

55. Mentomeckelian bone, relative height on medial versus lateral edges: (0) height of
medial edge is equal to height of lateral edge; (l) height of medial edge is less than height
of lateral edge; (2) mentomeckelian long and fused with the angulosplenial.

56. Mentomeckelian bone, lateral processes: (0) absent; (l) shorter than or equal in length to
mentomeckelian bones; (2) much Ionger than mentomeckelian bones.

57. Angulospleniall (0) terminates atjaw articulation; (1) extends posteriorly to jaw articulation
due to retroarticular process.

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

59. 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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borders not straight but slightly tapering, can be very thin; (3) borders strongly converging,

strongly triangular-shaped cultriform process.

60. Parasphenoid, length of cultriform process: (0) reaching the anterior l/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.
61. Anterior ramus o[ pterygoid in relation to the palatin€s and planum antorbital€ in the

dorsoventral plane: (0) falling far short of palatines, extending to approximately mid-

orbital levet; (l) 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.

62. iterygoid, length of medial ramus: (0) present and long; (1) reduced, shofl but longer than

its width, or rudimentary bumps; (2) extra long and thin.
63. Pterygoid, articulation of medial ramus: (0) anteroventral surface ofotoccipital, may be a

Iarge gap; (l) ventrolateral edge of otic capsule; (2) anterior to and adpressed to

parasphenoid ala along at least l/2 its length.
64. Overlap of the anterior border of the parasphenoid ala and medial ramus of pterygoid

in the anterior to posterior plane; (0) point overlap (approximately l/5) to moderately

overlapping (approximately l/4) along the length of the anterior edge of the ala, abutting;

(l) close together but no contact (distinct gap), as medial ramus is more anterior; (2) strong

overlap, approximately li2 length ofanterior edge of the ala, abutting.

65. Parasphe;oid alae, in frontal plane: (0) perpendicular to body axis; (l) pointing slightly
anteriorly; (2) pointing distinctly posteriorly.

66. Parasphenoid alae: (0) moderately long; (l ) reduced or short.

67. Cranial exostosis: (0) absent, or slightly on sphenethmoid and/ or otoccipitals only,

occasionally on the nasals; (l) present, extensive on sphenethmoid, nasals and other skull

bones.

68. Nasals, contact with sphenethmoid: (0) overlapping the sphenethmoid; (1) not overlapping
the sphenethmoid.

69. Nasals, median contact: (0) separate, not in contact; (1) contact extensively on medial

margin.
70. Nasals, shape: (0) large, triangular; (l) rectangular to round; (2) small, triangular or club-

shaped.

71. Degree of development of the otic plate of the squamosal and its relationship with the

otoccipital: (0) otic plate present, overlapping the crista parotica, even posteriorly only or
the lateral border ofthe otoccipital; (l) overlapping most or all ofcrista parotica and l/4 to
ll2 of the otoccipital; (2) otic plate rudimentary or absent, only a thin rib ofbone overlaps

the outside of the crista parotica; (3) otic plate rudimentary, otic ramus extends posteriorly

for only about l/2 width of lateral border of the otoccipital in an arc, otic plate overlaps the

crista parotica only in this region.
72. Otic capsule, crista parotica, cartilaginous process extending torvards the

suprascapula: (0) present; (l) absent; (2) present, but part ofthe dorsal section ofan extra

large tympanum.
73. Otic capsule, crista parotica, cartilaginous process extending towards the

suprascapula, if present: (0) short, cartilaginous; (l) very long, cartilaginous; (2) long and

ossified, as is the crista parotica.
74. Otic capsule, crista parotica, nature: (0) cartilaginous; (l) mostly ossified
75. Otic capsule, crista parotica, angte: (0) perpendicular to body axis in frontal plane; (l)

angled forward in the frontal plane, assessed from the position of the anterior margin of the

crista parotica.
76. Frontoparietal fenestra: (0) large, covering more than li3 the width of frontoparietal and

gap, frontoparietals reduced to narrow margins only; (l ) present as a small gap, not more

than l/3 the width of frontoparietal and gap, with each frontoparietal slightly reduced; (2)

absent; (3) small round gap at the point of fusion of frontal and parietal.

77, Frontoparietals, anterior margins: (0) lateral edge extends beyond the medial edge; (l)
medial edge extends as much as the lateral edge and the central portion; (2) medial edge
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extends beyond the lateral edge; (3) medial and lateral edge not as anterior as the centre,
leading to a heart-shaped frontoparietal arrangement; (4) lateral edges extend outwards
slightly, gap for interfrontal bone, which is absent.

78. Frontoparietal, shape: (0) rectangular; (l ) anterior wider than posterior; (2) posterior wider
than anterior; (3) diamond-shaped.

79. Squamosal, thickness of zygomatic versus otic ramus: (0) otic ramus noticeably thicker,
since distinct angular bend as it tums over the crista parotica not evident; (l) approximately
equally thick, distinct angular bend onto the surface of the crista parotica evident; (2)
zygomatic ramus notably expanded and exostosed.

80. Squamosal, length of the zygomatic ramus in comparison with that of the otic ramus:
(0) zygomatic ramus longer than the otic ramus; (1) zygomatic ramus approximately equal

in length to the otic mmus; (2) zygomatic ramus shorter than the otic ramus.
81. Maxilta, shape of pars fascialis (lateral view): (0) well developed and rectangular; (l)

reduced anteriorly, strong and triangular; (2) reduced to absent, may be rectangular and

short.
82. Quadratojugal, overlap with maxilla: (0) continuous, articulating with matilla, slanting

over each other or strongly overlapped, no reduction in quadratojugal; ( I ) anterior process

ofthe quadratojugal reduced or absent, not touching the maxilla.
83. Quadratojugal: (0) present; (l) absent.
84. Pars externa plectri of breeding males: (0) large, present, rounded, covering l/3 to 213 of

the area inside the rympanic annulus; (l) small and rod-like, or absent; (2) extremely large,

covering more than 2/3 ofarea inside tympanic annulus.
85. Premaxilla, projection of pars fascialis (alary process): (0) vertical (dorsal); (l)

backwards (posterodorsally); (2) forwards (anterodorsally).
86. Premaxilla, angle of pars fascialis (alary process): (0) dorsally, perpendicular to pars

dentalis; (l) inclined laterally outwards alvay from midline.
87. Tympanic annulus: (0) complete; (l) incomplete, rounded; (2) absent; (3) incomplete,

pear-shaped, involving the squamosal as its dorsal limit, with the dorsal section of cartilage
fused onto squamosal.

88. Stapes (columella): (0) present; (1) reduced; (2) absent.
89. Hyoid, hyale, width from start of anteromedial process: (0) narrow, without a flange

extending to halfthe length ofhyale; (l) wide, flange extending to halfthe length ofhyale.
90. Hyoid, hyale, free flange towards jaw just anterior to its angle: (0) absent; ( I ) present.

91. Medial branch of anterior process of hyale: (0) long, straight, thin; (l) short and usually
curled, relatively thick; (2) small nipple-like knob only, (3) slightly elongated, but not more
than three times its width; (4) absent.

92. Hyoid, shape of the stalk of the alary processes: (0) narrow and pinched, blade-like; (l)
thick and rounded, slightly less than or as expanded as the thick distal portion.

93. Hyoid, atary process, width of base: (0) equal to the stalk; (1) broader than stalk.
94. Hyoid, distal expansion of alary process: (0) absent; ( 1) present-

95. Hyoid, shape of the distal expansion of the alary process: (0) large rounded to trumpet-
shaped or slightly triangular expansions; ( l) oval, slanted posteriorly at a 45' angle to the
body axis; (2) extremely small, rounded, edges can be ragged; (3) small, nanow, blade-like,
slanling posteriorly at a 45o angle.

96. Hyoid, angle ofalary processes: (0) angled anteriorly; (l) angled laterally.
97, Hyoid, hyoglossal sinus: (0) deeper than anterior border of base of alary processes; (l)

shallow, less than or just reaching anterior border of base of alary processes; (2) shallow,
but fibrous line ofa deep sinus visible.

98. Hyoid ptate, calcification: (0) not or only slightly calcified centrally, but not calcified
between the thyrohyals; (1) well calcified, with large proximal expansions at the bases of
the thyrohyals, resulting in the thyrohyals appearing almost fused at the postenor end ofthe
plate.

99. Hyoid, Iibrous uncalcified suture on hyoid plate: (0) absent; (1) present centrally, running
transversely; (2) present centrally, running longitudinally and not present at extreme
anterior and posterior edges ofthe plate.
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100. Hyoid plate, shape: (0) wide, width greater than or equal to length; (1) nanow, longer

than wide.
l0l. Hyoid, posteromedial process (thyrohyal): (0) cartilaginous stalk absent; (l)

cartilaginous stalk present; (2) hyoid plate pinched above thyrohyals, posterior lateral

processes originating close to base ofalary processes.

102. Hyoid, posterolateral process: (0) present; (l) absent; (2) extremely reduced, small
bumps only.

103. Hyoid, posterolateral processes, length: (0) long; (l) short, less than l/3 length of
posteromedial process (thpohyal); (2) rudimentary bumps or stumps.

104, Hyoid, posteromedial process (thyrohyals), expanded flange on medial side: (0)

absent; (l) present, small; (2) present, widening of thyrohyals due to distal medial
expansion towards larynx, which has a concave inside edge.

105, Hyoid, posteromedial process (thyrohyals), expanded flange on Iateral side: (0) absent;

(l) present distally, small; (2) present medially, u,ith curved edge.

106. Hyoid, posteromedial process (thyrohyals): (0) expanded at proximal ends only; (1)

equal width, not expanded at either end; (2) expanded at both ends.

107. Hyoid, distance between posteromedial processes (thyrohyals): (0) close together, less

than one times the width of the proximal expansion ofthe thyrohyal aparti (l) about once

the width of the proximal expansion of the thyrohyal apan; (2) more than 1.5 times the

width ofthe proximal expansion ofthe thyrohyal apart.
108. Cricoid ring, oesophageal process: (0) present; (l) absent.

109. Cricoid, bronchial processesi (0) present, short, not branched or latticed; (1) present,

long, ending in an extensive lattice ofcartilage surrounding or rami$ing through the lungs.
110. Larynx, arytenoid cartilages of breeding male: (0) rounded; (l) disproportionately long

and oval-shaped, relatiye to the width ofthe entire laryn-x.
111. Tarsal one (not naviculare): (0) absent as independent element; (l) present.

112. Tarsal two: (0) free, not fused to tarsal three; (l) fused to tarsal three.

113. Carpal state serrstt Laurent & Fabrezi (1989): (0) n; (l) B; (2) C; (3) D; (a) E; (5) F.

114. Distal intercalary elements: (0) absent; (l) present, thick concave discs; (2) present,

wedge-shaped, rounded anteriorly and slightly concave posteriorly.
115. Digital subarticular sesamoids: (0) absent; (l) present.

116. Sesamoid(s) on ventromedian surface of tarso-metatarsal joint: (0) absent; (l) present.

117, Sesamoid(s) on ventrolateral surface of tarso-metatarsal joint: (0) absent; (l) one

present; (2) two present; (3) thrce present.
118. Sesamoid in the aponeuris palmaris: (0) none; (l) one.
119, Os sesamoides tarsal€: (0) absent; (l) present.

120. Cartilagio sesamoides: (0) present; (l) absent.
121. Prehallux: (0) small, usually cartilaginous; (l) large, either ossihed or cartilaginous.
122. Prepoltex, length versus length of lirst metacarpal in mature male: (0) approximately

ll4 to ll3 in length; (l) greater than l/2; (2) short, ossified and tear-drop shaped, may be

fused to base of metacarpal in species where this is reinforced into a fighting spike; (3)
almost full length ofmetacarpal, curved; (4) rectangular, flat.

123. Flange (crista lateralis) on dorsolateral surface of humerus of mature male: (0) absent;

(l) present proximally, large; (2) present distally, small.
124. Flange (crista ventralis) on ventral surface of humerus: (0) long, about ll2 of length,

grading into bone; (l) small, about ll4 to a ll3 of length, abruptly ending; (2) long, about
1/2 of length, but squared oIf and ending abruptly.

125. Metacarpal of the third finger of breeding male, distal tuberosity: (0) absent; (l)
present.

126. Metacarpal ofthe lirst finger of breeding male: (0) no enlargement; (l) enlarged flange-
like nuptial tuberosity distally, on the outer edge.

127. Metacarpal offirst linger in breeding mate: (0) uniformly thickened, noticeably more so

than other metacarpals, not penetrating skin, not spike-like; (1) thick, enlarged into spike

which may or may not penetrate skin, thus leaving the distal phalanges set offat an angle to

the axis ofthe finger; (2) bladeJike expansion at medial distal edge and on prepollex; (3) as

other metacarpals.
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128. Shape of tips of terminal phalanx of third finger: (0) bifurcate, T- or Y-shaped; (l)
knob-like, simple; (2) sharply pointed, slightly elongated.

129. Shape of terminal phalanx ofthe fourth toe: (0) large T-shaped; (l) small T-shaped; (2)

simple or only slightly dilated; (3) long, sharply pointed; (4) Y-shaped, arms bearing

flaftened oval-shaped flanges; (5) pointed, truncated (short), tip may be a very small
globule; (6) long, sharply pointed, as in state 3, but tip separate from the body of the

terminal phalanx and bent sharply downwards, which may or may not perforate the

integument in life.
130, Medial lingual process: (0) absent; (1) type A, retractile upright cone-shaped process with

alpha-type retraction; (2) type B, retractile upright rugose process *'ith alpha+ype
retraction; (3) type C, elongate longitudinally reclining process with alpha-type relraction or
non-retractile; (4) only a sublingual cartilaginous rudiment present.

131. If medial lingual process present, texture of surface: (0) smooth; ( [ ) rugose.

132. If medial lingual process present, shape: (0) short, bumpJike; (l) elongated.

133. If medial lingual process present, shape of tip: (0) rounded and blunt; (l) sharply
pointed.

134. If medial lingual process present, orientation: (0) upright; (l) reclined posteriorly.
135, Tongue, shape: (0) maximum width greater than or equal to length at centre; (l) length at

centre greater than maximum width; (2) wide, butjust short ofbeing wider than long.
136. Tongue, distal margin: (0) not indented, entire; (1) indented in centre, lobed.
137. Posterior palatial fold: (0) absent; (1) present.
138. Snout prolile: (0) rounded and overshot; ( 1) wedge-shaped.
139. Callusing ofdorsal snout ofbreeding males: (0) absent; (l) present.
140. Musculus cutaneous pectoris (mcp): (0) absent; (1) present as thin slip; (2) present as

thick slip.
l4l. Breeding males, colour of testes: (0) uniformly white to off-white, no black pigment

present; (1) dark, pigment present throughout or on mesorchium or dorsal sections only.
142. Breeding males, velvety nuptial pads: (0) absent; (l) on finger one only; (2) on fingers

one and two; (3) on hngers one, two and three; (4) short spines on fingers one, two and

three.
143. Breeding males, sub-terminal metacarpal spike: (0) absent or non-protruding; (l)

present, protruding through skin.
144. Breeding males, pad of spines at base of first finger: (0) absent; (l) few, large sharp

black cones in a cluster; (2) pad of small white spines, covering the entire area where
nuptial pads occur on the first finger in other ranids.

145. Breeding male, length of third finger: (0) normal; (1) considerably longer than other
fingers, dorsal or lateral surface offingers two and three covered in dermal denticles.

146. Breeding males, ventral spinules: (0) absent; (l) present in the axilla and/or flanks and

chest region only; (2) present over the whole ventral surface; (3) present on the inner
surface of the upper arm.

147. Breeding males, hedonic glands: (0) glandular region on inside of forearm; (l)
hemispherical disc-like glandular flaps near axilla; (2) absent; (3) raised cylindrical patch on

dorsal surface of wrist near first finger; (4) large glandular region on inside of forearm and

pectoral glands.
148. Gular gland in breeding males: (0) absent; (1) present.

149. Spicules around jawline in breeding males: (0) present, well developed; (l) absent; (2)
present, fine.

150. Vocal sac breeding male, nature: (0) single medial subgular sac or no vocal sac; (l) two
lateral vocal sacs, intemal or extemal.

151. Femoral glands in males: (0) absent; (l) present; (2) less developed than in females.
152. Femoral bumps: (0) clear, granular and confined to a small region proximally, extending

for less than l 12length ofthigh; (l) absent or very faint, these may be slight parallel ridges;
(2) as 0, but extending ll2 to 3l4length of thigh.

153. Papilla in the centre oftympanum, breeding males: (0) absent; (1) present.

154. Supratympanic ridge: (0) strong, may be glandular; (1) absent or weak; (2) strong,
encircling the entire dorsal section ofa large tympanum.
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155. Tympanic membrane: (0) indistinct, covered by skin as thick as that on rest of head; (l)
distinct, as skin over tympanum is thimed; (2) half distinct, half-covered by muscle, only a
crescent visible.

156. Width ofeye versus tympanum (adutt male): (0) tympanum less than or equal to radius

ofeye; (l) tympanum greater than halfbut less than full width ofeye; (2) tympanum greater

than full width of the eye.

157. Shape ofpupil: (0) vertical; (l) horizontal; (2) round.
158. Webbing between toes: (0) extensive; (l) rudimentary, l14 to llz of longest toe; (2) trace

at base, or no web.
159. Toes, if unwebbed: (0) not flanged entire length; (l) flanged entire length.
160. Dorsal digital scutes on terminal phalanx offeet: (0) absent; ([) present.

161. Relative length of first and second fingers: (0) first finger not reaching the tip of the

second; ( l) first finger equal in length or extending beyond the second.

162. Relative length of first and third fingers: (0) third finger longer than first; (l) third finger
equal in length to first; (2) third finger substantially longer than first.

163. Relative length of second and fourth fingers: (0) second finger shorter than or equal in
length to the fourth; (l) second finger longer than fourth.

164. Fee! small conical spicules on ventrolateral surfaces of soles in breeding males: (0)

absent; (l) present.
165. Colour pattern on the posteroventral surface of thighs: (0) solidly dark and extending

onto soles of feet or uniform; (l) reticulate blotches or broken stripes not extending onto

feet; (2) mottled.
166. Tip of the terminal phalanx of the fourth toe: (0) does not terminate in a small, narrow,

hard bead; (l ) terminates in small, narrow, hard bead.
167. Shape of the terminal phalanx of the fourth toe: (0) deltoid or triangular disc; (l)

stightly to notably enlarged semicircular disc; (2) tapering or pointed, not notably enlarged.

168. Tip of the terminal phalanx of the fourth toe: (0) rvith a ventral circum-marginal
groove; (l) without a venffal circum-marginal groove.

169. Outer two metatarsals: (0) deeply incised and separated by web almost to the base; (l)
forming part of a fleshy sole, separated only distally.

170. Inner metatarsal tubercle, length compared to that of the lifth toe (measured from the
base of the subarticular tubercle to tip): (0) short, up to the same length as the fifth toe;
(l) longer than fifth toe but flattened and indistinct; (2) longer than fifth toe, but expanded
into a protruding digging flange.

171, Outer metatarsal tubercle: (0) absent; (1) present.

172. Tarsal fold: (0) absent; (l) present; (2) present to mid-tarsal tubercle only.
173, Lateral margin of fifth toe and metatarsal, loose flap of skin: (0) absent; (l) present; (2)

absent, but strongly or weakly developed dermal seam separating dorsal and ventral
surfaces ofthe foot.

174. Mid-tarsal tubercle: (0) absent; (1) present.

175. Heel tubercle: (0) absent; (l) small and round to spikeJike; (2) not single, present in a row
ofthree.

176. Basal (proximal) row of subarticular tubercles of feet: (0) abnormally large, tending to
square; (l) large, round to oval; (2) very small and sharply defined, round to conical; (3)

tubercles under the first to third digits large, those under the fourth and fifth small.
177. Subarticular tuberctes offeet: (0) spherical or conical; (l) oval, long, flattened; (2) raised

perpendicularly and half disc-shaped, eachjoined by a ridge to that ofnext phalanx.

178. Outer metacarpal tubercle: (0) divided, mid section smaller than outer section; (l)
divided, sections equal in size; (2) divided, mid section larger than outer; (3) entire on

smooth palm; (4) entire, palm of hand granular.
179. Outer metacarpal tubercle, if divided: (0) parts touching or fused; (1) parts distinctly

separate.
180. Number of subarticular tubercles present on the third finger (including the basal or

proximal tubercle): (0) two; (l) one.
l8l. Palmar supernumerary tubercles: (0) indistinct or absent; (l) distinct in one or two

rows; (2) indistinguishable from granular palms.
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182. Tubercle on ventrolateral surface of wrist: (0) absent; (l) present.

183. Dorsal raphe (narrow inverted skin fold) running along spine: (0) absent; (l) present.

184. Transverse fold across head behind eyes: (0) absent; (l ) present.

185. Abdominal colouration: (0) uniform or slightly mottled to plain; (l) small, regular round

spots; (2) irregular spots to plain; (3) small reticulations; (4) large reticulations, semi-

circular, may fade to uniform in adult. (5) bull's-eye pattem.

186. Abdominal skin: (0) coarsely granular; (l) smooth; (2) showing some granulation on the
posterior half of abdomen, chest region smooth.

187. Gular skin of females, texture: (0) granular or rippled; (l) smooth.
188. Additional dorsal glands: (0) none; (l) sacral gland; (2) two dorso-lateral strips ofglands,

continuous and complete, or incomplete and broken into paired oval glands in the lumbar
and sacral regions; (3) glandular region above eyelids; (4) poorly-defined glandular patch in
the inguinal region.

189. Chevron-shaped glands in scapular region, or running dovrt length of body: (0)

absent; ( l) present.

190. Skin ridges on dorsum: (0) none; (l) only a few, broken or discontinuous; (2) more than

six; (3) two continuous, glandular dorsolateral ridges.

I9l. Amplexus position: (0) inguinal; (l) male's forearms placed along female's flanks, male

vent placed half a body length back from female vent; (2) cephalic; (3) weak contact or
straddling; (4) gluing of male to female; (5) arillary

Minimal polymorphism was encountered in the current data set, and in all cases was betrveen

state 0 and l, coded as '*' in the matrix. An attempt was made to avoid 'overcoding' ofabsence,

i.e. repetitious coding ofabsence for the same organ or bone, as done extensively by Wu (1994).

This can have the negative effect of strongly grouping taxa that do not have a particular feature

(Pleijel 1995), potentially overriding the phylogenetic signal from other characters.

Unknown determinations of the true state, or missing data, are represented in the matrix by a

'?'. The primary cause of missing data was the character state not being visible on the available

material, often due to the incomplete clearing of the surrounding tissue, breakage of the

structure concemed, or failure of tissue to adequately take up the stain, the latter due to

dehydration or decalcification, e.g. the single specimen of Mantella examined in the present

study. In some cases, the specimen was assessed as sub-adult from the incomplete ossification

of the diapophyses of the long bones and phalanges; in such cases, states of characters that are

well known to be influenced by the extent ofossification were coded as unknown. Occasionally,

specimens that were examined during the collections visits were unavailable for further loan,

e.g. if they were being used by another researcher. In these cases, characters added subsequent

to their examination were coded as unknown. This is most noticeable for Trichobatrachus,

Leptodactylon and, Conraua goliali. The osteology of Sooglosszs was coded from the literature

(Griffiths 1959b; Lynch 1973; Wu 1994), as no skeletal specimens were examined. Characters

that were logically impossible to code, or not applicable, for particular taxa were coded with a

'-'. The data set is only minimally affected by non-applicable codings, for example

characteristics ofthe medial lingual process (characters 131-134), which is absent in most taxa

examined. Due to its aberrant morphology and the resulting problems of homology assessment

with other ranoids, many characters were coded as inapplicable for Hemisus. As even
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incompletely coded taxa may have a major effect on phylogenetic reconstruction by showing

novel character suites (Gauthier er a/. 1988; Yrana et al. 1994), the value of including Hemisus

and Sooglossus was deemed to outweigh the problems associated with missing or inapplicable

data that their inclusion may have introduced.

Despite every attempt to avoid enor, it is inevitable that there will be some errors in this

matrix, or any other similar matrix. The most insidious cause of error is likely to be the small

sample size of specimens examined for some taxa. In many cases, the specimens were loaned in

a cleared and stained condition, thus original determinations could often not be checked, nor

could the sex and breeding condition.

Molecular Data Collection

Sample Preservation, Storage and DNA Isolation

Tissue samples used for sequencing were predominantly muscle tissue, either frozen or

preserved in 96% ethanol, or occasionally liver tissue preserved in 20% dimethyl-sulfoxide

(DMSO) in saturat€d saline. All samples were collected less than one hour after sacrifice of the

specimen and refrigerated until extraction. Whole genomic DNA was isolated via the standard

phenol-chloroform extraction method (Maniatis 1982; Hillis el al. 1996), or using

hexadecyltrimethylammonium bromide (CTAB) digestion buffer and excluding the phenol steps

(Corach 1991).

2l

Choice of Gene Loci

The choice ofgene loci for use in phylogenetic studies is a crucial determinant ofthe level of

insight that can be obtained from such studies (Brower & DeSalle 1994). The fragment of the

l2S rDNA utilised here has been widely used in anuran systematics above the species level

(Hedges & Maxson 1993; Hay et al. 1995; fuchards & Moore 1996; Ruvinsky & Maxson 1996;

Richards & Moore 1998; Emerson & Ward 1998; Vences 1999; Bossuyt & Milinkovitch 2000;

Clough & Summers 2000; Emerson et at. 2000b,2000b; Richards et aI 2000; Vences e, a/.

2000a, 2000b; Wieczorek et a\.2000; Kosuch e/ o/. 2001). New sequences obtained are readily

comparable with those obtained in previous studies. Although widespread usage does not

necessarily mean that a particular gene region is suitable for phylogenetic studies at a particular

level (Brower & Desalle 1994), the gene regions chosen here have demonstrated their utility

above the species level in the Anura. Although the section of l6s rDNA sequence investigated

here is shorter than that conventionally sequenced in the above-mentioned papers, Parker &

Komfield (1996) reported that it appears to contain most ofthe variation exhibited by this gene

in a wide range of taxa. Inclusion of this hlpervariable section, which may contain many

saturated positions, is justified because it nevertheless represents variation, much of which is
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useful in resolving terminal relationships, as demonstrated for third codon positions by Vrana et

al. (1994) and Klllersj0 et al. (1999). Both of these gene regions amplifr readily in anurans-

The following primers were used:

12S: l2Sa (light chain-L2519; 5'-AAACTGGGATTAGATACCCCACTAT-3') and

l2Sb (heavy chain-H2916: 5'-GAGGGTGACGGGCGGTGTGT-3') of Simon et a/.

(1994);

165: l6Svf (light chain; 5'-TACATAACACGAGAAGACC-3') and l6Svr (heavy chain;

5'-GTGATTGCGCTGTTATCC-3') of Parker & Komfield (1996).

Polymerase Chain Reaction (PCR) Conditions

PCR reactions were conducted according to standard methods, using concentrations as given

in Table 4. Reaction volumes were either 50 pl or 20 pl, and were thermocycled in a

GeneAmp@ PCR System 9600 (Perkin Elmer Biosystems). The following cycling protocols

were used: (l) l2S. Initial denaturation step: 60 s at 94 "C; thermocycling (34 cycles):

denaturation 30 s at 94 "C, primer annealing 45 s at 54 oC, extension 60 s al72 oC; final clean-

up: 300 s at72 "C; rapid thermal ramp to 4 oC and hold. (2) l65. Initial denaturation step: 180 s

at94"C; thermocycling (35 cycles): denaturation 60 s at 94 oC, primer annealing 60 s at 49 "C,

extension 60 sat72'C; final clean-up: 300 s at 72'C; rapid thermal ramp to 4 "C and hold.

Table 4. Reaction concentrations and quantities used in polymerase chain reactions (PCR's).

Reagent Stock
concentration

Per 10 pl reaction
volume

Final reaction
concentration

PCR buffer
MgClz
Iaq polymerase
dNTPs
Primer A
Primer B
Water
DNA

l0 x
25 mM
5 units/pl
8mM
l0 pM
l0 pM

I trl
0.7-3 pl
0.05 pl
1.0 pl
0.12 pl
0.12 pl
to final volume

t0%
l4mM
0.5 units
0.2 mM
0.12 mM
0.12 mM

+ 100 ng

PCR Product Purification and Sequencing

PCR product was cleaned using Qiagen PCR purification kits (Qiagen). Cycle sequencing

was performed under recommend,ed conditions using ABI PRISMo BigDye@ Terminator Cycle

Sequencing Ready Reaction Kit (Applied Biosystems Inc.), in quarter-reactions (10 pl). Product

was cleaned through Centri-sep spin columns (Princeton Separations), refilled with Sephadex8

G-100 fine (Separation Scientific), I g per 16 ml sterile distilled water, 0.9 ml of solution per

column, pipetted while stirring to avoid settling of the gel. Spin column separation was
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performed as per the Centri-sep protocol. The samples were sequenced on an ABI 377

automatic sequencer (Applied Biosystems Inc.) at the Core DNA Sequencing Facility,

Department of Genetics, University of Stellenbosch. Some sequences were generated manually

as in Dawood & Channing (2000).

Table 5. l2S and 165 rDNA sequences produced, specimen voucher numbers and localities.
Sequences obtained by Ms M. Dupreez are marked with an asterisk(*), those obtained by Dr A.
Dawood are marked rvith a superscript (t). Collector acronyms for molecular vouchers are listed

in Appendix l. Samples with only a collector accronym (listed in Appendix l) do not have

associated voucher specimens.

Species l2s t6s Voucher Locality

Afrana angolensis
Afrana fuscigula
Amnirana albolabis
Ahhydtophryne rattroyi
Art hr o I ept el I a I a nddrcs ia
Art hro I ept e I I a b icolor
A rt hro lept ides mari ienss en i
Ayr*losternusdiadematus
Cacosternum boettgeri
Cacoslernum capense
Cacostemum namaquense
Cacosternum nanu pqruum
Cardioglossa gracilis
Conraua crassipes
Conraua goliath
D i m o r p ho gn al hus afr i c an u s
Hildebrandtia ornola
Hopl o ba t rac hus oc cipi I al b
H op lo batrac hus occip i ta I i s
Ht'dtopht-latgalatfi ensis
Hypero lius viri d ifl avus
Leptodactylon meltens i
Le p t op e I i s w rlfl ic u I a t us

Mic robatac hel la cape ns is
N at alobotrac hus bone bergi
Nyctibates corrugatus
Petopedetes ca eronie sis
Petropedetes newtoni
Petropedetes parkeri
P h ry no bat rachus acrido i des
P h rynobatrachus pl icatus
P h rynobalrac hus cricogas I et
P h ry n o b a t r a c h u s krelft i i
P h ry'no bal ra c hus n al a I e ns i s
Phrynodon sandersoni
Poyntonia paludicola
P lyc hadena chry s o gaster
rxnxicephalusadspersus
Scotobleps gabonicus
Stronglopus grayii
Tomoplerna marmorata
Tomopler a ta dyi

Muzambai, Tanzania
Stellenbosch, South Africa
Nguti, Cameroon
Hogsback, South Aliica
Landdroskop, South Africa
Bainskloof, South Africa
Armani, Tanzania
Nguti, Camercon
Weenen, South Africa
Klipheuwel, South Africa
Arakoop, South Africa
Sabie, South Africa
Nguti, Cameroon
Mt, Nlonako, Cameroon
Cameroon
Nguti, Cameroon
Beira, Mozambique
Kampala, Uganda
Lake Nabugalo, Uganda
Bcira, Mozambique
Nkuku, Zambia
Nlonako, Cameroon
Armani, Tanzania
Hermanus, South Africa
The Haven, South Africa
Nguti, Cameroon
Nguti, Cameroon
Mt. Kupe, Nyasoso, Cameroon
Nlonako, Cameroon
Mafia Islald, Mozambique
Nguti, Cameroon
Nlonako, Cameroon
Muzambai, Talzania
Beira, Mozambique
Mt. Nlonako, Cameroon
Steenbras, South Africa
Bwindi, Uganda
Glen Austin, South Africa
Nguti, Cameroon
Stellenbosch, South Africa
Nkuku, Zambia
Adelaide. South Africa

15.14

M2,',

10,9r

1206t

AF3302,14

AF310239
14,6

AD9'
8.4

10.10

9.4

ADI3l
12,9

MIE*
AD I4T

15.8

Ml5
I 105

l5. t

14,7

7.6

ADT

ADI5T
12.7

9.9

1251t

l4.l I
9.8

I5.14
M2
10.9

t206
t204
1302

14.6

AD9
8.4

10.10

t2.4
9.4

AD I3
t2.9

AD14
15.8

Mt2

I l05n.w
ACl654

l5.l
t4.1
7.6

14.9

ADIO
AD]5

9.9

AC 1251

14.1I

9.8

14.5

ACI I IE

9.1

9.5

13.5

AD23

RDS 926

MA 12

TMSA 84177

AC 1206

AC I204
AC t 302

TMSA 84077

TMSA 8431|
ES 262

TMSA 84242

TMSA 84308

TMSA 84309

TMSA 84165

ZFMK 69355

MV
TMSA 84170

AC llr0
AC ll2l
AC r368
AC II05
AC 1654

MV
TMSA 84038

TMSA 84315

ZFMK 6fu3
TMSA 84312

LM 24

ZFMK 75590

MV
AC 1251

TMSA 84I O I
MV

TMSA 84038
AClll8

ZFMK 69283
ES r75

Ac t328
ES

TMSA 84] 13

MA IO
AC r539

AC t487

lll8i
911

9.5

M l3*
13.5

AD231

Mlr
AF371203

AF37l185
ACl539
AC14E7
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Data Analysis

Simultaneous Analysis

The analysis presented here incorporates three different data sets: morphology and two gene

regions. There are both drawbacks and advantages of combining data sets obtained from

different sources for analysis, which have been extensively reviewed in the literatr:re (Kluge

1989; Bull et al. 1993; De Queiroz 1993; Eemisse & Kluge 1993; Kluge & Wolf 1993;

Chippindale & Wiens 1994; De Queiroz et al. 1995; Miyamoto & Fitch 1995; Huelsenbeck er

al. 1996; Nixon & Carpenter 1996; Page 1996). At the start of the molecular revolution in

systematics, it was thought that combining morphological data sets (which mostly contain less

than 200 characters) and molecular data sets (which usually contain substantially more

characters, often in the order ofkilobases) would lead to 'swamping' of the morphological data

(Miyamoto 1985; Swofford 1991). However, empirical studies suggest that morphological data

frequently contain a higher phylogenetic signal to noise ratio than do molecular data, and the

opposite is often the case, even if morphological characters are less abundant (DeSalle et a/.

1992; Donoghue & Sanderson 1992; Eemisse & Kluge 1993; Wheeler et al. 1993; Chippindale

& Wiens 1994). The'total evidence' or'simultaneous analysis' maximises explanatory power,

in addition to allowing the emergence of secondary signals (Kluge 1989; Kluge & Wolf 1993;

Chippindale & Wiens 1994; Nixon & Carpenter 1996; Cognato & Vogler 2001). The

simultaneous approach is thus considered preferable and is adopted here. As such, the results of

the independent morphological and molecular analyses are not presented or discussed

separately, since these are considered to inevitably be inferior to the results obtained from

analysis of alI available data simultaneously.

Composite Terminals

Although every effort was made to obtain data from all three data sets for the same exemplar

species, this was not always possible. Taxa for which one or more of the molecular data sets

were missing could affect the analysis by increasing the number of most parsimonious trees

(MPT'$ due to the 'wild card' or 'joker' effect, and hence the instability of the result to the

addition ofnew data (Nixon & Carpenter 1996). In a few cases, it was possible to combine the

morphological data ofone exemplar species with molecular data from GenBank for one or both

gene regions of a congener or assumed closely related species, to form a composite chimaeric

terminal. All available information was used to avoid the generation of a non-monophyletic

terminal, at least at the level of resolution required by this analysis. These terminals were then

labelled at the highest inclusive taxonomic level, for example the morphological data of

Breviceps rosei were combined with data from both gene regions from an unknown species of

Probreviceps Parker, 1931, forming a composite terminal named Brevicipitinae. The above
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approach is highly dependent on correctly identified sequences. All cases in which this was

done are explicitly stated in Table 7.

Taxon \lorphologv r2s t6s
Brevicipitinae
Arthroleptis
Cardioglossa
Colostethus
Dendrobates
Heleophryne
Kassifia
Leptodactylon
Leptodactylus

Platymanlis
Prychadena
Sooglossidae

Breviceps rosei
A. slenodactylus
C. leucomystax
C. inguinalis
D. speciosus
H. purcelli
K. senegalensis
L- ventrimarnoralus
L. melahonotus
N. parkei
P. surdus
P. corrugatus
P. moscareniensis
Soo g I os sus s ech e I lens is

D. panilro O Schmidt, 1857
H. natdlensis
K, naculata (Dirrr'edl, 1853\
L. t ertensi Pefiet, 1959
L. pentddactylus
l{ pleskei Gtinther, 1896
P pelersi (Boulenger, 1900)

Probreviceps sp.
Arthrolepris sp.
C. gracilis
C p/atli (Boulenger, I899)
D. punilio
H. purcelli
K. senegalensis
L. fiertensi
L. pentadactylus

P. pelersi
P vraerJrs (Girard, 1853)
P. crysogaster
Nesomantis thomasseti

P . crysogaster La]Jienl, 1954
Nesorfiantis tho asser, BIs. 1909

Tree Reconstruction Method

'Pluratism' (sensri Giribet et al. 2001a), whereby many available methods (conventionally

distance methods, maximum likelihood and parsimony) are all used on the same data set, and

concordance of results taken as confirmation that the result is correct or robust, is unscientific

and uncritical. Concordance does not equate to colrectness (Felsenstein l98lb; Shull e, a/.

2001; Giribet et al.200la).In addition, if the results are incongruent, it is unclear what criteria

would then be used to select a particular hypothesis from among the altematives. Pluralism

shows a disregard for the philosophical and operational differences between the various

anal]tical methods (Giribet et al.200la), and ignores the fact that the outcome may be due to

the choice of parameters utilised, not the method per se. Choice of a single analysis algorithm

should be made beforehand on philosophical grounds, and justified accordingly. Parsimony

(Kluge & Faris 1969; Farris 1983) using alt available data (Kluge 1989) is here considered to

be the best available method for information content, robustness and accuracy.

Pairwise distance algorithms, such as Neighbour Joining (Felsenstein 1984, Saito & Nei

1987), which $oup taxa by overall similarity, are invalid for inferring phylogenetic

relationships (Farris 1981, 1985, 1986, 1990; Siebert 1992; Farris et al. 1996; Hillis 1996;

Swofford et al. 1996; Goldstein & Specht 1998). Overall similarity does not differentiate

between shared derived character states (synapomorphy), which are informative of evolutionary

relationships, and shared primitive character states (symplesiomorphy), which are not.

The other widely used method for infening phylogenies is maximum likelihood (Felsenstein

1973, l98la, l98lb, 1983; Huelsenbeck & Rannala 1997; Huelsenbeck & Crandall 1997

amongst others, see Whelan et al. 2001 for a review). Maximum likelihood (ML) has been

criticised (Farris 1986, 1999; Wheeler 1990, 1992; Carpenter 1992; Siebert 1992; Williams

l6

Table 7. Data sets used to construct composite terminals.

Probreviceps sp,

Arthroleptis sp,
C gracr'lis Boulenger, 1900
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1992; Wenzel & Carpenter 1994; Siddall & Kluge 1997; Goldstein & Specht 1998; Siddall

1998; Giribet & Wheeler 1999b; Siddall & Whiting 1999; Sanderson & Kim 2000; Farris et al.

2001; Kluge 2001), primarily on the following grounds. The results are dependent on the

correctness of the models of evolution that are assumed, which, in order to simpliff the

analyses, are often necessarily unrealistic. Maximum likelihood sacrifices the fit ofthe data for

conformity to the specified model of evolution (but see Sullivan & Swofford 2001). Like

distance measures, ML does not consider gap information; in doing so it is less explanatory,

because it dismisses a priori sorne ofthe historical information in the data (Wheeler et al. 1993;

Giribet & Wheeler 1999b).

Another principal problem with ML is that existing likelihood models (excepting

'parsimony' models, which equate to parsimony analysis), cannot currently be used to analyse

morphological data. This is because the evolution ofthese data is not as simple or nearly as well

understood as that of molecular data. Although some aftempts are being made towards

rectifuing this via the development of new models (e.g. Lewis 2001), the paucity of basic

knowledge regarding morphological evolution will unfortunately persist. As morphological data

will undoubtedly remain the backbone of organismal classification systems, the inability of ML

to deal with this data type is problematic. Parsimony is the method of choice used here, due to

the existing algorithms' ability to analyse morphological data effectively. The preferred use of a

simultaneous analysis ofall available data is another justification for using parsimony over ML,

since simultaneous analysis is merely a logical extension of parsimony, As with any other

method, parsimony has its problems. However, the circumstances under which it can fail are

simple and well understood, unlike those of other methods. The most notable failing of

parsimony is the phenomenon of long-branch attraction (Felsenstein 1978; Hendy & Penny

1989; Swofford & Olsen 1990; Huelsenbeck & Hillis 1993; Steel et al. 1993; Huelsenbeck

1995; Kim 1996; Steel & Penny 2000). However, this can be circumvented by careful taxon

sampling to 'break' long branches, and by including basal exemplars of all putative clades

(Williams 1992; Graybeal 1998; Prendini 2001). Despite all reasonable attempts at minimizing

it, some long-branch attraction may still have occurred here, given the scope of the present

study and the completely unknowl nature ofthe relationships ofthe taxa concemed.

The Parsimony Ratchet

The existence of local optima, or 'islands of trees' (sensa Swofford 1990; Maddison l99l),

which are defined as a group oftree topologies in which each topology is no more than a single

rearrangement away from another topology in the set, has been recognized as a problem in

phylogenetics for some time. Local optima can usually be avoided using traditional search

strategies, such as incorporating random addition sequences followed by tree-bisection-

recomection (Kitching 1992). However, this method is ineffective on large data sets (over about
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70 terminal taxa), because the existence of many local optima considerably decrease the

possibility that a given replication will find the global optimum (Goloboff 1999). Large data

sets require an approach that analyses different parts of the tree separately, sequentially

improving sections that are suboptimal without worsening those that are already optimal.

One such novel strategy designed specifically for large data sets is the'parsimony ratchet'of

Nixon (1999a), which was used for analyses here. This method results in search times from 20

to 200 times faster than those of conventional methods of random addition sequence, Wagner

trees, subtree-pruning-regrafting (SPR) or tree-bisection-reconnection (TBR) (Nixon 1999a;

Giribet & Wheeler 1999a). The parsimony ratchet does not attempt to find multiple trees during

swapping, but simply concentrates on finding the shortest trees possible. It provides better

results on large data sets than simple branch swapping or random addition sequences because it

samples many local optima (tree islands), retaining fewer trees from each local optimum and

thereby provides a more accurate estimate of the true consensus than collecting many trees from

fewer islands (Nixon 1999a).

The method proceeds as follows:

i) A starting tree is generated, typically by randomly ordering the taxa, calculating a Wagner

tree, and then implementing TBR branch swapping.

ii) The weights of a selected subset of the characters are then randomly increased. The

proportion of characters to be reweighed is user-defined, but is recommended to be 5-

25% ofthe total informative characters. The weighting can be increased or set to zero.

iii) Branch swapping is then performed on the current tree, using the perturbed weights to

calculate length, holding only a few trees, and concluding with a single 'optimal' tree.

Ary type of swapping strategy can be used in this step, but it is tlpically TBR.

iv) The artifrcial weights are then dropped, and the original character weights restored.

Swapping on the tees found using the artificially inflated weights commences, until an

optimal tree is located for the unperturbed data.

v) Another random set of characters are then reweighted and swapping commences again on

the tree, continuing the cycle described from the second step.

Steps ii to v represent a single cycle, with the number of iterations at each step, and the

number of cycles, being defined by the user. The ratchet thus finds shorter trees more rapidly by

avoiding the time spent searching on new starting trees that are much less optimal than the last

tree swapped. The reweighed characters favour topologies that are potentially not in the same

island as the current tree (Giribet & Wheeler 1999a). A demonstration ofthe effectiveness ofthe

ratchet was presented by Nixon (1999a) via a reanalysis of the large data set of Chase e, a/.

(1993), a 500 taxon by 1428 character data set of chloroplast rbcL data for seed plants. This

data set ran for three and a half months when reanalysed on three Sun workstations (Rice et al.

1997) using PAUP (Swofford 1993), and could only find a tree of 16220 steps. The parsimony
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Fixed Sequence Alignment

Multiple alignment is conventionally employed to assign provisional homologies among

nucleotides, which are then tested in phylogenetic analysis. Sequence alignment is a problematic

procedure, both philosophically and empirically. The algorithm used by fixed alignment

programs, an extension of that of Needleman & Wunsch (1970), is almost entirely intractable

for large numbers of sequences, requiring storage and computational power increasing by a

factor of the length of each successively added sequence (n', where n is the length of the

sequence and z the number of sequences). This intense level of computational complexity

necessitates the use of heuristic shortcuts in order to be workable (Wheeler 1994)- Multiple

alignment programs take shortcuts by first clustering the sequences by overall similarity, then

aligning pairs according to their perceived similarity from the resulting distance guide tree. This

cluster can then be aligned to the next most similar sequence or cluster of aligned sequences.

However, the relative alignment of the sequences is kept constant; once a gap is inserted, it

remains in that position. The fixed nature of aligned sequences makes the procedure highly

dependent on the order in which the sequences are accreted, and multiple accretion orders may

yield unique, yet equally optimal, multiple solutions. Thus, the use of the same data and

parameters can yield non-unique solutions (Wheeler 1994; Ltttzofi et al. 2000).

Gaps, representing insertion-deletion events (indels), are inserted by the alignment programs

to create correspondence between sequences of unequal lengths, which is commonly the case

for sequences from widely disparate or higherJevel taxa such as those used here. The placement

and number ofgaps inserted, which then remains immutable, is dependent on functions chosen

a priori by the investigator. The appropriate values for the cost of gaps and substitution events

are unknown, and there is no empirical way to measure what these should be in the absence ofa

predetermined phylogeny (Wheeler et al. 1995). Moreover, whether or not an indel is to be

postulated should depend on the phylogeny in question, and that a phylogeny should be

evaluated according to how many substitutions and how many indel events it requires

postulating (Wheeler 1995, 1999). As such, the analysis should simultaneously consider the

substitutions and indels required by altemative phylogenies instead of taking them as given

from a fixed alignment.

Initially, the data in the present study were subjected to a conventional pair-wise multiple

sequence alignment in the program Clustal X (Thompson et al. 1997). The scoring matrix used

for the alignment was the Identity matrix, with a gap opening and gap extension costs arbitrarily

set to 60 and 30 respectively. This results in a string ofgaps being downweighted, a commonly

29

ratchet in NONA found a tree 2 steps shorter (16218 steps) in approximately 150 hours using

Pentium Il class computers, which were estimated to be no more than twice the speed ofthe Sun

workstations used by Rice et a/. Q.,lixon 1999a; Goloboff 1999).
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implemented strategy that is analogous to treating them as a single evolutionary event.

However, this treatment is contrary to the assumption of character independence (Giribet &

Wheeler 1999b). The resulting alignments were adjusted by eye using the program GeneDoc v.

2.6.001 (Nicholas & Nicholas 1997). Adjusting the alignment by eye is another widely used

procedure, but is highly subjective, and is neither repeatable nor scientific (Gatesy el al. 1993;

DeSalle et al. 1994; Shull a/ a/. 2001). The results of this alignment procedure, provided in

Appendix 3 for l2S and Appendix 4 for 165, were rejected. Substantial lenglh variation was

found to occur in unaligned sequences (l25: n = 63, r = 338 bp, Range 28G376 bp, S.D. = 14.2

bp; 165: n = 61, I = 152 bp, Range 138-158 bp, S.D. = 4.4). This length variation greatly

reduces the confidence that can be placed on the homology statements inferred from the

alignments. It is obvious from Appendices 3 and 4 that the alignment in particular regions is

suboptimal. The conventional approach to this problem is to exclude any difficult regions, but

this amounts to loss of information and is arbitrary and unscientific (Gatesy et al. 1993).

Direct Optimization

An altemative approach was taken to circumvent the use of multiple sequence alignments.

Sequence data were analysed using the direct optimization (DO) method, described by Wheeler

(1996). This method directly assesses the number of sequence transformations (evolutionary

events) required by a phylogenetic topology without using a fixed sequence alignment. This is

achieved through a generalisation of existing character optimization procedures to include

insertion and deletion events, in addition to base substitutions. Thus, this method treats indels

(gaps) as processes rather than pattems implied by multiple sequence alignments. Direct

optimization works by creating parsimonious hypothetical ancestral sequences at intemal

cladogram nodes. As in multiple alignment, evolutionary base substitution events in sequences

are treated with cost functions. The main difference between multiple alignment and DO is that

evolutionary differences in sequence length are accommodated in the latter method not by the

use of gap characters, but rather by allowing indel events between sequences, i.e. gaps appear

not as states but as transformations linking ancestral and descendent nucleotide sequences

(Wheeler 1996).

The majority of phylogeneticists operating at higher taxonomic levels (where alignment is

more crucial) continue to ignore problems associated with fixed multiple alignments (Lutzoni e/

al. 2000). Direct optimization is not yet used widely, possibly because it is extremely computer

intensive, as demonstrated by the analysis of Gtibet et dl. (2001b) recently published in ly'arrre

(September 2001), which required the equivalent of 42 years of standard computer processing

time. Direct optimization is gaining in popularity, and studies that have used the method include

Chavarria & Carpenter (1994); Whiting et al. (1997); Wheeler (1997, 1998)l Wheeler &

Hayashi (1998); Carpenter & Wheeler (1999a, 1999b); Edgecombe et al. (1999); Giribet (1999);
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Janies & Mooi (1999); Sorenson et al. (1999); Giribet & Ribera (2000); Giribet el al. (2000'

2001b); Wahlberg & Zimmerman (2000); Cognato & Vogler (2001); Frost et al. (2001) and

Shull e/ a/. (2001). For a detailed discussion of some ofthe uncertainties associated with the DO

method, see Shull el ai. (2001).

Character Weighting and Sensitivity Analysis

Character weighting is a controversiat subject, and most phylogenetic analyses are

conventionally conducted with all characters weighted equally (sometimes termed 'unweighted'

analyses). Treating every character as equally important in a phylogenetic analysis is a

theoretical standpoint justified by philosophical arguments that this is the least assumption-

laden approach (Kluge 1989, 1997; Siebert 1992; Brower 2000). On the other side ofthe debate,

the rationale for the use of differential character weighting is the presumption that not all

characters are equally informative of phylogenetic relationships (Brown et al. 1982; Neff 1986;

Wheeler 1986; Wheeler & Honeycutt 1988; Sharkey 1989; Miyamoto et al 1994).In practice,

phylogenetic analysis of most data sets indicates that some characters are homoplasious. Thus,

the analysis itself demonstmtes that not all characters are equally informative of phylogenetic

relationships, and they are thus not all necessanly deserving of equal weights (Farris 1969'

1983; Williams & Fitch 1989; Goloboff 1993). Goloboff(1993) presents a strong argument that

if the data are properly weighted, the results obtained should always be preferred, regardless of

the result under equal weights. Weighted parsimony has also been shown to perform better than

unweighted parsimony in most simulation studies and experimental phylogenies (Hillis e/ 4/.

1994). The use of differential weighting has also been justified on the gounds that it can

provide a criterion for choosing amongst multiple MPT's, as in Carpenter (1988, 1994) and

Scharff & Coddington (1997). ln addition, weighting via multiple cost ratios (parameter sets)

can be used to gauge how the analysis parameters affect phylogenetic conclusions.

Perturbing the data (via weighting) under a single tree reconstruction method facilitates the

differentiation of robust relationships, which are supported under a wide range of parameter

values, from unstable relationships, which appear only under particular parameter values' This

approach has been termed 'sensitivity analysis' (sezsu Fitch & Smith 1983; Wheeler 1995) and

is used to explore the data. This is an essential part of the phylogenetic reconstruction process to

avoid the adoption of hypotheses supported only by unique combinations of parameter values

(Giribet & Wheeler 1999b; Giribet & fubera 2000). In the current analysis, the standpoint was

taken that the equally-weighted hypothesis should be adopted on the basis that this represents

the least assumption-laden approach, but the effect of weighting was also explored, in order to

assess the robustness of the equally-weighted result.

There are two altemative ways in which differential character weighting can be

accomplished (Neff 1986); by setting the individual character weights before analysis (a priori
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weighting) or by allowing the analysis to do this (a posteiori weighting). For the sensitivity

analyses conducted here, a priori weighling was used. A parameter space of two analytical

variables was explored, vlz. insertion: deletion cost ratio (gap cost), and transition: transversion

cost ratio (change cost), as in Wheeler (1995), Edgecombe et al. (1999) and Giribet & Ribera

(2000). The sets of differential values assigned to these are termed the 'parameter sets', and are

arbitrarily chosen before analysis. The use of different parameler sets may result in different tree

topologies. One ofthe main concems regarding this type of weighting approach is that there are

potentially limitless sets of parameters to chose from. However, in practice certain sets are

found to be optimal for certain taxa, such as gaps: transversions: transitions (gaps: w: ts) ratios

of2l l, 411 and 221 for arthropods (Wheeler 1995; Wheeler & Hayashi 1998).

When the transition-transversion ratio was set to a value other than unity, the insertion-

deletion cost was set according to the cost of transversions. Where the costs of gaps to

transversions to transitions are set to unity, the analyses are equivalent to those conduced under

equal weights. There are constraints on the range of values of these parameters for nucleotide

character transformation, which are determined by the 'triangle inequality' (Fanis t981, 1985),

as pointed out in Wheeler (1993, 1995). Firstly, character transformations must be symmetrical

(i ) j = j ) i). Secondly, the transversion-transition cost ratio must be at a minimum of 0.5

(although there is no upper bound for this ratio). This prevents transversions from being so

cheap as to mediate all change. Thirdly, as with the transversions, the cost of gaps must be at

least halfthe cost of a change (character transformations), which again can vary upward without

bound (Wheeler 1995).

Weighting was implemented by invoking Sankoff-style step-matrices (Sankoff 197 5), lhe

format of which consists offlve lines each with five integers signifoing the transformation costs

among molecular character states as follows:

A)A
C)A
G)A
T)A
Gap)A

A)C
C)C
G'C
T)C
Gap)C

A'G
C)G
G)G
T)G
Gap)G

A)T
C)T
G)T
T)T
Gap)T

A)Gap

C)Gap

G)Gap

T)Gap

Gap)Gap

For example, parameter set 221 means that the gap cost is set to fwice the highest change

cost, in this case the transversion cost, which is set to twice the transition cost. The ratio 221

thus implies costs for gaps, transversions and transitions of4,2 and I respectively.
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The step matrix which specifies the costs of the molecular state transformations in 221

would thus be as follows:

02124
202t4
12024
21204
44440

Analysis Software Employed

All analyses which included molecular data employed DO and were conducted using the

program POY v. 2.0 (Gladstein & Wheeler 1997 -2001). Analyses were run over a 20 week

period on five 500 MHz Pentium III computers at the Geo$aphical Information Systems

facility, Information Technology Services, University of Cape Town. In order to speed up the

analyses, the jackboot option of POY was used, which conducts 'parsimony jack-knifing'

(Fanis 1995, 1997, Farris et al. 1996) and the resulting 50% majority rule consensus ofall trees

obtained was converted to a constraint file, used for further more intensive searches. Ouputs of

POY (parenthese trees), were processed using lhe program JACK2HEN v. 4.22 (Fanis t995,
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In total, 12 parameter sets were analysed, with the maximum weighting in any ofthese being

16. The combinations were (gaps: w:ts): lll, l2 t, 141,211,221,241,411,421,441, ll0,2l0

and 410. The parameter set I I 1 is equivalent to equally weighted analysis' These parameter sets

were analysed for the molecular data alone, and for two sets of simultaneous analyses (each

running all 12 parameter sets), with the cost of the morphological data set as equal to the change

cost or equal to the gap cost. Since four analyses theoretically utilize the same parameter values,

only 20 analyses are presented. The step matrices used are provided in Appendix 5.

When exploring data in this manner, it is essential that an optimality criterion is specified

beforehand, by means of which a preferred hypothesis can be chosen from amongst the set of

hypotheses generated by different parameter sets, since an arbitrary choice of a 'preferred' tree

is not defensible epistemologically (Giribet & Wheeler 1999b). The widely implemented

Incongruence Length Difference (lLD) metric (Mickevich & Fanis 1981, Faris et al. 1995) can

be used in the context of sensitivity as an optimality criterion, to identif, the optimal parameter

set that produces the most corroborated topology. This would be the one which maximises

character congruence between the individual partitioned data sets (Wheeler 1995; Whiting et a/.

1997; Wheeler & Hayashi 1998; Edgecombe et al. 1999). Although the ILD metric was

calculated, and indicated a'preferred hypothesis' on the criterion of character congruence, this

topology was not used to infer phylogenetic conclusions. In the current analysis, the weighted

analyses were merely used in the context of sensitivity to identify robustly versus weakly

supported clades present on the equally-weighted tree.

https://etd.uwc.ac.za



available with the POY software), to create group inclusion character matrices from the POY

output. These were read into HENNIGS6 v. 1.5 (Fanis 1988) to obtain unweighted tree lengths,

and to enable the trees to be read by WinClada v. 0.9.9+ (Nixon 1999b) for presentation.

Separate analyses of the morphological data set in isolation, for the purposes of calculating ILD

values, were conducted in the program NONA v. 2.0. (Goloboff 1997) with all characters

weighted equally. Complete command lines used in POY, JACK2HEN and NONA, and a brief

description ofthe function of relevant POY commands are provided in Appendix 6.

Characters were optimized onto the equally-weighted topology using WinClada v. 0.9.9+

(Nixon 1999b), for discussion in Appendix 2. Ambiguous optimizations were preferentially

resolved using accelerated transformation (Acctran). Acctran was preferred to delayed

transformation (Deltran) optimization as it favours secondary loss (reversals) over parallelisms

(convergence) to explain homoplasy (Farris 1970; Swofford & Maddison 1987, 1992; Su'offord

1990) and therefore maximises homology (Griswold et al. 1998).

The use of statistical tests, such as non-parametric bootstrapping, was avoided as an

estimator of confidence for the nodes, because these tests merely reflect how well the data

responds to perturbation. In addition, they may be misleading in the context of phylogenies,

because phylogenetic facts are historically unique and thus have no associated probabilities of

occrrrence (Carpenter 1992; Bremer 1994; Wenzel & Carpenter 1994; Goldstein & Specht

1998). Branch support, or decay indices (Bremer 1988, 1994; Donoghue et al. 1992), were

calculated to assess the relative degree of support for each node in the program POY.

RESULTS

34

The morphological data matrix collated in the present study is presented in Table 8. Separate

morphological and molecular results are not shown, because combining all available evidence

provides the most explanatory phylogenetic hypothesis, which implies that they would be

considered inferior. The topologies generated under the 20 different sensitivity parameter sets

using direct optimization are provided in Appendix 7.1-7.20. The analysis results were sensitive

to the choice of analysis parameters employed for this data set, although the content of the

major clades was fairly consistent. The major difference was usually in the placement of the

major clades relative to each other.

The overall strict consensus tree, produced from all of the individual strict consensus trees

from 20 analyses (Fig. l8), is almost completely unresolved. This tree is presented to

demonstrate those clades which are retrieved under all analysis conditions, i.e. the most robust

relationships obtained utilizing these data, in which the highest confidence can be placed.
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Figure 18, Strict consensus of20
individual strict consensus trees

obtained by analysis of data
under each parameter set,

showing groups universally
retrieved by all analyses.
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Figure \9. Fifty percent
majority-rule consensus of 20
individual strict consensus trees
obtained by analysis of data
under each parameter set,

showing groups retrieved by
more than halfofall analyses.
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Figure 20. Gallery ofanalysis space plots for selected grouPS postulated as monophyletic in the

literature. White - monophyletic, grey = unresolved but congruent \4'ith potential monophyly''

black = non-rnonophyletic. A, Bufonoidea including sooglossids, dendrobatids, heleophrynids

and leptodactylids. B. Ranoidea excluding dendrobatids. C. Ranidae excluding rhacophorids

and mantetlids. D. Ranidae including rhacophorids and mantellids. E. Hyperolirdae including

Leptopelis. F. Hyperoliids and arthroleptids. G. Arthroleptidae. H. Mantellids. I.
Petropedetinae. J, Cacosternids. K. Phrynobatrachids. L. Petropedetids. M. (Phrynobatrachids +

Cacosternids). N. (Tomopterninae + Cacosternids). O. (Cacosternids + Tomopterninae *
Phrynobatrachids). P. (Rhacophorids + Mantellids). Consistently monophyletic and consistently
paraphyletic groups not illustrated. except the Petropedetids (l). M = morphology' tv =
transversions. ti = transitions, o: represents infinity.
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Table 9. Numerical summary of the 20 analyses under different weighting
parameter sets, showing the calculations of the Incongruence Length Difference
(ILD). Parameter set 4l0G was found to have the lowest character incongruence
between morphological and molecular data sets.

L
Ntor

L
llorrWei

L
IolPS

G/C Tr'/
max Ti

lUor
Wei

No,
trees

L
Comb (rlrNo II-t)

I l0c
lllG
l2lc
t4l G
2l0c
2l0G
2l 1C

2llc
22tC
22tG
24tC
24tG
4l0c
4l0G
4l tc
4l lG
42IC
42lG
44tC
44lG

3347

5r13
8178
14543

3507
5290
5335
7100
8906
123',1I

15942
22786
3926
9t20
58?'7

I l05l
9758
20259
t't 672
38419

1679

1679
t679
1679

1679

t679
1679
1679
1679
1679
1679

1679

1679

t679
1679

t679
1679

1679
1679
r679

t679
t679
335 8

67 t6
1679
3358

1679

3358
3358
61t6
67 t6
13432

1679

6716
t679
67 t6
3358

13432
61t6

26864

t44t
3l8 t
443t
7085
t623
1623

3420
3420
5084
5084

8321

8321
2027

2027
3842
3842
5878

5878
982 8

9828

3120

4860
'7789

r 3801

3302
4981

5099
6'77 8

8442
l1800
1s037
2t753
3706
8743
5521

10558
9236
19310
't6544

36692

0.0678

0.0495

0.0476
0.051

0.0585
0.0584

0.0442
0.0454
0.0521
0.0462
0.0568
0.0453

0.056
0.0413

0.0525

0.0M6
0.0535

0.0468
0.0638

0.045

8

I
2

4
4
2

6

2

2

I
2

I
4
5

I
I
I
I
I
6

I
I
2

4
I
2

I
2

2

4
4
8

I
4
I
4
2

8

4
l6

I

2

4

I

I
2

2

4
4

I

I

2

2

4

4

I
I
I
I
2

2

2

2

2

2

2

2

4
4
4
4
4
4
4
4

PS=parameterset;G=gapcost;C=changecost;Tv=transversiolcost;Ti=fansitioncostiMor
: morphology; Mol = moleculari Wci = $,eight; L = length; Comb = combined analysis; MM =
separate molecular analysis plus separate morphology analysis.
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Figure 21. Sfict consensus of 5 trees

obtained by analysis of parameter set

410G, displaying the lowest ILD value.
Total length: 9120, unrveighted
morphological matrix length: 1706, C:

20, Ci:. 20, R: 60. Branch support values

are provided above the node branch,

whereas node numbers are provided in
bold below the node branch,
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Table 10. Number of steps, consistency index (ci) and retention index (ri) of each

morphological character, according to the equally-weighted topology (Fig. 22).

Character numbers are bolded, the line below this shows the number of steps of that

character, the second line below shows the ci of that characters and the third line belorv

shows the ri ofthat character.

0
8

t2
6l

2
9

22
50

I
ll
9

54

3
6
l6
54

5
t0
l0
47

2L

14

7

56

3

ll
0

7
t2
l6
69

r03
l2
l6
54

ll9
5

20
50

135
l4
t4
60

151

l0
20
,2

167
l8
ll
60

l0
9
II
51

l3
6
l6
6l

t2s
3

33

50

141
6
16

66

4
15

l3
60

6
l0
l0
55

ll
ll
t8
73

t2
l0
l0
43

l4
l2
l6
6t

85
t7
u
44

100
l0
t0
47

l0l
9

22
69

132 133
71
50 33

87 50

148
I

100

100

149
l3
l5
38

8
I

r00
100

9
2
50

50

4
50
60

104
8

25

6,1

105
8

25

40

r20
l0
l0
62

l2l
l0
l0
68

152 153
18 2
ll 50
51 50

9
33
33

59
l9
l5
51

90
I

100
100

9t
l3
30
'72

t06
l6
t2
6',7

107
l6
t2
66

155
I8
ll
46

t70 t?l
l7 16

ll 6
34 50

108

9

28

109
I

100

r00

15

6
l6
50

95
8

3'1

50

r t0
t2
8

64

lll
t0
r0
59

t26
6

l6
l6

127
,|

42
42

143
2

50
0

159
4

40

174 115
25
50 40
91 66

r90 191

66
50 83

50 85

l6
22
9

48

t1
2
50
66

18
l4
l4
53

20
t2
l6
50

IO

20
60

3

66
83

24
10

20
68

26
l5
20
66

29
8

12

l0

30
I4
1.1

40

3l
l0
l0
l0

l3
4
50
89

35
20
40
't0

19

II
t8
13

5l
t7
5

33

67
2

50
50

,l 28
2

100

100

r24
l5
l3
35

156
10

20
60

32
9

33
33

48
9

ll
'76

3,1

ll
t8
64

36
14

14
4'7

38
20
l0
3'7

49
4

25
50

52
l5
l3
35

53
1l
9

65

5,1
'l

42
50

t5
l3
48

56
ll
l8
43

51
2

50
75

58
ll
9

23

60
l6
t2
62

6l

28
63

62
7

58

63

8
25

62

50
t'7

1'7

39

64
8

25

83

65
ll
18

4l

70
t9
l0
63

1t
8

3'7

66

5

20
33

16
9

33

33

77
22

t8
52

78
t2
25

40

19
II
l8
"10

66
6
t6
3'1

75
4
25

1472 73
94
22 50
56 60

68
t'1
5

14

88 89
3t2
338
026

82 83
44
25 25
50 66

r39 r40
21
50 28
084

136

69
l'7
5

33

80
t"t
ll
69

8l
t2
l6
10

84
l0
20
38

86
II
9

58

87
ll
27
50

93
8

l2
50

94
4
25

50

96
l0
t0
10

98
3

33

60

99
4
50
66

97
ll
l8
67

102
5

40
57

118
2

50
8'1

150
4
25
'75

112
l4
7

48

ll3
t2
33
70

lt4
5

40
50

116
5

20
33

117
8

3'7

50

12

l3
42

123
9

22
46

lt5
t0
l0

130
ll
36
68

131
2

50
83

146 1,47

75
42 80

20 66

r28
l5
l3
69

129
24
25

60

134
I

100

100

5

20
60

13?
I

100

100

138
l3
1

40

142
2t
l9
50

144 145
1,,
66 50
00

154
t6
t2
57

157
7

28

54

158
20
10

5'.7

165
l1
l8
25

t66
5

20
71

r68
l4
7

64

169
14

1

5I

172
l0
20
66

173
t5
13

60

tl1 178
t8
22
66

119
l0
IO

68

180
4

25

66

181

20
l0
43

184
6

t6
l6

185
9

55

11

186
t5
l3
55

t82 183
46
2s 16

57 16

187 188
t26
866
42 50

t16
ll
21
60

6
33

33

189
3

33

7l

48

39 40 4t 42 43 44 4s 46 47
l0 9 I 9 8 l2 16 l0 2

t0 22 t2 lr 12 t6 18 l0 50
40 53 '75 20 69 28 35 59 50

160 161 162 163 164
3 ll 8 6 l
33 9 25 16 100
7'7 69 45 44 100

92
l3
7

6l

https://etd.uwc.ac.za



DISCUSSIoN

The strict consensus of the results of analyses conducted under all 20 parameter sets (Fig.

18) indicates that the ubiquitously present groupings are mostly those between sister species,

demonstrating the high variability of the results of the sensitivity analyses at higher levels. This

lack of resolution of strict consensus tree can be attributed to the range of analytical parameters

used (see Wheeler 1995 for a similar example), and not because there is no signal in the data.

The fifty percent majority-rule consensus of analyses conducted under all 20 parameter sets

(Fig. 19) indicates those groupings that appeared under most analysis parameters, and thus

differentiates groups retrieved only under particular parameter sets from more generally

supported relationships. All topologies obtained displayed at least one local taxon placement

considered to be suspect in light of the morphology of the organisms. This can be expected in

any large analysis where sampling is incomplete, because particular pivotal taxa required to

stabilise relationships may be missing. Questionable relationships identified by the sensitivity

analysis include a relationship of Strongiopus to the fanged ranids (sensz Emerson & Ward

1998), Mantella to the dendrobatids creating a non-monophyletic Mantellidae, Leptodactylus

nested within the Ranidae, and Amolops and Staurois not being closely related. In one analysis,

Ericabatrachus grouped with the dendrobatids and sooglossids and, in another, the dendrobatids

were found nested within the Ranidae. However, the sensitivity analyses all confirmed that the

Petropedetinae is not monophyletic and identified the same three component clades thereof,

which was the main focus ofthe present study.

From this point forward, the discussion focuses on each putative clade posrulated in recent

classifications, or novel placements obtained in this analysis. A brief taxonomic history,

focusing particularly on the putative relationships of each of these groups to the petropedetines

(if applicable), is presented. The morphological synapomorphies identified for these clades,

according to the equally-weighted topology and amongst the current taxon set, are also

discussed.

Dendrobatids atrd Sooglossids

Although the monophyly of the Dendrobatidae is well corroborated and supported by many

unique synapomorphies (Myers & Ford 1986; Weygoldt 1987; Ford 1990; Myers et al. l99l;

Ford & Cannatella 1993; Fig. l8), their phylogenetic position within the Neobatrachia remains

controversial. Dendrobatids have been suggested to be in the superfamilies Bufonoidea or

Ranoidea. The prevailing view in the older (pre-phylogenetics) literature is that the dendrobatids

are more closely related to the bufonid frogs than they are to the ranoid frogs, i.e. the

'leptodactylid hypothesis' ofNoble (1922, 1926a, l93l), as advocated by Lynch (19'71,1973).

A recent morphological study of microhylid relationships (Wu 1994) and analyses based solely

(Ruvinsky & Maxson 1996; Vences et al. 2000b), or primarily (Emerson et al. 2000a) on
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molecular data appear to favour the leptodactylid hypothesis. The altemative hypothesis of

dendrobatid relationships, i.e. the 'ranoid hypothesis' of Griffiths (1959a), was not generally

accepted until Ford's (1990) large-scale phylogenetic analysis of Neobatrachian relationships

based on osteological characters showed the family Dendrobatidae to be embedded in the

Ranoidea. As Ford ( 1993) points out, ambiguity and error in the literature has resulted in the

same lines of morphotogical evidence being used by proponents ofthe two different viewpoints

to support their preferred hlpotheses. Ford & Cannatella (1993) provide a comprehensive

discussion of the competing hypotheses of dendrobatid relationships, and observe that the

character state distribution of the dendrobatids does not refute its placement in the Ranoidea.

Rather, this suggests that, as with the microhylids, the dendrobatids are not nested within

Laurent's (1979, 1986) Ranidae or Hyperoliidae.

The present study offers a new perspective on this problem, because it employs a

comprehensive morphological data set in a simultaneous analysis with molecular data, and

includes a larger sample ofranoid frogs than any previous phylogenetic analysis. The gallery of

analysis space plots (Figs 20A, B) shows that both the Bufonoidea (the leptodactylids and

Heleophryne, as defined to include the dendrobatids and sooglossids) and the Ranoidea

(including the microhylids) were rendered paraphyletic under some sets of analysis parameters,

due to the unstable position of the sooglossids and the dendrobatids. The results of the

sensitivity analysis generally place the dendrobatids at the base of the ranoid tree (Fig. l9), with

the sooglossids in most cases found to be the sister taxon of the dendrobatids. The suggestion

that the dendrobatids and the sooglossids are derived from the same lineage is is a novel

arrangement, and idicates that perhaps they should both be regarded as 'transitional' families

(sensa Lynch 1973) until further evidence comes to light. However, the frequent placement of

Leptodactylus as the sister to this couplet (occasionally with the position of Leptodactylus and

the sooglossids reversed) could be taken as evidence slightly in favour of the 'leptodactylid

hlpothesis'. However, this may also simply be a sampling artifact, caused by the paucity of

other leptodactylids in these analyses.

A sister group relationship between the phrynobatrachids and dendrobatids, as suggested by

Griffiths (1959a), was only retrieved by two of the sensitivity analyses, although the possibility

of this was present in another unresolved topology (410G, which just happens to be that

topology with the lowest character incongn:ence). Ford's (1990) study indicated the families

Dendrobatidae and Arthroleptidae to be sister taxa, but this arrangement was not retrieved by

the current analysis. As noted by Ford (1990), the omission of the Astylosteminae from her

analysis may have been problematic. The present study found that the astylostemids strongly

link the arthroleptids to the hyperoliids, presumably excluding a dendrobatid-arthroleptid

relationship.
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On the equally-weighted topology, three synapomorphies were identified that supported the

Ranoidea excluding the dendrobatids and sooglossids (node 9), but none of these character

states were found to conflict with the notion that the dendrobatids may be included in the ranoid

lineage, congruent with Ford & Cannatella's (1993) above-mentioned observation. These

characters were undilated sacral diapophyses (c20:2); the pars palatina of premaxilla having

equally expanded medial and lateral edges (c50:l); and the width ofthe base ofthe stalk ofthe

alary processes of the hyoid being broader than the stalk (c93:1). However, none of the

synapomorphies that united the sooglossids with the dendrobatids on the equally-weighted

topology are unique. These included the presence of a posterior fenestra in the xiphistemum

(c36: l); absence of palatines (c40:2), which also occurs in the microhylids and Ptychadeninae;

absence of the posterior process of the vomer (c46: 1); the pars palatina of premaxilla having

equally expanded medial and lateral edges (c50:1); rectangular to round nasats (c70:l); the pars

fascialis of the maxilla being strong and triangular (c8l : I ); the alary processes of the premaxilla

inclined laterally (c86:1); the alary processes of the hyoid angled laterally (c96:1); and the

arytenoid cartilages of breeding males being long and oval (cll0:1). The condition of the

medial borders ofthe coracoids (c27) was coded differently for these two groups, and thus had

no influence in grouping them together. Additional work is required to veriry the above

conclusions.

Arthroleptids and Ilyperoliids

The Artholeptidae was raised to familial status by Dubois (1981), after historically being

regarded as two subfamilies, the Astylosteminae and Artkoleptinae, in either the Ranidae or the

Hyperoliidae. Dubois (1986) subsequently transferred the hlperoliids to an enlarged family

Arthroleptidae, which has nomenclatural priority over the Hyperoliidae. Dubois (1992) again

revised his opinion, changing the rank of each of the Arthroleptidae, Astylostemidae and

Hyperoliidae to families, perhaps to avoid the problems associated with possible paraphyly of

the astylostemines (Frost 2002). Whilst most workers accept the status of the Hyperoliidae, the

status of the artholeptids is highly contentious. Many workers do not agree with familial status

for even the Arthroleptinae and Astylosteminae together in one family, the Arthroleptinae. For

example, J. D. Lynch (in Frost 1985:14) comments that, 'the recognition of this family is

premature given that no phylogenetic justification or diagnosis has been presented'. Ford &

Canlatella (1993) treated the Arthmleptidae as a metataxon, as no unique s;,napomorphies of

the group had been identified up to then. Grant e, al. (1997:16) stale that 'conclusions about the

content of this gents fArthroleptls] and its familial separation from petropedetine ranids seem

more based on authoritarianism than on character analysis and should be revisited.'

Laurent (1940, 1973 and elsewhere) consistently rejected the inclusion of the petropedetids

with the arthroleptids, a viewpoint that is supported by the present analyses. Not one of the
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sensitivity analyses suggested a close relationship between any of the clades in these two

groups. Laurent (1951) noted that Leptopelis has strong simitarities with the astylostemids, and

his views have again been bome out by recent molecular studies, which place Zeptopelis oltlside

the Hyperoliidae (vences 1999; Emerson et al. ?}OOa). This is consistent with results of the

present study, where the both the hyperoliid and the arthroleptid lineages were often rendered

paraphyletic by the position of Leptopelis at the base of the astylostemids (Figs 20G' E). The

Arthroleptidae excluding the Hyperoliidae was not retrieved as monophyletic by all sensitivity

analyses, although the monophyly ofthese two groups together was retrieved in nearly all cases

(Fig.20F).

The sensitivity analyses thus support the recognition ofone monophyletic family to include

the hyperoliids and arthroleptids, as advocated by Dubois (1986), which would take the familial

name Arthroleptidae. Many synapomorphies exist for this composite clade or family. The only

unique character for the broadly defined Arthroleptidae (including the hyperoliids) is the

absence of the posterior lateral process of the hyoid (c102: I ), although these are present in most

astylostemids (absent only in Asylosternus and reduced in Nyctibates). Although ambiguously

optimized on the topology, the xiphistemum shape being rectangular with strongly serrated

distal end (c35:8) appears to be unique to this lineage amongst the taxa examined here. Other

non-unique synapomorphies include: the biconcave shape of the cultriform process of the

parasphenoid (c59:l); rectangular to round nasals (c70:1); a long narrow hyoid plate (c100:l);

the presence ofa cartilaginous stalk of the thyrohyal (cl0l:l), which reverses to absent in

Leptopelis, and occurs elsewhere only in Microbatrachella, Cacosternum and Amnirana; lhe

thyrohyals not being expanded at either end (c106:1) and a pointed, short truncated shape ofthe

terminal phalanx of the fourth toe (c129:5), which changes many times in the lineage, including

to a unique state 8 in the astylostemids.

From past studies of the hyperoliids and arthroleptids (Liem 1970; Laurent 1979, 1986;

Drewes 1984; Channing 1989), the following characters have been suggested to be

synapomorphic for the hyperoliids (Ford & Cannatella 1993): the presence of a musculus

dentomentalis; the absence of nuptial pads; the presence ofclaw-shaped terminal phalanges; the

absence of the posterolateral process of the hyoid; a vertical pupil and a cartilaginous stemum.

Muscular characters have not been examined for the arthroleptids or astylostemids, but it ts

likely that most of the putative h)?eroliid synapomorphies also occur in these groups. The

absence of nuptial pads and a cartilaginous metastemum are shown to be plesiomorphic by this

analysis, as are the carpal and tarsal characters which were often postulated in the past to be

synapomorphic for some of these taxa. The analysis suggests that vertical pupils are

independently and secondarily derived in the astylostemids and tn Kassina. This character state

cannot therefore be considered as s1'napomorphic for either the classically defined Hyperoliidae,

for the Arthroleptidae or for the Artkoleptidae including the hyperoliids. Claw-shaped terminal
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Microhylidae and Hemisotidae

The microhylid lineage was found to be basal in the ranoid lineage, which is consistent with

the views ofLaurent (1940) regarding its position in the Ranoidea, and with the perception ofa

superfamily Microhyloidea by Dubois (1986). Unforrunately, little else can be deduced from

this analysis due to poor sampling of this diverse lineage. Horvever, the analysis does shed some

light on the relationships of Hemisus. Parker (1934) was not convinced thzt Hemisus should be

classified with the microhylids, and neither were Chaming (1995) nor van Dijk (2001). Parker

(1934) excluded Hemisus from his monograph of the family, since de Villiers (1933:257) had

pronounced it 'quite definitely a terrestrial Ranid', while Laurent (1979) proposed familial rank

for the Hemisotidae. Recent molecular and morphological work (Blommers-Schl0sser 1993;

Wu 1994; Emerson et al. 2000a) indicates that Hemisus should be treated as a brevicipitid

microhylid, a group which Wu (1994) considered deserving of familial status as the

'Brevicipitidae'. However, Vences (1999) fowd Hemisus to be more closely related to the

astylostemids and hyperoliids than to the microhylids, on the basis ofpartial sequence data from

the 165 mitochondrial gene analysed with Neighbour Joining. Chromosome data from

Morescalchi (1973, l98l) and Bogart & Tandy (1981) show that both the microhylids and

Hemisus have the plesiomorphic condition of 12 pairs of chromosomes (2n = 24) whereas the

arthroleptid lineage shows a derived state, and thus offers no further clarification of this point.

The results of the current analysis are unequivocal on this issue, with the microhylid lineage

(Phrynomantis (Hemisus + Brevicipitinae)), being retrieved under all analytical parameters (Fig.

l8). The exact position of the three genera relative to each other may not be correct here, given

the sparse taxon sampling of microhylids, but in no analysis under the wide range of parameter

values explored did an arthroleptid ilemrius relationship occur. Among the broad cross-seclion

of ranoids examined here, four uniquely synapomorphic characters support the placement of

Hemisus with the microhylids. These include the presence of posterior palatial folds (c137:l);

the lateral processes of the mentomeckelian being very well developed (c56:2); the bronchial

processes ofthe cricoid being latticed and ramifuing through the lungs (c109:l); and the medial

branch of the anterior process of the hyale absent (c9l:4). Other non-unique synapomorphies of

this clade include: the orientation of the transverse processes of the eighth vertebra being

acutely anterolaterul (c4:2), which transforms in Hemisus; the dorsal ridge ofthe coccyx absent
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phalanges also occur in many Raninae, and the only state of this phalangeal character unique to

this lineage is where the tip is detached from the body of the terminal phalanx and curves

sharply downwards (c129:6), which occurs only in three astylosternids. This state is distinctly

different from the 'claw shaped' protruding phalanges recorded in the literature for Ptychadena

(Parker 1936; Penet 1966). As noted by Ford & Cannatella (1993), definition of this character is

notoriously difficult and has varied widely in the literature, requiring standardization.
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exclude the rhacophorids and mantellids, was found to be almost always paraphyletic (Fig

20C), while the Ranidae, defined to include these two groups, was found to be almost always

monophyletic (Fig.20D). Thus, the sensitivity analyses vindicate Laurent's (1951) standpoint

that the rhacophorids should be included in the Ranidae, although the equally-weighted

hypothesis demonstrates that the (mantellids + rhacophorids), including the genus Staurois,

occur outside of, and basal to, the Ranidae.

Laurent (1979, 1986) characterised the Ranidae as having a bony stemal style, the second

distal carpal fused to other carpals, second distal tarsal fused to other tarsals and the tongue

notched posteriorly. The presence ofthe musculus cutaneous pectoris was noted by Tyler (1971)

to be a possibte synapomorphy ofthe Ranidae. Ford & Cannatella (1993) dismissed Laurent's

(1986) tarsal and carpal characteristics, and concluded that only the bony stemal style and

notched tongue were synapomorphic of the Ranidae, although they noted that the musculus

cutaneous pectoris could be a synapomorphy for this family. The present analysis demonstrates

that 1Ie presence of the musculus cutaneous pectoris (c140:2) is a unique synapomorphy for the

Ranidae, atthough it can be thick or thin, and is absent in a few taxa in this group (four species

examined here). A notched tongue (c136:1) was found to occur in the Arthroleptidae (including

hyperoliids), Leptodac4,lus and Phrynomarlrs, and is thus not considered to be a synapomorphy

of the Ranidae, although it occurs in all ranids examined except Batrachylodes, Poynlonia and,

Phrynoglossus.

A bony metasternum (c33:l) would be unique for the Ranidae, were it not present in

Leptodactylus- This character state appears to be absent in Ericabatrachus. Neyertheless, it was

demonshated to constitute a non-unique synapomorphy of this family. A long cultriform

process ofthe parasphenoid reaching the palatines (c60:2) was identified as a synapomorphy of

the Ranidae, but it reverses twice to falling just short of the palatines (state 0) in the

(phrynobatrachids + cacostemids) and in the petropedetids. The analysis also recognized a

reversal to extensive webbing (c158:0) and the outer metacarpal tubercle, if divided, the

sections thereof distinctly separate (c179:1) as synapomorphic for the Ranidae, but these change

often and sporadically in this family and cannot be regarded as defining features.

Mantellids and Rhacophorids

A sister group relationship of the rhacophorids and mantellids was previously demonstrated

by Ford (1990), Blommers-Schltisser (1993) and Emerson et al. (2000a) and was also retrieved

here by the sensitivity analysis. This is not reflected in Fig.20P due to the inclusion of Staurois

in, or exclusion of Mantella from, this clade in many analyses. The findings ofthese sensitivity

analyses suggest that the taxonomic scheme listed in Duellman (1993) is erroneous regarding

the rank of these taxa relative to the Ranidae. Neither of these taxa should be regarded as

separate families, unless the Ranidae itsetf is redefined, possibly similar to the scheme presented
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in Frost (2002). Even in this case, justification as to why they should be regarded as separate

ranked groups, when they are clearly one lineage, must be presented.

The two included exemplar rhacoph orids, Chiromantis and Philautus, were found to be sister

taxa by all analyses, although the two inctuded exemplar mantellids were not (Figs 18, 20H).

This was predominantly due to the movement of Manlella in concert with the dendrobatids

under some extreme weighting, e.g. in four analyses (410G, 44IG, 4llG,2l0G), Mantella was

found to be the sister to the sooglossids plus dendrobatids, which might be viewed as a spurious

result caused by either sampting errors from too few exemplar taxa and specimens thereof, or

the convergence of many osteological characters of Mantella and the dendrobatids due to the

common feeding strategy of microphagy (see Vences et al. 1998). A relationship between

Mantella and the dendrobatids was dismissed by Daly et al. (1984, 1996) and Ford (1990).

Monophyly of the mantellids was questioned on the basis of morphological data (Daly et al.

1996), and has not yet been satisfactorily demonstrated by published molecular studies (e.g.

Richards & Moore 1998; Richards et a|.2000).

Although a close relationship between the mantellids and the rhacophorids is gaining

widespread acceptance, their relationship to other ranid taxa remains to be clarified. The cunent

sensitivity analysis suggests that the Asian genera Amolops artd Staurois are particularly closely

related to the mantellids and rhacophorids, as are the petropedetine genera Petropedetes and

Arthroleptides. The placement evident in the equally-weighted topology, whereby Sraarors falls

outside the Ranidae with the mantellids and rhacophorids, is most likely a reflection of its strong

afhnity with these Asian taxa. The position of the clade outside the Ranidae is probably

spurious, given that the genus Amolops is strongly affiliated to Staurois, and were historically

classified in the same genus.

Ford & Cannatella (1993) stated that if the hyperoliids are not the sister group of the

rhacophorids, which all present sensitivity analyses demonstrate, then the presence of the

intercalary element must be a synapomorphy of the (rhacophorids + mantellids). The presence

of wedge-shaped distal intercalary elements (c114:2) is shown here to be a non-unique

synapomorphy of these two groups, being found elsewhere only in hyperoliids. Blommers-

Schl0sser (1993) and Glaw et al. (1998) identified two potential synapomorphies of the

mantellids: Y-shaped terminal phalanges and the tack of a strong amplexus during mating

(Duellman & Trueb 1986). Y-shaped terminal phalanges, qualified by noting the presence of

flattened oval flanges on the branches of the arms (c129:4), were found to be uniquely

synapomorphic for the (rhacophorids + mantellids), but do not occur in Sraurols. Weak

amplexus (c191:3) has been criticised as a potentially synapomorphic character because it

requires more precise definition (Daly et al.1996), but was nevertheless used here and found to

be synapomorphic for (rhacophorids + mantellids) by default, due to this character being coded

as unknown in Staurois and the rhacophorids. Another non-unique synapomorphy for the
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(rhacophorids + mantellids) is a shallow hyoglossal sinus (c97:l), a widespread character state.

The three remaining synapomorphies supporting this grouping that were identified by the

equally-weighted analysis change state in the rhacophorids, vz. thick septum nasi (c39:l),

changing to thin in the rhacophorids; reduced lateral vomers (c43:l), changing to not reduced

and central in the rhacophorids; and alary processes of the premaxilla inclined laterally (c86:l),

changing to perpendicular in the rhacophorids. More research needs to be conducted in order to

identif, morphological synapomorphies ofthese two $oups, which display a shong sister group

relationship based predominantly on molecular data.

Raninae

The subfamily Raninae of the Ranidae has long contained most of the problematic taxa that

do not fit into any of the other purportedly better defined subfamiles. Dubois (1986, 1992)

recently elevated many putative groups to subfamilial status without considering their

relationships to one another. The current analysis shows that three of these subfamilies, the

Ptychadeninae, Dicroglossinae and Pyxicephalinae, are embedded in the Raninae, rendering it

grossly paraphyletic under all parameter sets. Recognition of the subfamily Ptychadeninae was

always partly responsible for this, as was recognition of the subfamily Dicroglossinae into

which the Pyxicephalinae was often embedded. Paraphyly of the subfamily Raninae was also

caused by the consistent placement of Staurois, Amolops, or both, nearer to the rhacophorid-

mantellid lineage, and the placement of Batrachylodes nearer to this clade, or to the

phrynobatrachids.

One unique synapomorphy was discovered for the subfamily Raninae (including the

subfamilies Ptychadeninae, Dicroglossinae and Pyxicephalinae), viz. the terminal phalanx of the

fourth toe terminates in a small, rounded but narrow, hardened bead (c166:1). However, this

character state is obviously absent from specialised arboreal taxa that have developed digital

discs (such as Platymantis, Discodeles, Amnirana, Nannophrys, Amolops), and in the

anomalous genus Strong.,lopas. In association with this, the shape of the tips of the terminal

phalanr ofthe third finger being sharply pointed and slightly elongated (c128:2) and the shape

of terminal phalanx of the fourth toe being long and sharply pointed (c129:3) occur in most

ranids, except in many ofthe above-mentioned arboreal taxa. A digital pad on the loes, with a

circum-marginal groove, is usually absent (c168:l), except in taxa with expanded toe tips. The

above synapomorphies can reasonably be regarded as part of the same ecological syndrome.

The taxa thal did not display these synapomorphic character states include the above-mentioned

five ta,\a. With the exception of Amnirana, all of these taxa were placed elsewhere in some

sensitivity analyses. The sensitivity analyses indicated lhat the (Phrynoglossus (Plarymantis +

Discodeles)) clade may be the basal group of the Ranine clade, and that Nannophrys and
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Amolops may be related to the petropedetids, rhacophorids and mantellids in a clade outside of

the Raninae,

The atlantal intercotylar distance being very narrow, with the cotyls separated by a notch

(cO:l), is generally, with few exceptions, consistent in the Raninae. Other synapomorphies

include the attachment of the zygapophyses on vertebrae five to eight on the dorsolateral

surface, giving a cylindrical appearance to the vertebrae in ventral view (cl2: l); a cartilaginous

process extending ftom the crista parotica towards the scapula (c72: I ); the flange on the ventral

surface of the humerus reversing to around halfthe lenglh ofthe humerus (c124:0); the width of

halfofthe eye versus the width ofthe tympanum in adult males being greater than half, but less

than the full, width of eye (c156:l); the first finger being equal in length or extending beyond

the second (c l6l : l); and the presence of a tarsal fold (c 172: l), except in sporadic taxa and from

node 73 onwards. The latter character occurs elsewhere only in Leptodactylus.

Dicroglossinae and Pyxicephalinae

The exemplars of the subfamily Dicroglossinae included in the present analysis (Conraua,

Discodeles, Euphlyctis, Hoplobatrachus, Limnonectes, Phrynoglossus and Plarymantis) were

not found to form a monophyletic group under any of the 20 parameter sets investigated. In all

analyses, the Dicroglossinae was rendered paraphyletic by either it containing the subfamily

Plxicephalinae, the inclusion ofthe ranine genera Nanorana or Nannophrys, or by the position

of Phrynoglossus, Platymantis and Discodeles being separated fiom the remaining genera,

usually by many taxa of the subfamily Raninae. In a few cases, other taxa from the ranid

subfamily Ralinae were responsible for dicroglossine paraphyly. In their work on fanged ranid

phylogeny, Emerson & Benigan (1993) and Emerson et a/. (2000b) have also demonstrated that

phylogenetic relationships in the Digroglossinae conffadict the taxonomic classification of

Dubois (1986, 1992).

In all cases, the Asian Eenera Platymantis utd Discodeles were found to be sister taxa. In the

majority of cases, lhe gents Phrynogloss,rr was found to be sister to this couplet. In all but two

analyses, the genera Hoplobatrachus and Euphlyctis were found to be sister taxa. The genera

Pyxicephalus, Conraua and Aubria form a monophyletic clade on the equally-weighted tree, as

they do on most trees resulting from the sensitivity analysis. No unique synapomorphies were

identified for the (Pyxicephalinae + Conraua), but four synapomorphies are almost unique. The

postchoanal process of the vomer fused to the hyperossified sphenethmoid (c45:3), occurs

elsewhere only in Hoplobatachus; the presence of large mandibular odontids (c54:l) occurring

elsewhere in Limnonectes, Hoplobatrachus and Euphlyctis; the otic plate of the squamosal

overlapping most or all of crista parotica and l/4 to ll2 of the otoccipital (c7l:l), which is

almost unique, occurring elsewhere only rn Limnonecles; and the crista parotica being mostly

ossified (c74:l), which occur elsewhere in Limnonectes, Hoplobatrachus, Nanorana,
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Hildebrandtia and Leptodactylus. Other synapomorphies ofthe clade containing Pyxicephalus,

Aubria and Conraua include: the extension of ossified anterior portion of the ventral

sphenethmoid covering 213 or more of the distance from palatines to premaxilla (c38:2);

anterior ramus of the pterygoid in contact with or fused to the maxilla (c53:0); height on medial

edge of mentomeckelian bone less than that on lateral edges (c55:l); cultriform process of the

parasphenoid biconcave (c59:l); the terminal phalanx ofthe third finger knobJike (c128:l); the

terminal phalanx of the fourth toe simple (c129:Z); and the proximal row of subarticular

tubercles ofthe feet very small and *'ell-defined, round to conical (c176:2).

The osteology suggests that the 'fanged' ranids (sensu Emerson & Ward 1998) of Asia are

closely related to the African Pyxicephalinae. The subfamily Pyxicephalinae was found by the

sensitivity analyses to be closely related to the genera Conraua and Limnonectes, and possibly

also (Hoplobatrachus + Euphlyctis) and, Nanorana. The Pyxicephalinae also displays sexual

dimorphism, male territoriality and parental care, bony odontids on the lower jaw and have

enlarged heads, as noted by Emerson & Ward (1998) and Emerson et a/. (2000b) to be

characteristic of the southeast Asian fanged ranids. Emerson et al. (2000b:136) state that their

'molecular analysis fully supports the finding from the previous morphological study [Emerson

& Berrigan 1993] that the fanged frogs consitute a monophyletic group'. However, the sampling

of Emerson & Berrigan (1993) and Emerson et al. (2000b;) was insufficient to demonstrate this

with respect to the above-mentioned African taxa. Similarly, Kosuch e/ al. (2001) retrieved a

sister genus relationship between Conraua and Limnonecles in their Neighbour Joining analysis

of 165, and a sister genus relationship between Pyxicephalus and Linnonectes in a combined

Neigbour Joining analysis of 165 and l2S, but still advocate intercontinental dispersal to

explain the distribution of Hoplobatrachus. The current study suggests that a monophyletic

clade of'fanged' ranids (sensa Emerson & Ward 1998) exists, but that it should include the

African fanged ranids. The rank of this clade remains to be determined, but it would probably

take its name from the genus Pyxicephalas, depending on its final content. The fanged ranids

may or may not contain the genus Phrynoglossr.is (previously tn Occidozyga), which appears to

be more closely relaled to (Platymantis + Discodeles).

Ptychadeninae

The monophyly of the Ptychadeninae, i.e. (Hildebrandtia + Py'chadena), is strongly

supported and was retrieved by all sensitivity analyses (Fig. l8). A high degree of confidence

can be placed in the validity of this clade (Bogart & Tandy l98l; Clarke l98l), which probably

includes the genus Lanzarana Clarke, 1983. There are at least four unique non-homoplastic

morphological slrnapomorphies of the Ptychadeninae. These include fused eighth presacral and

sacral vertebrae (c8:l); the clavicles descending and fused to the coracoids (c26:2); the anterior

ramus of pterygoid being tong and curving medially away from the maxilla (c6l:2); and the
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sensitivity analyses refuted Blommers-schlosser's (1993) transferral of Nannophrys to the

'Cacosteminae'. The true affinities of Nannophrys remain to be determined in a larger analysis.

Tomopterninae

Clarke's (1981) osteological study on the African Raninae found Tomoptema to be isolated

within the'Raninae' as he had treated it. The main character on which this was based was the

presence of a spikeJike ilial process, combined with the lack of ilial flanges, which obfuscates

the coding of the former character. In Clarke's analysis, the monophyly of the traditionally

defined Raninae was not questioned, and thus Tomopterna was found to be outside of the main

clade ofRaninae. Clarke's findings were subsequently taken by Dubois (1992) asjustification to

raise a new subfamily of the Ranidae, the Tomopteminae, again without considering the

possibility that the genus may be more closely related to ranids outside Clarke's Raninae. Two

unique synapomorphies were identified for the Tomopteminae, viz. the neural spine of the first

and second presacral vertebrae overlapping but not fused (c2:2), and a free flange or projection

present centrally, facing towards the jaw (c90: I ). Other synapomorphies occurring in only a few

other taxa include: a heart-shaped frontoparietal arrangement (c77:3), which occurs elsewhere

only in Nanorana; the posterior of the frontoparietals being *'ider than the anterior (c78:2),

which occurs in some cacostemids, microhylids and a few other taxa; and the toes unwebbed

but flanged the entire length (c159:l), which occurs elsewhere in Cacosternum, Hemisus and

Leptodactylus. The equally-weighted hypothesis identified fourteen additional synapomorphies

for Tomopterna (see Appendix 8).

The subfamily Tomopterninae, as erected by Dubois (1986), was recently demonstrated to be

paraphyletic (Vences t999; Vences e, al. 2000a), its only genus, Tomopterna, being found to

comprise three distinct clades which are now regarded as separate genera. The Indian genus

(Sphaerotheca) is related to Fejeruarya, while the Madagascan geats (Laliostoma) is related to

Aglyptodacrylus, and the African genrs Tomopternd is related to Cacoslernutn (Vences el a/.

2000a). Recognition ofthe Tomopteminae thus renders the Dicroglossinae and the rhacophorids

or mantellids paraphyletic (the latter depending on the placement of Aglyptodactylus-see

Blommers-Schl6sser & Blanc l99l; Glaw et al. 1998l. Emerson et a\.2000a for discussions of

this controversy). The overall similarity of these thee genera is due to convergence caused by

their bunowing habits, which makes them superficially similar to even the spadefoot toads of

the Americas (genus Scaphiopus Holbrook, 1836). This may explain why the African members

were classified in the burrowing gents Pyxicephalus for many years. The sister group

relationship of Tomopterna to the cacostemids was supported in the current study by both

molecular and morphological data. The geographical and ecological range of Tomoplerna, i.e.

its 'arid corridor' distribution (sensu van Zinderen Bakker 1967; de Winter 1971; Poynton

1995) and ability to survive in hyperarid ecosystems of southem Africa, are shared with
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Cacosternum boettgeri. The strong ecological constraints on its morphology that are maintained

by its burrowing habit may be partly responsible for obscuring the relationships of Tomopterna

for decades.

Petropedetinae

In the only phylogenetic analysis which has included some members of the Petropedetinae,

Ford (1990) concluded that the subfamilies Raninae and Petropedetinae were intermingled,

rendering both para- or polyphyletic with respect to each other. Familial status was subsequently

proposed for the 'Petropedetidae' by Dubois (1992). The premature elevation of this assemblage

to familial rank has compounded the problems and confusion evident in ranid taxonomy,

because it appears to support this demonstrably paraphyletic assemblage. A rigorous hypothesis

of relationship based on synapomorphy should be a prerequisite for rank changes at this

taxonomic level. In the current study, a monophyletic 'Petropedetidae' was not retrieved under

any ofthe 20 parameter sets analysed here, which is sufficient to refute its familial status.

Ar examination of the characters that have been used in the past to justify the grouping of

the cacostemids and petropedetids shows that these are either plesiomorphic or plastic features.

Some ofthese are known to be conelated to particular ecological strategies and occur in many

different groups of frogs. Examples of these characters are found in Blommers-Schlosser's

(1993) analysis of ranid relationships, which utilized l5 characters to determine the

relationships among the firmisternal frogs, and seven characters to determine relationships

between the Ranidae, Rhacophoridae and Mantellinae3. Remarkably, given the paucity of her

data, she concluded that the Petropedetinae was paraphyletic, although the analysis that led her

to this conclusion was not presented, nor were the exact terminals that she used in each of the

two analyses explicitly stated. Blommers-Schldsser (1993) perceived the Cacosteminae as

comprising Cacosternum, Microbatrachella, Anhydrophryne, Nothophryne, Arthroleptella and

the Sri Lankan ranid Nannophrys. This conesponds to a group of taxa which possess dilated

sacral diapophyses and reduced ossification of the omostemum and procoracoid-clavicular bar.

Dilated sacral diapophyses display many subtley diverse forms (Emerson 1979, the present

study c20 22) and occur in many Neobatrachian groups (Lynch 1973). The character ofdilated

sacral diapophyses has in the past been used to incorrectly ally the cacosternids with the

microhylids (Noble 1931). Reduction in ossification of the omostemum and procoracoid-

clavicular bar is known to be correlated to small size (Trueb 1973) and again occurs in many

disparate ranids. Hence, both of these characters are widespread and cannot be used in isolation

to determine the contents ofthe Cacosteminae with respect to the Asian taxa that she mentions.

I 
These numbers exclude the binary characters in which one state occurred only in a single taxon included

in the analysis (autapomorphies).
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Blommers-schldsser's (1993) concept of the Petropedetinae consists of the genera

Arthroleptides, Dimorphognathus, Natalobatrachus, Petopedetes, Phrynobatrachus (in part,

but which part is not slated), Phrynodon as well as some assorted Asian genera (Slaurois,

Batrachylodes, Palmatorappia, Platyma tis, Ceratobatrachus, Discodeles, and tentatively

Micrixalus, Occidozyga [including Phrynoglossus?f and Elachyglossa Andersson, l916). This

was based on the plesiomorphic character state of widely-separated atlantal cotyls, and two

derived (and correlated) characters of T-shaped terminal phalanges and expanded digital pads

with circum-marginal grooves. The latter is well-known to be correlated with an arboreal habit

(Trueb 1973), and is always supported by bifurcated terminal phalanges. Blommers-SchlOsser's

(1993) criterion for inclusion in the Petropedetinae was thus essentially the presence of

expanded digital discs, which may explain how she managed to divide a cohesive monophyletic

genus like Phrynobatrachus into two parts, which she subsequently placed in different

subfamilies of the Ranidae.

The tendency towards terrestrial breeding evident in some petropedetine genera is, in reality,

a suite of characters manifesting themselves at various levels of specialization. Although these

characters were not examined in the current study, they are unlikely to be synapomorphic at the

level of the Petropedetinae, given the diversity of breeding strategies employed by the taxa

concemed. EggJaying out of water is a common anti-predation strategy, while guarding ofegg

clutches by parents is similarly widespread and probably linked to desiccation avoidance once

the former strategy is employed (Amiet l98l). These strategies appear to have evolved many

times in many disparate anuran lineages, and many prominent authors (Orton 1957; Laurent

l96l; Lynch 1973; Inger 1996) have expressed doubts regarding the overriding emphasis placed

in the past on specialised life histories in determining anuran relationships. The femoral glands

and medial lingual process alluded to by Parker (1935) are rvidespread in the Ranoidea (Grant et

al. 1997 Glaw et al. 2000), although absent in many taxa considered to belong to the

Petropedetinae. The absence of vomerine teeth is a condition known to occur sporadically in

many ranids (Lynch 1973), and is not a defining feature of the Petropedetinae. This condition

does not occur in the tlpe genns, Petropedeles (Noble 1931), and can vary intragenerically, e.g.

in Tomopterna (the present study).

The sensitivity analyses conducted here recognize three separate monophyletic clades of

genera formerly included in the Petropedetinae, which are referred to hereafter simply as the

cacostemids, the petropedetids and the phrynobatrachids, as the appropriate rank for these

clades cannot be determined until a considerably more detailed knowledge of ranid relationships

is attained. These three clades do not appear to be closely related, and as such, further references

to this 'subfamily' or 'family' are avoided. However, the sensitivity analyses seem to support

the notion of the cacostemids and phrynobatrachids being closely related, if not a monophylum

due to the possible inclusion in this clade of the genera Tomopterna and Batrachylodes. While
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the affinites of Tomopterna are clearly with the cacostemids, the tme affinities of Batrachylodes

remain obscure as this taxon consistently displaced around the tree under different analysis

parameters. This may be due to poor sampling ofthe taxa to which it is likely to be related, such

as MicrLtalus, Indirana or the Ranixalinae, but the possibility of Batrachylodes being related to

petropedetids or phrynobatrachids cannot be dismissed at present.

The equally-weighted tree suggests that the cacostemids and phrynobatrachids are sister

taxa, but does not identifu any unique synapomorphies supporting this grouping. The following

character states were identified as non-unique synapomorphies: neural spines on vertebrae two

to four absent (c7:0); posterior process of the vomer absent (46:l), which is not consistent

within the clade; short gap or slight overlap between the anterior border of the parasphenoid ala

and the medial ramus of pterygoid in the anterior to posterior plane (c64:1); nasals rectangular

to round (c70: I ); and a shallow hyoglossal sinus (c97: I ).

Phrynobatrachids

The group of genera referred to here as the phrynobatrachids (Phrynobatrachus,

Natalobatrachus, Dimorphognathus and Phrynodon) was consistently retrieved as a

monophyletic group except in analyses under two parameter sets where it was unresolved but

consistent with monophyly (Figs 19, 20K). Chewon-shaped glands in the scapular region

(c189:1) are a unique synapomorphy ofthe phrynobatrachids, although these are absent in two

species. A small round heel tubercle (c175:1) is almost unique, occurring in Mantidactylus and

in one species of Tomopterna. The phrynobatrachids also display a large indel in their 165

sequences between bp positions 60-79 on the alignment presented in Appendix 4. Other non-

unique synapomorphies of the phrynobatrachids include expansion of anterior l/4 of the pars

palatina of the maxilla equatling the expansion of the posterior li4 in width (c5l:0),

transforming within the genus to state l; the alary process of the premaxilla inclined laterally

away from the midline (c86:l); and nuptial pads in breeding males being present on finger one

only (c 142:l ).

Phrynobatrachus contains approximately 65 species, 15 of which are krown only from the

type localities, many of which may not be valid. Some indication of the diversity of

Phrynobatrachus is obtained from evidence that at least three different chromosome numbers

were found in the genus when six different species were examined (Bogart & Tandy l98l),

while at least two different carpal arrangements (Laurent & Fabrezi 1989) and two distinct

morphologies of the medial lingual process (Grant e, al. 1997) are present in the genus. The

inclusion of only seven Ph4,nobatrachus species here nevertheless demonstrated a remarkably

tight cohesion of the members of this genus on morphological gtounds. The monophyly of

Phrynobatrachus is compromised only by recognition of the genus Dirr orphognthus, which is

deeply nested inside the former, justifying the synynomy of Dimorphognathus wilh
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Phrynobatrachus. Within Phrynobatachus, Dimorphognathus is closely related to P. natalensis

and, P. acridoides, which all have l8 chromosomes (Bogart & Tandy l98l). All sensitivity

analyses demonstrated Phrynobatrachus dendrobates and P. versicolor to be sister taxa within

this taxon set.

Although embeddedwithin Phrynobatrachus in the equally-weightedhypofhests, Phrynodon

was usually found to be the sister to Phrynobatrachas in the sensitivity analyses, with

Natalobatrachus always basal to the entire phrynobatrachine clade. The latter genus lacks many

ofthe important features of Piryz obatachus, hence it may be most appropriately considered as

a valid monotypic genus. A recent paper on a new reproductive mode in Phrynobattachus

akicola (R:ldel & Emst 2002) demonstrates that the reproductive mode of Phrynodon is not

unique, but is rather probably synapomorphic for these two taxa. Due to the lack of convincing

differences between Phrynodon and Phrytobatrachus, and due to the size of the

Phrynobatrachus lineage, Phrynodon is probably congeneric with Phrynobatracirs. The action

of synynomising the monoB?ic genera Dimorphognathus and Phrynodon with the genus

Phrynobatachus will ensure that future studies of the phrynobatrachids will examine these two

taxa, and not disregard them as is oflen the case in modem revisions. Phrynobatrachus is in

need ofa thorough revision, probably more so than any other African ranid genus. This revision

will need to incorporate data from conventional morphological sources as well as data from life

history, behaviour, advertisement calls and gene sequences, in order to adequately address the

question. Such a revision may indicate the need to split the genus Phrynobatrachus, in which

case Dimorphognathus and Phrynodon would be available names, but are unlikely to remain

monotypic.

Cacosternids

The genera Poynlonia, Ericabatrachus, Nothophryne, Microbatrachella, Cacostemum and

the terrestrial breeding Anhydrophryne and Arthroleptella, are referred to here as the

cacostemids. The present analyses do not support Poynton's (1964:137) view that the

cacostemids are derived from'a primitive Phrynobatrachus stock', but rather suggest that both

lineages may be in the same clade, along with at least Tomopterna, and possibly Batrachylodes-

The sensitivity analyses indicate that the cacostemids are possibly more basal than the

phrynobatrachids and may even be the most basal clade of the broadly defined Ranidae (sersr

Dubois 1986). The analyses refute Loveridge's (1957) synynomy of Microbatrachella with

Phrlmobatrachus, which was nevertheless rejected by subsequent workers, for example Poynton

(1964), who argued that this synynomy was inadmissable on stemal characteristics alone.

The equally-weighted topology does not support Poynton's (1964) view of two separate

Iineages in the cacostemids, viz. the Arthrolepellc-Anhydrophryne lineage and the

Cacosternum-Microbatrachella lineage, although the majority of sensitivity analyses did (Fig.
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l9). Poynton (1964) hlpothesized thal Arthroleptella is lhe sister genus of the monotypic

Anhydrophryne on the basis of breeding system and similarly reduced shoulder girdle

architecture. The current analyses confirm this, but also indicate that Arthroleptella hewitti ts

the sister taxon of Anhydrophryne, and further suggests that it should be transferred to

Anhydrophryne in order to preserve the monophyly of Arthroleptella.

The equally-weighted analysis placed Nothophryne as the sister genus of Cacosternum,

although the sensitivity analyses favoured a reversal of the positions of Nothophryne and

Microbalrachella. Cacosternum was in all cases found to represent the most derived genus of

the cacostemids. Poyntonia was postulated to be closely related to Cacosternum and

Microbatachella (Channing & Boycott 1989), although some of the sensitivity analyses

(including the equally-weighted analysis) indicated thal Ericabatrachus is the sister of

Poyntonia. However, most sensitivity analyses displayed a pectinate relationship with

Poyntonia baszl to Eicabatrachus and the rest of the cacostemids. These results are difficult to

explain on biogeographic grounds. Poyntonla (extreme southwestem regions of South Africa),

Nothophryne (Malawi) and Ericabatach s (Ethiopia) appear to be distributed along Afro-

montane forest relicts. It is plausible that many other, now extinct, taxa once existed in this

lineage, which may have bridged the morphological disparities between the extant taxa.

Absence of intermediate taxa from the analyses may be frustrating any attempt to retrieve

relationships of these three taxa relative to one another. The lack of molecular data from both

Ericabatrachus and, Nothophryne might also be partly responsible.

The cacostemids are defined by one unique synapomorphy, vlz. the clavicles narrowing

sharply and being unossified towards the medial edge ofthe coracoids (c23:l). However, they

are also supported by a further five synapomorphies that occur only in a few other taxa. These

include a reversal to short transverse processes of the eighth vertebra (c3:0), which occurs in

some microhylids and Heleophryne; the lateral edge of the pars palatina of the premaxilla

slanting outwards and being longer and thicker (c50:3), occuring elsewhere only in

rhacophonds and Phrynoglossus, but reverses in Cacoslernum, Nothophryne and

Ericabaffachus; the otic plate being a thin rib ofbone overlapping the side ofthe crista parotica

only (c7l:2), which occurs elsewhere in Ptychadena and Na ordna; testes with black pigment

(ct4l:l), occurring elsewhere only in Ptychadera, some dendrobatids and Phrynobatrachus

natalensis; and two subarticular tubercles present on the third finger (c 180: l), which occurs in

the sooglossids and Afrana angolensis, and reverses in Cacosternum. Non-unique

synapomorphies of the cacostemids include: distal ends of sacral diapophyses distinctly

flattened (c2l :0); anterior margin of sacral diapophyses angled transversely (c22:l); nasals not

overlapping the sphenethmoid (c68:l); pars fascialis of the maxilla reduced anteriorly and

triangular (c81:l); terminal phalanx of third finger knob-like (c128:l); terminal phalanx of

fourth toe simple (c129:2); and toe tips without a circum-marginal groove (c168:1). The
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presence of a similar os sesamoides tarsale in the sooglossids and certain cacostemids

(Cacosternum, Ericabatrachus and Arthroleptellc), is indicated by the equally-rveighted

phylogenetic hypothesis to have been acquired independently in each ofthese four taxa. Similar

protective requirements of the ankle joint in small frogs probably facilitated the evolution of

similar morphology in this sesamoid.

The sensitivity analyses leave little doubt that the recently described Ethiopian genus

Ericabatrachus is closely related to the cacostemids, not the petropedetids as assumed by some

workers on the basis of the presence of dorsal digital scutes (M. Klemens, personal

communication). According to all interpretations, Ericabatrachus is a peculiar genus. The most

notable extemal feature of the genus is a reduction in the frst finger relative to the second

finger, which occurs sporadically in certain microhylids, ranids and leptodactylids (wu 1994;

Myers & Ford 1986; Brown e, al. 1997). However, Ericabatachus displays novel character

combinations intermediate between the cacostemids and the basal ranoids. In many of the

sensitivity analyses, this genus may have contributed to the cacostemids occuring in a basal

position in the Ranidae. On the equally weighted trees, 22 apomorphic state changes are

postulated for the branch leading to Erieabatrachus. Eight of these are reversals to the

plesiomorphic state and include: the transverse processes of the eighth vertebrae orientated

laterally (c4:0); centrum of eighth vertebra procoelous (ct3:0); undilated medial edges ofthe

coracoids (c29:0); posterior margin of coracoid straight (c30:0); metastemum cartilaginous

(c33:0); medial branch of anterior process of hyale long, straight and thin (c91:0); alary

processes of hyoid angled anteriorly (c96:0); and toes with a ventral circum-marginal groove

(c168:0). Fourteen other apomorphies exist for this taxon. In one instance, under extreme

weighting of the morphology (411C), Ericabatracias displayed a sister relationship to the

sooglossids, next to the dendrobatids. The above-mentioned character states were most likely

responsible for the exclusion of Eicabatachus from the Ranidae in this particular analysis, as

happened frequently when the morphological data alone were subject to analysis under implied

weighting (not presented here), where these characters were obviously deemed to be amongst

the most consistent and therefore received disproportionately greater weights than the other

characters.

Petropedetids

The genera Petopedetes and Arthroleptides were found to form a monophyletic clade in the

vast majority of analyses. Regardless of the relationship of the cacosternids to the

phrynobatrachids, which may or may not be sister taxa, the petropedetids are isolated from both

of these clades, rendering the subfamily 'Petropedetinae', as currently defined, paraphyletic.

The petropedetids were found by the equally-weighted analysis to be closely related to the

Raninae, and by the sensitivity analyses to the Amolops and mantellid-rhacophorid lineage, but
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no analysis showed them to be closely related to the cacostemids or phrynobatrachids. The

species of Amolops examined here clearly has a similar rupicolous and riparian ecology to that

of the petropedetids. However, this is supported by many intemal osteological features, and this

similarity appears to be due to common ancestry, not convergence (cl Bossuyt & Milinkovitch

2000).

One non-unique character of the petropedetids, v2. the presence of dorsal digital scutes

(c 160: l), is rare in the ranids and occurs elsewhere in this analysis only in Ericabatrachus and

the dendrobatids. More widespread non-unique synapomorphies of the petropedetids include:

dorsal ridge of the coccyx around half the length of coccyx but not reduced (cl4:l); pars

fascialis of the maxilla reduced anteriorly, strong and triangular (c8l:1); thyrohyals more

expanded at the proximal ends (c106:0); prehallux small, usually cartilaginous (cl2l:0); two

lateral vocal sacs in breeding males (c 150: l); and femoral glands present in the males (c l5l : I ).

Petropedetes natator was found to be the basal member of the petropedetids, which form a

homogeneous group. There appears to be no justification for retaining lhe gents Arthroleptides,

which is nested in Petropedetes, thus rendering it paraphyletic. Nieden may have been unaware

of the existence of Petropedetes (described by Reichenow in 1874) from West Africa when he

described Arthroleptides in 1910 from East Africa, because they are more than superficially

similar. They share fundamental suites of shared derived characters, such as the metacarpal

spike and tympanic papillae in breeding males, and differ, according to Noble (1931), in size

and the lack of vomerine teeth in Arthroleptides. Geographical disjunction alone is insufficient

to uphold the validity of Arthroleptides in the face of this evidence, and this genus should

therefore be synynomised with Petropedetes-

On Contemporary Biogeographical Scenarios

Taxonomic confusion in the family Ranidae has impeded progress in elucidating the

biogeographic history ofthe group. Darlington ( 1957) suggested that the ranids originated in the

Old World tropics, based on their contemporary distribution and in the absence ofplate tectonic

theory. Africa was tmditionally assumed to be the site of the major ranid radiation, since their

greatest diversity was perceived to occur there (Noble 1931; Savage 1973; Bogart & Tandy

l98l; Duellman & Trueb 1986). However, the erection of a plethora of taxa from the Asian

region is now challenging the notion that Africa has the greatest diversity of ranid frogs (Dubois

'1992). lt has been debated as to whether the Ranidae originated prior to the breakup of

Gondwanaland, as suggested by the work of Dartington (1957), or on continental Africa, as

suggested by Savage (1973). Recently, Bossuyt & Milinkovitch (2000) presented a molecular

phylogenetic hypothesis ofthe Ranoidea based on 28 taxa,20 of which were in 8 genera. On the

basis ofthis, Bossuyt & Milinkovitch (2001) came to a novel biogeographic conclusion that the
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'Raninae' and 'Dicroglossinae' lineages originated on the drifting insular block of India.

Similarly, Kosuch el a/. (2001) presented a molecular phylogeny based on 34 taxa in 20 genera.

Kosuch el al (2001) argue for an Asian origin of the genus Hoplobatrachus, and speculate that

the ancestors of the African species, Hoplobatrachus occipitalis, must have reached Africa via

dispersal. Bossuy & Milinkovitch (2001) postulate that only a limited number of ranine frogs

'reached' Africa, e.g. Hoplobalrachus. Kosuch e, al. (2001) additionally postulate that there

was more or less parallel intercontinental dispersal ofseveral anuran groups beh4'een Africa and

Asia in the Neogene, possibly via contact between the Arabian Peninsula.

Despite the poor sampling of both the dicroglossine and ranine lineages in the current study,

both are shown here to be grossly paraphyletic. Bossu)4 & Milinkovitch's (2001) phylogenetic

hypothesis failed to detect the close relationship of the fanged African ranids (Pytdcephalus,

Aubria, Conraua) to the Asian fanged ranids (Limnonectes, Phrynoglossus), whereas Kosuch el

al's (2001) analysis did, but they did not discuss it. Kosuch et al. (2001) acknowledge that a

number of lineages comprise taxa present in Africa and Asia, e.g. the African Amnirana-

Hydroplrylat and Asian Hylarana clade, and the rhacophorids. They note that in several

published molecular studies (not referenced by them), African and Asian ranid lineages were

grouped at basal positions of the tree. However, they nevertheless still present the hypothesis

that the fanged ranid clade dispersed into Africa ftom Asia. The studies of Bossuyt &

Milinkovitch (2001) and Kosuch e, al. (2001) present poorly sampled phylogenies that do not

adequately test their assumptions. Both of the above-mentioned studies do not queslion the

validity of the current classification scheme (sensa Dubois 1986, 1992) of the Ranidae and

present similar lines of argument, which are accordingly discussed together below.

Bossuyt & Milinkovitch (2001) and Kosuch er al. (ZO0l) present biogeographical

hypotheses that rely heavily on dispersal to explain data that do not fit their hypotheses, thereby

negating the need to consider altemative explanations, notably that of a Gondwanan origin.

Clearly, Bossult & Milinkovitch (2001) subscribe to a centre-of-origin paradigm. Bossuyt &

Milinkovitch (2001) state that it would require six dispersal events to be consistent with an

African origin, but if it is assumed that the Ranixalinae is a derived, purely Indo-Asian lineage

that evolved subsequent to the events in question (which includes three of their putative

lineages), and that the dicroglossines are embedded in the Raninae, this number is reduced to

only two 'lineages'.

Kosuch e/ al- (2001) also argue that it is more parsimonious to assume an Asian origin of

Hoplobatrachus, because this would require one dispersal event (the A occipitalis ancestor into

Africa) than to assume an African origin. The latter is stated to require thee dispersal events, v,z

one for the ancestor of Fejervarya, orre for lhe (Euphlyctis+ Nannophrys) lineage, and one for

the Asian Hoplobatrachus ancestor entering Asia. From the phylogeny that they present in Fig.

2, this would be only two for an African origin: one for the ancestor at the node leading to
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actually was introduced there, nor is there any evidence that other, now extincl, Hoplobatrachus

species did not exist on Madagascar in the past.

Thirdly, an African origin of Hoplobatachus is excluded by Kosuch e/ a/. (2001) because

the low genetic divergence between African and Asian species does not indicate such an ancient

divergence. The third point might be valid ifone trusts current molecular clock calculations for

the genes and the species involved, or even accepts the validity of the molecular clock per se.

The authors themselves express concem regarding the uncertainties in the application of the

different calibrations available, stating that reliable ranid calibrations are currently lacking.

They also mention that doubts exist as to whether the ribosomal DNA fragments utilized

actually exhibit clockJike behavior. Bossuyt & Milinkovitch (2001) also rely on assumptions of

a molecular clock to calculate divergence time of some of the major lineages of frogs of the

family Ranidae, not that the content ofthese are known with any degree ofconfidence.

Bossuyt & Milinkovitch (2001) present current numbers of species in the 'Raninae' and

'Dicroglossinae' in Africa and Asia as observations congruent with their hlpothesis that these

lineages dispersed 'out of lndia'. Kosuch e, al. (2001:403) follow a similar argument, stating:

'according to Dubois (1992), the largest number of species and subgenera of this section

fHylarana]are found in Asia, and an Oriental origin of its African representatives may therefore

be taken into consideration', again alluding to the centre-of-origin paradigm. The number of

extant species does not conclusively demonstrate anything, apart from the fact that the

evolutionary lineages to which these belong, whatever these may be, radiated spectacularly in

Asia. This could conceivably have been made possible by the lack of competition from other

ecologically equivalent ranoid forms when they arrived from Gondwanaland via the Indian

plate. Using raw species numbers to support their conclusions is misleading regardless of the

above point, because it is the distribution of higher clades that should be studied, not individual

species. In addition, the true numbers of species and lineages in central Africa is unlnown, and

severely underestimated due to the paucity of systematic study of African fiogs. Recent

herpetological collecting expeditions are revealing the extent of this underestimation, with for

example 55 species being recorded from a single locality in Gabon (Marius Burger and Alan

Channing, personal communication).

Bossuyt & Milinkovitch (2001:94) state that the fossil evidence of European .Rara is

consistent with their hlpothesis, since 'much older fossils [than the Oligocene] would likely

have been found if the lineage originated in Africa or Eurasia'. However, Kosuch et ai. (2001)

claim that Sanchiz (1998) lists the existence of some unpublished data, indicating the possible

existence of ranid remains from the Late Cretaceous from Europe. The text of Sanchiz (1998)

does not imply that these unknown remains are ranids, and states that they should be considered

as indeterminate Neobatrachia until studied further. However, Sanchiz (1998) does note that

true ranids are known from the Cenomanian (Cretaceous) period from the Wadi Milk Formation
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in Sudan (Werner 1994). Whilst an Eurasian origin of the ranids is implausible, few anuran

fossils are known from Africa (Vergnaud -Grazzini 19661 Sanchiz 1998), although the region is

rich in them (D. E. van Dijk, personal communication). It should be noted that a lack of fossils

does not prove that they do not exist. The pauciry of African anuran fossils could be ascribed to

limited attention given to anuran paleontology in the region. The antiquity ofthe ranid lineages

is highly relevant, because the 'frog fauna in any existing world land area is determined in

complex fashion by the interaction of present and past ecology, geographic accessibility, long-

term physiographic events, and the evolutionary history of the familial units' (Savage

1973:396). The more time that has elapsed, the more complex the interaction ofthese factors is

expected to be. Biogeographical hypotheses based on weak phylogenetic analyses, and overly

concemed with the current distributions of extant taxa, are unlikely to retrieve this complex

history.

The findings of Bossuyt & Milinkovitch (2001) do not contradict the'out of Africa' scenario

developed by Savage (1973). Moreover, there is no need to postulate dispersal as Savage did to

explain the distribution of some groups, e.g. the rhacophorids, if a more ancient origin of the

Ranidae is assumed that is congruent with a Gondwanan origin. The phylogenies presented here

and by Emerson et al. (2000a), show that the basal lineages of the Ranoidea are clearly

Gondwanan. The current study indicates that the basal lineages ofthe Ranidae are either African

or Asian, and demonstrates that there are taxa in many ranine clades that occur either in Africa

or Asia. There is little justification for suggesting that the Raninae evolved in India and

dispersed back to Africa, although the Ranixalinae (incorporating Micrixalus and

Nyctibatrachus), is probably an exclusively Indo-Asian lineage. Tempting as it may seem to

conclude otherwise, an African or Gondwanan origin of the lineage has not yet been

conclusively refuted by any published study.

The conclusions drawn from this study regarding the biogeography ofranid frogs is that we

simply do not know enough about the phylogeny of the group to be postulating new theories at

present. Reliable, comprehensively sampled and rigorously analyzed phylogenies are a

prerequisite before such hypotheses can be truly tested.

12

https://etd.uwc.ac.za



CoNcr,ustoNs AND SuMM.q,RY

The specific questions raised regarding the monophyly and relationships of the primary

focus of the present study, the ranid subfamily Petropedetinae, were addressed. The

Petropedelinae (sensr Frost 1985) or Petropedetidae (sensa Dubois 1992) should not be

recognized as a single evolutionary lineage, as it comprises three clades that do not form a

monophyletic group. Sensitivity analyses indicated that the cacostemids may be the most basal

clade of the Ranidae (sensl Dubois 1986). The phrynobatrachids are either sister to the

cacostemids or the next most basal lineage, and are strongly supported as monophyletic. The

cacostemids are more closely related to Tor opterna than to the petropedetid lineage. The

equally-weighted analysis indicated the petropedetids to be closely related to the Raninae, but

by the majority of sensitivity analyses suggested a relationship to lhe Amolops and mantellid-

rhacophorid lineage. However, no analysis demonstrated that they are closely related to the

cacostemids and phryrobatrachids. Justification for synynomising three genera within these

clades was found.

As with many previous studies of the phylogeny of the Ranoidea, the current analyses did

not unequivocally resolve the basal relationships between the major clades. The basal

cladogenic events within this group are ancient and concealed by tens of millions of years of

evolutionary change. Some novel insights into ranoid relationships were nonetheless obtained

from the present study. The sensitivity analyses indicated that the sooglossids and dendrobalids

may both be 'transitional' families (sensa Lynch 1973), intermediate between the superfamilies

Bufonoidea and Ranoidea, whose interrelationships are presently unknown. No support was

found for a sister group relationship of the dendrobatids with either the phrynobatrachids or the

arthroleptids. The microhylids were found to be the basal clade in the Ranoidea, consistent with

the notion that they could be placed in a separate super family, the Microhyloidea. The

microhylids were found to include the hemisotids and formed a well-supported monophyletic

clade. The astylostemids were found to strongly link the arthroleptids to the hyperoliids, which

together form one clearly monophyletic lineage. The gerr,ts Leptopelis is either basal in the

hlperoliid lineage or embedded in the astylostemid lineage, and is the single taxon that is

primarily responsible for the non-monophyly ofthese clades in some ofthe sensitivity analyses.

The present study answered some questions regarding the evolutionary history of the

Ranidae, but also served to highlight the deficiencies of our knowledge in this regard. The

family Ranidae, sensa Dubois (1986), is in need of redefinition, but this can only be

accomplished once the evolutionary relationships in this group are known with a greater degree

of confidence, to avoid promulgating additional non-monophyletic higher taxon names. Some

consensus on the position of the rhacophorids and mantellids is emerging from the present and

previous phylogenetic analyses, which indicate that they are sister taxa and are embedded in the

Ranidae (sarsa Dubois 1986). At this point, neither should be recognized at familial rank unless
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the Ranidae is completely subdivided. In that case, the rhacophorids and mantellids together

shoutd probably be recogrized as a single family, which is further justified by the lack ofknown

morphological synapomorphies for the mantellids.

Three recent subfamilies ofthe Ranidae erected by Dubois (1992) are embedded within each

other and the older subfamily Raninae. The monophyletic Pyxicephalinae is nested within the

paraphyletic Dicroglossinae, which is nested within the paraphyletic Raninae, which also

contains the monophyletic Ptychadeninae. This larger monophyletic clade could in future be

redefined and renamed as the true family Ranidae. Following further phylogenetic study,

particular taxa demonstrably not part of this lineage might then be removed from the Ranidae

and transferred to other families. These may include the Rhacophoridae, Cacostemidae,

Polypedetidae, the Ranixalidae, or whatever names may be applicable, leaving the core of the

Ranidae as a monophyletic lineage. Within the latter clade, it appears that the fanged Raninae of

Africa and Asia (many of the Dicroglossinae and Pyxicephalinae, but also some taxa currently

placed in the Raninae, i.e. Nanorana), may comprise a single evolutionary lineage. This lineage

may be valid at the subfamilial level as the ranid subfamily Pyxicephalinae. However, further

analyses, including additional taxa, are required before taxonomic emendations can be

undertaken on this group. The new taxonomic framework proposed by Frost (2002) is the

closest yet to the above-mentioned redefinition, but it cannot be accepted until the evolutionary

relationships of these taxa have been clarified-

In addition, monophyly of many of the genera, or subgenera, of Ranidae remains to be

verified, and the classification is likely to remain unstable until this is addressed. The taxonomy

of many genera, particularly those formerly included in the genus Rana, is in need of review.

This must be undertaken from an evolutionary perspective, because the pitfalls of typological

classification systems have been amply demonstrated, both in the literature and in the present

study. In order to achieve this, future research should avoid the approach whereby taxa fiom a

restricted geographical region or phenetically defined groups are examined in isolation. A

comprehensive large-scale phylogeny for the Ranidae, along the Iines of the analysis of

angiosperm phylogeny conducted by Chase et al. (1993), is required. This should include at

least two to three species, including the t]?e species, of all ranid genera and subgenera. This is

not an impossible goal, given the pace of the accrual of molecular sequence data, particularly

thrcugh the 'Tree of Life' project. However, molecular data should not be solely relied upon to

attain this, and it is imperative that more morphological (organismal) data sources be explored.

Organismal data sources, including myology, karyology, visceral anatomy, larval anatomy, and

behaviour and ecology, contain new and informative insights into the problem of the evolution

ofranid frogs. These data sources would complement the molecular sequence data, and provide

essential characters for diagnosis and identification of the taxa. Preliminary molecular findings

can be used to improve the sampling in more detailed morphological studies, which would
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allow for a more accurate estimate of ranid frog phylogeny to be obtained. The resulting

reciprocal illumination possible from combining these data tlpes will result in a clearer

definition and knowledge of evolution in the family Ranidae, and the super family Ranoidea. It

is hoped that the preliminary estimate of ranid phylogeny presented here, which has

concentrated on African taxa and on morphology, will stimulate other research groups to expand

and test the data set and to corroborate or refute the conclusions derived from its analysis.
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Appendix 1. Taxa and material examined for morphological data collection, with localities. The
type species of genera are identified by the superscript (|). Stained and cleared specimens are

identified by (*), whilst those that were X-rayed are identified by the superscript (t).
Depositories for material examined are abbreviated as follows: AC, Alan Channing
(Stellenbosch, South Africa); AMNH, American Museum of Natural History (New York, NY);
BMNH, The Natural History Museum (London, UK); CAS, Califomia Academy of Sciences
(San Francisco, CA); CNC, Cape Department of Nature and Environmental Conservation
(Stellenbosch, South Africa); ES, Elizabeth Scott (with TMSA); EVD, Eduard van Dijk
(Stellenbosch, South Africa); IRSNB, Institut royal des Sciences naturelles de Belgique
(Brussels, Belgium); JPB, Jim P. Bogan (with AC); JV, John Visser (with TMSA)I LIVCM,
National Museums and Gallerys of Merseyside (Liverpool, LIK); MB, Marius Burger (Cape

Town, South Africa); NMBA, National Museum (Bloemfontein, South Africa); NMSA, Natal
Museum (Pietermaritzburg, South Africa); PEM, Port Elizabeth Museum (Port Elizabeth, South
Africa); RAS, R. A. Stevens (with TMSA); SAMC, South African Museum (Cape Torvn, South
Africa); TMSA, Transvaal Museum (Pretoria, South Africa); NMBZ, Natural History Museum
of Zimbabwe (Bulawayo, Zimbabwe); UTACV, University of Texas at Arlington (Arlington,
TX). Additional acronyms used for molecular samples are MA, Marleen Dupreez (ne6 Adams);
MV, Miguel Vences; LM, Les Minter; RDS, Rafael de Sa. For specimen lots, the number of
specimens is listed in brackets after the accession number
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Alrana angolensrt Bocage, 1866
Nandi Hills Town,5 mi. SW of: CAS 152766*. MALAWI: AC 597+. SOUTH AFRICA: Kwa-
Zulu Natal: U.C.N.R.: TMSA 51868. Ngotshe Dist, Itala Game Reserve: TMSA 51861, 51863,
51864+. Mpumalanga: Malelane, l0 km W of: AC 1522. North West Province: Marakele
National Park: ES 742. UGANDA: CAS 201982*.

Afrana fuscigula @um6ril & Bibron, 1841)t
SOUTH AFzuCA: AC [2, l+]. Aarbossiesplaat, Albert: TMSA 35763. Westem Cape:
Bainskloof: CAS-SU 9556*. Baardskeerdersbos, nr Elim: ES 735. De Wet Station, nr
Worcester: TMSA 19629*.

Amnirana albolabis (Hallowell, 1856)
cAMEROON: Nguti: TMSA 84t76-84n7r. EQUATORTAL GUINEA: Luba, Rd S of: CAS
2076561. GHANA: Eastem Region: Kade, agricultural station: CAS 103711-103714. KENYA:
Westem Province: Kaimosi, Kaimosi Dam: CAS 141603'. UGANDA: Kiizi [Kiiga] River:
cAS 204716.

Amolops ricketti (Boulenger, 1899)
CHINA: Fukien Province: Yenping/ Ch'ungan Hsien: AMNH A-28372, A-28373, A-28596, A-
28598, A-28601, A-28670, A-28676, A-28680*, A-2868t, A-28688, A-28697, A-28701, A-
30830, A-328670.

Anhydroph ryne rattrayi Hewitt, 1919t
SOUTH AFRICA: Eastem Cape: Hogsback: ES 550+, 551*, 552-560, NMSA 3497,3499-
3501, PEM 7124*, EVD N50280*, CAS 15643 I *, 1564374, 156439*, 156440*. Katberg Pass:

PEMt. Stutterheim: NMSA 5837 [7].
Arthroleptella heu'ri FitzSimons, 1947

SOUTH AFzuCA: Kwazulu-Natal: CAS 157024*. Midmar, 23 km from on rd to Bulwer:
NMSA 674G6749. Bannerman Hut Area, Giant's Castle Game Reserve: NMSA 6565'', 6567*,
6570-6575. Between Bulwer and Pietermaritzburg: NMSA 3469,3473. Between Greyton and
Muden: NMSA 32146. Border Forest, nr Kokstad: NMSA 3462, 3464. Bulwer: NMSA 3490.
Dargle, Maritzdal: NMSA 6741. Drakensberg, Cathkin Peak: NMSA 6415, 6425 l4l;6431 l2l.
Drakensberg, Champagne Castle: NMSA 1339-1345, ll92 [3, lt], 1350, i352, 1391, 1348;
CAS 157244*, 3465,3466. Drakensberg, Giants Castle, nr Injasuti: NMSA 5275. Drakensberg,
Langibelele Pass: NMSA 5276. lnhhtzane: NMSA 3485, 3486. Karkloof: NMSA 3448, 3449,
6752,3492, CAS 156518r. Lundys Hill, Umkomaas fuver: NMSA 1246 l5l. Ngoye Forest:
NMSA 993. Nkandla Forest: TMSA 36334*. Pietermaritzburg: NMSA 3442, 3451,3452,3454,
3459, 3460, 3467, 3468, 3488.
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Arthroleptella landdrosia Dswood & Channing 2000
SOUTH AFRICA: Westem Cape: Helderberg: AC l7l5*. Landdroskop: MB I117-l I19.
Jonkershoek: NMSA 3416-3419.

Arthroteptelta lighrpori (Boulenger, 1910)l
SOUTH AFRICA: Westem Cape: JV 4542, ES 164 [5, 3*], NMSA 5798 [7]. Muizenberg
Mountains: NMSA 3428,3431. Table Mountain: NMSA 3423 -3426,3432,3433,5268,5272.

Arthruleptiiles m4rrrlen sserri Nieden, 19101

TANZANIA: Tanga Region: East Usambaras, Armani, 7 km SE of on the Muheza, tributary of
the Zigi River: Bs zoa*,723, cAS 168625 1686271,168628*, 168629-1686331, 168681,

168682, TMSA 84077.
Arthroleptis stenodactylus Pfeffer, 1893

SOUTH AFRICA: Eastem Cape: Weza-Harding: JV 4682. Kwa-Zulu Natal: Southport: TMSA
79814. St. Lucia: ES [8, 2*]. TANZANIA: West Usambaras, Muzambai Forest Reserve: ES

734.
Arthroleptis variabilis Matschie, 1893

MHNG 1040.6+. CAMEROON: Nguti: LM 18, 19. Eastem Province: Boumir Camp: CAS
199162*. DEMOCRATIC REPUBLIC OF CONGO: Haut-Za'ire Province: Ituri Forest, Epula,
Lenda Camp: CAS 196108. EQUATOzuAL GUINEA: Vicinity of Moka Malabo, along rd cut
to Moka rd: CAS 207821, 207822*, 207823-207826. FERNANDO PO: Bioco village area:

BMNH 1975.310*, t975.352*.
Astylosternus diadematus W erner, 1898i

CAMEROON: Nguti: TMSA 843 I I *.

Aubria subsigillarc (Dum6ril, 1856)i
CAMEROON: Yaounda Rd, Douala: CAS 103804. CONGO: Nr Coquilhatville: CAS I13967,
113968. DEMOCRATIC REPUBLIC OF CONGO: Sankuru Province: Lodja Ten, Omaniundu:
CAS 145276. GABON: MB. GHANA: Eastern Region: Tafo, Nobi Rd nr Cocoa Research

Institute: CAS l,l42l4't, 144215, 146050*.
Batrachylodes vertebralis Boalenger, 18871

PAPUA NEW GUINEA: Kunua Coastal area: AMNH A-102866, A- 102869-A- 102872, A-
102874, A-t02878*, A-t02881, A-7t70t, A-7t727-A-71730, A-71733, A-71735-A,-71738, A-
7 t74VA-7 t744, A-7t748, A-7t750, A-71751.

Breviceps rosei Power, 1926
SOUTH AFRICA: Westem Cape: TMSA 26662-26664. Cape Flats Nature Reserve, nr UWC,
Bellville: AC 584+, 586+, 561+.

Cacoste rum boettgei (Botlenger, 1882)
NAMIBIA: Hardap Dam: ES 237+,24r. SOUTH AFRICA: EVD [8t]. Nylsvlei: ES 173*.
Wolweplaat: NMSA 3323-3327. Eastem Cape: Port Elizabeth: NMSA 5248. Umgazi: NMSA
5814 [14]. Free State Province: Glen: NMSA 5820 l2l. Welkom: ES 150*, 152*. Gauteng:
Pretoria: NMSA 3305,3320,5251. Zebediela, nr, Sunningdale: NMSA 5245-5247. Kwa-Zulu
Natal: NMSA 6478, 6479, ES 299+, 315*. Drakensberg, Cathkin Peak: NMSA 840.

Drakensberg, Champagne Castle: NMSA 3322. Matatiele: NMSA 3328. Msinga Hide: NMSA
6052. Pietermaritzburg: NMSA 3342,3343, 5253, 5254. Sithole area: NMSA 75 t3. Umrumu:
NMSA 5255,5256. Northem Cape: Kimberley: NMSA 267. Limpopo Province: Pietersburg:
NMSA 5822 [2]. Westem Cape: Pearly Beach: ES 3 I +, 32+.

C aco ste mum c ape n s e Hewitt, 1926
SOUTH AFRICA: Westem Cape: PEMA 4974*,4975*, EVD+. Malmesbury,6 mi N of: CAS
156592*, SAMC 46158. Rosebank: NMSA AMI10, SAMC 46162. Between Hopefield and

Malmesbury: NMSA 3397. Darling: SAMC 50063. Durbanville: E\rD 15079*. Klipheuwel:
TMSA 84242. Kraaifontein: EVD 15179*. Mitchell's Plain: SAMC 50073, 50086, 50088,
50099,50t00, 50103. Stellenbosch: AC 791*, CAS-SU 9538*.

Cacosternum namaquense Vtlerner, 1910
SOUTH AFRICA: Northern Cape: NMSA 3395, ES 166*,167*, 172*. Garies, 20 km S of:
CAS 156622{', 156623t. Garies, S of: EVD 50880*. Arakoop: SAMC 46691-46696, TMSA
84308. Grootdoring, Namaqualand: TMSA 35069*. Karragab: NMSA 3394 [3]. Skouerfontein,
Richtersveld: SAMC 45015,45016. Westem Cape: Bitterfontein: EVD [3r].
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Cacostemam nanum panut t Poynton, 1963

SOUTH AFRICA: NMSA 6426,7421,7468-7471. Kwa-Zulu Natal: Bamerman Hut Area,

Giant's Castle Game Reserve: NMSA 6576,6577. Drakensberg Gardens: ES 22r. Drakensberg,

Cathedral Peak: NMSA 3317,3319. Drakensberg, Cathkin Peak: NMSA 748 [8], 749 [9], 6432

l8l, 6424 [2]. Drakensberg, Champagne Castle: 919, l156 [9], ll93 [4], 1357, 5252.

Drakensberg, Royal Natal National Park: ES 148+. Drakensberg, Mont-Aux-Sources: NMSA
3321. Mooi fuver: NMSA I146, 5339, 5341. Van Reenen: NMSA 3385 3387. Mpumalanga:

Barbeton, nr Jambili Forest: NMSA 3388-3393. Blyde tuver Canyon: LM [6, 2*]. Dullstroom:
NMSA 5830 [2]. Sabie: TMSA 84309, ES 237*, NMSA 3384. Limpopo Province: Woodbush:

NMSA 5826 [s].
Cardioglossa leucomystax (Boulenger, 1903)

CAMEROON: Lolodorf: CAS 103974-103975. Nguti: LM 17*. South Wesl Province: Korup
Reserve: BMNH 19'r,9.515*. CENTRAL AFRICAN REPUBLIC: Confluence of Chinko and

Vovodo Rivers, within l0 mi. radius of: CAS 143231. DEMOCRATIC REPUBLIC OF

CONGO: Haut-Zaire Province: Ituri Forest, I km W ofEpula: CAS l96l15, CAS t96l l8*.
Chiromanlis xerampelina Peters, 1854i

MALAWI: AC 599-600*. SOUTH AFRICA: Hazyview: AC 1517, 1518. Kwa-Zulu Natal: St.

Lucia: ES. Limpopo Province: Ben Lavin Nature Reserve: ES 67 6, 677*, 678, 679.

Colostethus inguizalis (Cope, 1868)
PANAMA: Cocl6, El Balle, Rio Anton: AMNHA-l6lll2 l6l I 14, A-l6l I l5t.

Conraua crassrpes @uchholz & Peters, 1875)
CAMEROON: Avundi, 35 km NNW of Ebolowa: CAS 153623, 153624*, 153625. Kribi:
103908-103914, 38858. Yaonda Rd, Douala: CAS 103805, 103806. EQUATORIAL GUINEA:
Arena Blanca rd: CAS 207771.

Conraua goliath @oulenger, 1906)
CAMEROON: Eseka, 8 mi. S ot CAS 103389, 103390. Lukungg tuver, Bigindi, S Cameroun:

CAS 8396. Nyabessan, 157 km SW ofEbolowa: CAS 153620, 153621, 153622*.
Dendrobates specrbsus O, Schmidt, 1857

PANAMA: Chiriqui, continental divide above upper Quebrada de Arena: AMNH A-l18447*,
A-l18454*, A-124289, A-t24293, A-t24296, A-124300, A-124310, A-124318, A-124323, A-
124324, A-124326, A-t24327, A-r24329, A-t24337, A-124341, A-124343, A-124346, A,-

161120, A-16l tzt*, A-t6lL2z, At6ttz3.
Dimorphognathus africanus (Hallowell, 1857)l

CAMEROON: CAS 207783'+. Nguti: TMSA 84170-84171. Sangmelima, Foulassi, Ngam: CAS
153801, 153802, 153803,|'. Eastem Province: Boumir Camp: CAS 199305-199307.
EQUATOzuAL GUINEA: Luba, 3.6 km by rd N of: CAS 207779-207782.

Discodeles bulonilorzis (Boulenger, 1884)
SOLOMON ISLANDS: Matalogu: CAS 109895*. Topanas: CAS 109887-109891.

E ricsbatmch us bateensis Largen, l99li
ETHI0PIA: Bale: Katcha, l2 km N of: LIVCM 1986.212.363t, 1986.212.368t, 1986.212.380+,

1986.212.3 8l *.

Eup hlyuis cyanopft /ycris (Schneider, I 799)
PAKISTAN: Hyderabad, 5 mi. W of Mirpur, khas: AMNH A-67570, A-67572, A'67573.
Manshera: AMNH A-104985. Punjab Province: Sheikhupura: AMNH A-45826, A-45834*, A-
45845, A-45847. SRI LANKA: Westem Province: Sinharajah: AMNH A-23984, A-77479-A'
77484.

Heleophryne purcalff Sclater, 18991

SOUTH AFRICA: PEM A-4+, PEM [3], .4.-560, A563, 4-2092. Bainskloof: PEM ,{-5057*,
EVD N55680+.

Hemisus marmoratus (Peters, 1854)
ES'i. SOUTH AFRICA; Ben Lavin Nature Reserve: ES 659-661. Kwa-Zulu Natal: Hazyview:
AC 1520. ZIMBABWE: Victoria Falls: TMSA 84095-84098.

Hitdebrandtia arrrzrd (Peters, 1878) 1

AC 5351 [3]. MALAWI: ES 638*. MOZAMBIQUE: Xiluvo: CAS 154656*,154657,154658.
SOUTH AIRICA: Kruger National Park, Pafuri: TMSA 26110, 26373. Barberton Dist., f.
Helena 406 JU: TMSA 60843. Phalaborwa Dist., f. Ross 55 KU: TMSA 60847. TANZANIA:
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Bagamoyo District: CAS 2027 02, 2027 03.
Hoplobatrac hus occipitalis (Ginther, 1858)

CAMEROON: Mouth of Nchit River at confluence with Mbam River,29 km SSE of Foumbon:

CAS 152599. GHANA: Legon, University of Ghana: CAS 135615*. UGANDA: Kampala,

stream between Bunga Hill and Kansanga: CAS 202432. Lake Nabagabo, Kayanja marsh: CAS

204600.
Hydrophylax galamensa @um6ril & Bibron, 1841)

KENYA: CAS 183788. Lake Mbaratumu, 1.5 km N Kakayuni: CAS 183789, 183790. Malindi:
TMSA 35992. SOMALIA: Lower Juba River, nr Mareri: CAS l5 I 133*. TOGO: Akposso,

Aposso Elavagon: CAS 136117.

Hyperolius viidiflavus Rapp, 1842
AC [5+]. SOUTH AFzuCA: Eastem Cape: Hluleka Nature Reserve, Wild Coast: ES I18, 119.

Madden Dam: ES I 12. Nr Cintsa, +- 30 km N of East London: ES 351. Stutterheim: ES 4l I,
4t2.

Kassina senegalensis (Dum6ril & Bibron, 1841)i
Niangara: AMNH A-9354*. NAMIBIA: Okarara: AC 546. Waterberg Plateau Park: ES+. Klein
Hamakari: AC 504,505,506. SOUTH AFRICA: KwaZulu-Natal: St. Lucia: ES. Mpumalanga:

l0 km W Malelane: AC 1399, 14l l.
Leptodaclylon venlrimamoratus (Boulenger, 1904)

CAMEROON: Kala: MNHG l5z4.9l*, 1524.95*. Mt Kala, Yaounde: CAS 153793, 153794.

Leptodactyl us m elan o notus (Hallowell, I 861)
MEXICO: Chiapas, Huixtla: AMNH A-160839, A-52268*, A-52270, A-52272.

Leptopelis vermicu /aras (Boulenger, 1909)
TANZANIA: East Usambaras, nr Amani Forest Reserve: TMSA 84038, ES 703*, 706,717*,
718*,'7 t9-721.

Limnoneaes blythr'i (Boulenger, 1920)
MALAYSIA: Sarawak: Mengiong River, Nanga Tekalit Camp: AMNH A-90518, A-90519.4th
Division: Tabau Camp on Sungei Pesu: AMNH A-90520, A-90521, A,-90522*, A-90523-A-
90525.

Mannophryne tinrraris (Garman, 1887)
TRINIDAD: Northem Range, approximately 8 km airline N Arima: AMNH A-161116, A-
l6t I 17, A-l6l I l8*, A-161119.

Mantella auranti.tca Mocquard, 1900
MADAGASCAR:AMNHA-106561+,A-123695, A-156962-A-156964,A-73447,A.-73448.

Mantidactylus femaralis (Boulenger, 1882)
MADAGASCAR: AMNH A-50361*, A-50362. Antsrianana: AMNH A-157116, A.-15'7126.

Microbatachella capezsls (Boulenger, 1910)l
SOUTH AFRICA: Westem Cape: EVD [4+]. Ratelrivier, Aghulus Plain: CNC 6691+,6692-
669'1, 6698*. Betty's Bay: ES l54r, 156*. Cape Flats: NMBA 441446, CAS 154655*,
157015*. Cape Town: NMSA 3299, 3300, ES+, 159*. Faure: NMSA 3330. Kleinmond, nr
Hermanus: AC 4000', CNC 659/H600, 660l*,6602,6603*.

Nannophrys ceylozersli Giinther, 1869'1868't
SRI LANKA: AMNH A-23825*. Westem Province: Sinharajah: AMNH 4-77467 A-77413.
Warakapola: AMNH A-74238.

Nanorana parkeri (Steneger, I927)
TIBET: AMNH A-53178, A-53179*. Tsang Po River at Shigatse: AMNH A-62939-A-62943,
A-102782.

Natalobatrachas bonebergi Hewitt & Methuen, 19131

SOUTH AFRICA: TMSA 21467, PEMA 4769*, 4848*. Kwa-Zulu Natal: NMSA 3279,6939.
Eshowe Dist, Eshowe: TMSA 22206. Kranskop: TMSA 49971 .Vemon Crookes Nature

Reserve: TMSA 5 I 798-5 I 800, 5 1 803, ES 546*, 547 *, 548, 549. Hillcrest: NMSA 3290, 329 l.
Ngoye Forest: NMSA 989. oribi: NMSA 5896,5900. Eastem Cape: Port St John's: TMSA
21466, NMSA 3292,3294,5854*, 5856, 5860, 5861, 5862, 5865, 5866, 5868, 5869.

Nothophrlne hrcadleyi P oynton, 1963r
MALAWI: AMNH A-95098; Dzole Peak: BMNH 1965.817. Likambula-Chambe: CAS
156126, NMBZ 25273,25274,25277,25278,25279. Madzeka Basin: NMBZ 25175+,25116,
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25177,25182,25183, 25189, 25190,25195,25302, CAS 156122+,156123{., 156124, 156125.
Sombani Basin: NMBZ 25143. Tuchila Basin: AMNH A-95099, NMBZ 25286, 25287,25291,
25293,25294, CAS 156127. MOZAMBIQUE: Ribaue Mountain: NMBZ 19360,25179.

Nlctibates corrugarzs Boulenger, 19041

CAMEROON: CAS 155901, 155902, 152526*. Bakaka, Forest Reserve: MNHG 1525.26*,
CAS 153797. Nguti: TMSA 84312i.

Pantherana pipiens (Schreber, I782)l
AMNH A-114359*, A-114360*. CANADA: Dauphin, ll mi E on Rte 20: AMNH A-125965.
Lake Manitoba: AMNH A-96579-A-96582. Ninette: AMNH A-18807-A-18810. Winnepeg:
AMNH A-2983, A-5723-A-5733. USA: New York: Cayuga, ca. I mi. S of Port Byron: AMNH
A-103207. Seneca, N of Waterloo: AMNH A-100505, A-100504, A-114452.

Pettopedetes cameronensis Reichenow, 18741

CAMEROON: Nguti: LM 24. Southwest Province: UTACV A-44398. Kumba, Barombi Mbo
Lake: BMNH 1984.377, 1984.38. Manja: UTACV A-35341. Mt. Entali nr Nfainchang: UTACV
A-35324, A-35325. Mt. Yuhan: UTACV A-35335. Mundemba, Ikenge Research Camp:
UTACV A-35329. Westem Region: Victoria, 4 mi E of: BMNH 1969.496*.

Petrupedeles natalor Boulenger, I 905
LIBERIA: Mount Nimba: AMNH A-83319, 4.-83320. SIERRA LEONE: Freetown: AMNH A-
84615, A-84602t A-84614. Kortright Stream: BMNH 1964.179t. Mt. Aureol: BMNH
t961.t2484.

Petrupedetes newtozi (Bocage, 1895)
CAMEROON: Lolodorf,20 mi N of: CAS 103349. Akok, nr Kribi: AMNH A-3138. Bamenda:
CAS 125582-125585. Kribi: AMNH A-6687. Kumba, Lake Barombi: CAS 103325, 103326*,
103327. Sak-bayeme: AMNH A-14369. Southwest Province: Mana Bridge control post,

Mundemba: UTACV A-35348, A-35350. Mundemba: UTACV A-35352, A-35358, A-35360,
A-35362.

Petropedetes parkeri Amiet, 1983
CAMEROON: Eshobi: BMNH 1936.3.4.112 [misidentified as johnstoni in cat]. Tinta: BMNH
1936.3.4.126 [misidentified as johnsroni in cat]. Nguti: LM t6il. Northwest Province: Anjake
Village: UTACV A-44739, A-44740, A-447 49, A-44751. Southwest Province: Nyasaso, Mt.
Koup€: BMNH 1984.395*. Manafe Division: Eshobi: BMNH 1936.3.4.113 [misidentified as
johnstoni in catl.

Phrynoglossus laeyis (Gilnther, 1858)
PHILIPPINE ISLANDS: San Juan, Tag-ibo: CAS-SU 16392*, 16395. Iloilo Province: Buaya:
CAS 124059-124076. Negros Onental Province: Ocoy River Valley, 3 km W of Palimpinon:
CAS-SU 16275*.

Philautus surdus (Peters, 1863)
PHILIPPINE ISLANDS: CAS 210012. Buena Suerte, 22 Km SE of: CAS-SU 20339,20342-
20343. Kasinganan: CAS 133163, 133199, 133200. Mount Hilonghilong: CAS 182568,
183204. Bohol Province: Cantaub, Sierra bullones: CAS-SU 23343-23345,23347,23348, CAS
136862i..

Phrynobatrachus acridoides (Cope, 1867)
SOMALIA: Lower Juba River, nr Mareri: CAS 148377*, 148384+. TANZANIA: Ngorogoro:
AMNH A- l 2667, A- t2667 0, A-1267 I, A- I 267 3, A- 12687, A-1269 1, A- 1269 6.

P hrynobatrachus dendrobates (Bottlenger, 1919)
CAS 180634. DEMOCRATIC REPUBLIC OF CONGO: Ituri Province: Manguerets Hipa:
CAS 145294r. UGANDA: CAS 202132-202[36. Munyanga Falls Trail: CAS 204736.
Ruhizha, Institute for Tropical Research: CAS 202233, 202234,202236.

Phrynohatrac hus krelftii Bo enge4 1909
TANZANIA: Tanga Region: East Usambara Mountains, vicinity of Amani: CAS 168512,

168514*, 168530, 168538''., 168547, 168549, 168550. West Usambara Mountains, Muzambai
Forest Reserve: CAS 169380, TMSA 84038, ES 701, 731, 732,733*,727,728*,729,730,
BMNH 1974.80*.

Phrynobatrachus zorarerrsis (Smith, 1849)*
EVD [2*]. KENYA: Kakamega Forest Station: CAS 141564*. NAMIBIA: Bagani, nr Popa

Falls: AC 515. Caprivi Strip, Katima Mulilo: CAS 160639*, 160640*. SOUTH AFRICA:
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Winston Park: EVD 13176*. Eastem Cape: Port St. John's: ES ll3-115. Kwa-Zulu Natal:

Pietermaritzburg: ES I 3 9, 282, 283*, 284, 285, 286-288*, 289.
Phrynobatrachusplicalrs Giinther, I 858t

CAMEROON: Nguti: TMSA 84101. GHANA: Eastem Region: Kade, agricultural station: CAS
104017, 104020, 126443 126448, t26451-126454, 136292, 136293, 136294*, 136295-
136297, 1362984 , 136299-136305. Tafo, Cocoa Research Institute: CAS 141769.

Phrynobatrachus versicolor Ahl, 1924
DEMOCRATIC REPUBLIC OF CONGO: Kiru Province: Kundhuru-ya-Tshuwe: CAS-SU
13008*. UGANDA: Buhoma Rd, I km S of forest reserve boundary: CAS 180634. Kasiru
North, upper E fork Ntengere Riv er: CAS 202262, 202264,202266. Munyanga Falls Trail: CAS
204737.Ruhizha, Wolfram Mine: CAS 180612 180627.

Phrynodon sanderconi Parker, 19351
CAMEROON: Mt Kala, Yaounde: CAS 153804, 153805. Southwest Province: Dikome Balue

between village and Rata Mount: UTACV A-35103, A-35105. Mt. Entali nr Nfainchang:
UTACV A-35065, A-35066, A-35068. Mt. Yuhan: UTACV A-35069, A-35071, A-35074, A-
35079, A-35080t, A-35085, ,4-35076. Rumpi Hills trail to Dikone Balue: UTACV A-35125, A-
35 132. A-35 127, A-35 129.

Phrynomantis bifosciafirs (Smith, I 847)t
NAMIBIA: Klein Hamakari: AC 554,555. SOUTH AFRICA: Limpopo Province: Ben Lavin
Nature Reserve: ES 668+.

Plaitmanlis cotugatus (A. Dum6ril, 1853)
PHILIPPINE ISLANDS: CAS 21999t. Cana-as,27 km NW Bondo, Siaton: CAS-SU 19523.

Bohol Province: Sierra Bullones: CAS-SU 21992, 21999-22001,22022, 22032,22033,22136* .

Camiguin Province: slopes of Mount Mamajao, 5.5 km NE Catarman Town: CAS-SU 24060.

Poyntonia paludicola Channing & Boycott, 19891

SOUTH AFRICA: Westem Cape: EVD*. Franschoek: CNC 6605-6608,6610. Grabouw: CNC
6612, 6636* , 6637 , 6643, 6644, 66t3, 6635, 66384641 , 6642*, 6645*, 6646. Stanford: CNC
6622, 6623, 6624, 6625*, 66284630, 667 7 -6683. Steenbras: MB 1 253 *.

Ptychaden a a nch ieae @ocrLge, 1867)t
SOMALIA: Lower Juba River, nr Mareri: CAS 148187*. SOUTH AFRICA: Wilhaush6he, Tvl:
TMSA 6434. Mpumalanga Province: Skukuza: JPB 140+. Makutswi fuver: TMSA 6449.
Waterfal Onder: TMSA 6476. Limpopo Province: Ben Lavin Nature Reserve: ES 662,663,
681-686. Broederstroom: TMSA 681l. Leeupoort: TMSA 26049. Nylstroom: TMSA 6468.

Ptychadena mascarieniensis (Dtm6ril & Bibron, 1841)t
CAMEROON: Nyabessan: Ebolowa, 157 km SW of: CAS 153558-153562. KENYA: Malindi-
Mombasa Rd, 3 km S of Watamu junction, I km W on dirt rd: CAS 165129. MALAWI: AC
611+,621+. SOUTH AFRICA: Kwa-Zulu Natal: Ndumu Game Reserve: TMSA 37247. Kosi
Bay Estuary: TMSA 67751. Lake Sibaya Research Station: TMSA 46056,46057. SUDAN:
Ilemi Triangle, ca. I mi. E of Lokomarinyang: CAS 131481*. ZIMBABWE: Nkuku, Zambezi:
JPB 163+, t64t.

Pyxicephalus adsperszs Tschudi, 1838i
CAS [2+]. NAMIBIA: AMNH A-23621. SOUTH AFRICA: Gauteng: Pretoria: TMSA 14981,

83676. Eastem Cape: Aliwal North, l2 km S of: AC 1484.
Scotobleps gaboniczs Boulenger, 19001

MHNG 1524.78+ , 1324.73* . CAMEROON: Yaounde, Otoma, Forest Reserve: CAS 153796.

Bipindi: CAS 153579. Kribi: CAS 103918. Nguti: TMSA 84313t.
Sooglossus sechellenslt (Boettger, 1896)i

SEYCHELLES ISLANDS: Mome Seychellois trail: CAS 160084, 160085, BMNH 1906.8.15.6,
1906.8.15.7.

Staurois natator (Giinther, 1859 1S58)l
PHILIPPINE ISLANDS: Zamboange: CAS 61901-61935. Bohol Province: Sierra Bullones, 10

km SE: CAS-SU 23364*,23368*.
Strong opus grayii (Smith, 1849)

SOUTH AFRICA: Eastern Cape: Hogsback: ES 109*. Weza: ES 125+. Kwa-Zulu Natal:
Boston: ES 321,322. Pietermaritzburg: ES 350. Westem Cape: AC*, ES 698.
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Tomopterna marrn rara (Peters, 1854)
BOTSWANA: Francistown: AMNH A-95118, 95119. KENYA: CAS 130900, 130901, 130904,

130905, 131559. Vicinity of El Wak, nr Manyatta W of fort: CAS 130580. MALAWI: RAS
731A.5.1.73*. MOCAMBIQUE: Magasso: AMNH A-95 I 16, A-951 17.

Tomoplerna tandyi Channing & Bogart 1996
NAMIBIA: Grootfontein: AC 1553-1555, 1557-1560, l56lr, 1562, 1563. Hardap inigation
scheme: AC I l7l, I181+, 1568, 1569, 1570*, l57l-1574. SOUTH AFRICA: Eastem Cape: S

of Jamestown: ES 182*.
Trichobatrachus robzslns Boulenger, 19001

CAMEROON: Kribi: CAS 54740. Lolodort CAS 38843*,38844,38845. Mamfe-Bamende Rd,
W or SW of Widekum: CAS 152596.
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Appendix 2. Expanded morphological character list, indicating references to previous usage,

explanations, where necessary, and optimizations onto the equally-weighted topology. For an

abbreviated list of characters and states only, see Table 3. Due to uncertainty surrounding the
rank ofcertain ranoid clades, naming conventions that avoid implications ofrank are often used.

Primary outgroup : Heleophryne; Arthroleptidae = (astylostemids + anhroleptids); arthroleptids
= (Arthroleptis, Cardioglossa); astylostemids : (Nyctibates, Astylosternus, Scotobleps,
Leptodactylon, Trichobatrachus)i dendrobatids = (Dendrobates, Colostethus, Mannophryne);
hyperoliids : (Kassina, Hyperolius); microhylids = (Phrynomantis, Brevicipitinae);
phrynobatrachids = (Phrynobatachus, Phrynodon, Dimophognathus, Natalobatrachus);
cacostemids = (Cacosternum, Microbatrachella, Nothophryne, Ericabatrachus, Poyntonia,
Arthroleptella, Anhydrophryne); petropedetids = (Petropedetes, Arthroleptides); Ptychadeninae

- (Ptychadena, Hildebrandtia)i Tomopteminae = (Tomopterna)1 mantellids : (Mantella,
Mantidactylus); rhacophorids : (Philautus, Chiromantis).

Spine and pelvis:

0, Atlantal intercotylar distance: (0) widely separated, at least one cotyl width apart (Lyrnch's

type I); (l)juxtaposed but distinct, very narrowly separated by a notch (Lynch's type II).

Previously used by Lynch (1973) 5*, Heyer (1975) 29, Heyer & Liem (1976) l0*, Lynch

(1978) ll*, Clarke (1981) l5+, Drewes (1984) 29*, Ford (1990) l0t, Blommers-Schldsser

(1993) 23*, Wu (1994) 125+, Glaw, Vences & Birhme (1998) l, Vences (1999) 5. Recognized

as a useful higher level character, commonly used since Lynch (1971). Heyer (1975) suggested

that juxtaposed cotyls were primitive. Ford (1990) did not polarise this character. Wu (1994)

considered widely separated cotyls to be denved, following Lynch's (1973) anangement. Trueb

(1973) notes that widely separated cotyls characterise many archaic families and primitive

members of more modem groups, suggesting that this condition is plesiomorphic. No taxa were

seen in this study to exhibit Lynch's type III cervical cotyls (fully confluent without a small

gap), in concordance with Trueb's (1973) assertion that type IIi cotyls are only found in

Ceratophryninae leptodactylids and ascaphids. Clarke's (1981) observations of Type III cotyls

as the adult state in Hoplobatrachus occipitalis were not verified. The one subadult and one

adult specimen examined were found to have type II cotyls, in common with the majority of the

large Raninae. However, Drewes (1984) observed tlpe III cotyls (although type ii condyles) in

two subadults of Lithobates palmrpes (Spix, 1824), a species not examined here. This suggests

that there may be a degree of ontological variation in some ranids. Juxtaposed cotyls are

synapomorphic for the clade containing most Raninae (node 55), but reverse sporadically

therein, notably synapomorphically for (Phrynoglossus (Discodeles + Platymantis)).

Juxtaposition of the cotyls also originates independently in Brevicipitinae, Astylosternus and

Scotobleps.

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

Duellman & Trueb (1986) note that in poorly ossified species (e.9. Notaden Giinther, 1873)

the halves ofthe neural arch may fail to unite on the anterior vertebrae. D. E. van Dijk (personal
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communication), in his work on Afiican anuran fossils from the rich Langebaanweg fossil site

near Cape Town, has noticed that many ranid frogs have a furrow on the dorsal surface of the

cervical vertebra through which, in extant frogs, a large nuchal ligament passes. State I is

particularly obvious in Amnirana, illustrated in Fig. 1. This feature is coded as state I only in

taxa in which it is not ossified in the adult, since the possibility exists that some ranid taxa

exhibit failure of neural arch fusion as subadults, and that it subsequently fuses upon full

maturity. This character is coded as unknown in taxa with fused first and second vertebrae.

Fusion of neural arches is seen in Heleophryne, thus the unfused condition is considered

derived, originating at node 5. It reverses to absent independently h Mantella, Tomopterna

mamorata, Batrachylodes, Natalobatrachus, Phrynobatrachus lcrelftii, Amolops, Hildebrandtia

and Ptychadena mascareniensis, as well as synapomorphically at node 43 for most cacostemids,

and at node 38 for (Phrynobatrachus cricogaster + P. plicatus).

2. First and second presacral vertebrae: (0) normally ossified and separatei (l ) neural spine

ofthe 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 ofthe flrst to the second vertebra occurs.

No taxa were observed to have a separate neural spine and the bridge of state l, suggesting

that it is the neural spine. However, it is also possible that this bridge is composed of the

ossified nuchal ligament, and that neural spines are absent in the examined taxa exhibiting the

bridge. This character is ambiguous in the outgroup, and was thus not polarized by this analysis.

A bone bridge (state l) is illustrated in Fig. 2, and is synapomorphic at node 52 for the

petropedetids excluding Peffopedetes natator, and again at node 23 for the (rhacophorids +

Staurois). State I also originates independently in Platymantis, Natalobatrdchus, Arthroleptis

variabilis and Leptopelis, and occurs in Leptodactylus and some dendrobatids. Overlapping

neural spines without fusion (state 2) is a unique synapomorphy for the Tomopteminae, and

may be related to strengthening the vertebral column for burrowing.

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

those ofthe fourth vertebra; (l) roughly equal in length to those ofthe fourth vertebra.

Previously used by Lynch (1973) 9*, Heyer (1975) 33t, Heyer & Liem (1976) ll*. Drewes

(1984) mentions this in his character 7, and in personal communication. Analogous to Ford

(1990) 71. Although Trueb (1977) noted variabiliry in transverse process length in H1,ia

lanciformis (Cope, 1870), Drewes (1984) did not find this variability in the hlperoliids. This

character was found to be consistent intraspecifically in the present study. Lynch (1973) and

Heyer (1975) considered shorter transverse processes to be plesiomorphic, based on their
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distribution amongst primitive families. Drewes (1984) considered equally long transverse

processes to be plesiomorphic, based on outgroup comparison with the ranids. In this analysis,

the ougroup Heleophryne purcelli was noted to have shorter transverse processes (although iL

natalensis has them equally long) and this state was thus heated as plesiomorphic, with equally

long transverse processes originating at the basal node. A reversal to shorter transverse

processes occurs in Hemisus and the Brevicipitinae, and is synapomorphic for the cacosternids,

wherein it reverses synapomorphically for (Poyntonia + Ericabatrachus) and in Nothophryne.

4. Yertebral column, cighth vertebra, orientation of transverse processes in frontal plane:

(0) orientated laterally, perpendicular to spine; (l) slight anterolateral orientation, approximately

20" - 30'; (2) acute anterolateral orientation, approximately 45o or more.

Previously used by Drewes (1984) 8, and mentioned by Lynch (1973). Lynch (1973) and

Trueb (1973) note that the transverse processes are short and directed strongly anteriorly in most

archaic frogs and many transitional frogs. Drewes (1984) considered angled transverse

processes to be derived for the hyperoliids, based on outgroup comparison with the ranids.

Lynch (1973) did not consider this character discrete from that of the length of the transverse

processes, but the distribution of this and the current characters in the cacostemids and

petropedetids indicate that they vary independently. Drewes (1984) notes that the condition of

the transverse processes is not related to size, but rather to the degtee of lateral movement ofthe

spine required by the frog's habit. Slightly anteriorly orientated processes (state l) are

synapomorphic for (Hyperolius + Kassina), for the Ptychadeninae and for the (cacostemids +

phrynobatrachids), and occur sporadically in some other individual taxa. Acutely anterolaterally

orientated transverse processes (state 2) occur ln Cacosternum arld Microbatrachella, and in

some microhylids.

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

minimal space between vertebrae; (l) rectangular, gap between vertebrae greater than half their

width.

Previously used by Lynch (1973) l0*, Lynch (1978) l2 t, Drewes (1984) 6+, Ford (1990)

72*,Wt (1994) 136*. Lynch ( 1973, 1978) considered the similar character of imbricate vs. non-

imbricate vertebrae to largely reflect the degree of ossification, and was sceptical of its
usefulness. Trueb (1973) noted that most archaic frogs have imbricate neural arches, suggesting

that this is the plesiomorphic condition, which is how Drewes (1984) also interpreted this.

Rectangular vertebrae (state l) are synapomorphic for the Ptychadeninae and under Deltran

optimization for the cacostemids, wherein a reversal to square (state 0) is synapomorphic for the

species of Cacosl ernum - P:eclangr:lar vertebrae also occur independently in many taxa.
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Figure I. Dorsal aspect ofskull oflrznirana albolabris (CAS 141603) indicating the failure of
neural arches to completely unite, leading to a dorsal gap in the atlas (c I : 1), and a long cartilaginous
process extending offthe crista paroticatowards the scapula (c72:0 and c73: I ). Scale bar = I mm
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Figure 2. Dorsal viewof the vertebral co,:umn of Petropedetes parkeri (BMNH 1936.3.4.113)

showing the bone bridge between the first and second vertebrae (c2: I ). Scale bar = I mm.
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7, Neural spines on vertebrae two to four: (0) absent; (l) present; (2) extreme dorsal and

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

verlebrae.

Previously used by Wu (1994) 133. The separation of the characteristics of imbricate versus

non-imbricate vertebrae and the features ofthe neural spine is here similar to that implemented

by Wu (1994). If these characters are combined, it obscures the state determination. The

presence of neural spines occurs in most anhroleptids, hyperoliids and ranids, whereas absence

of neural spines occurs in most cacostemids, phrynobatrachids and microhylids. Extreme dorsal

and posterior development ofthe neural spines (state 2) is here uniquely synapomorphic for the

included species oI Dendrobates.

8. Fusion ofeighth presacral and sacral vertebrae: (0) not fused; (l) fused.

Previously used by Lynch (1973) 3, Heyer & Liem (1976) 9, Clarke (1981) 20, wu (1994)

139*. The fused condition is considered derived, since the Neobatrachian taxa in this study have

a plesiomorphic number of eight presacral vertebrae (Trueb 1973). Fusion is a unique

synapomorphy for the Ptychadeninae at node 67, occurring only in Ptychadena arrd

Hildebrandtia, and according to the original description (Clarke 1982) in Lanzarana as well. It

is consistent in this group according to Clarke (1981). Two large stained and cleared adult

Pyxicephalus adspersus (CAS no accession numbers) exhibited what appeared to be fusion, but

due to the size of the specimens, clearing ofthe surrounding tissue was incomplete and visibility

was poor. Two smaller subadult individuals of EVD, and the two specimens examined by

Clarke (1981) exhibited the unfused condition, as did those examined by Sheil (1999). Single

aberrant specimens exhibiting fusion were also seen in Staurois natdtor, Ericabatrachus

baleensis and, Dendrobates speciosus. Noble (1922) and Laurent (1940) note that the eighth

presacral and sacral vertebrae are reportedly fused tn Cardioglossa elegans Boulenger, 1905,

but this was not seen in any arthroleptids examined.
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6. 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; (t)

anterior and posterior margins parallel, no large indent.

This character could not be determined for many of the larger Raninae due to insuffrcient

clearing of the connective tissue associated with the spine (fascia dorsalis of Gaupp 1896).

Parallel margins occur in the dendrobatids, cacostemids, phrynobatrachids, petropedetids and

most ranines, whereas V-shaped indents occur in the microhylids, arthroleptids and hyperoliids.
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Figure 3. Mineralisation ofthe suprascapulae. A. Y-shaped bony flange (cl0:0) of Cacoslernunr
nanunt (ES 95). B, Single rounded, rectangular or triangular bony flange (cl0:l) of
Phrynobatrachus kreffiii (cAS 1685 l4). Scale bar= I mm.
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Figure 4. Ventral view of vertebral columns. A. Rectangular centra (cl l:l) of Cacosternum
boettgeri (ES 152). B. Diamond-shaped centra (cl l:2) of Phrynobatrachus krefftii (ES 133). Scale
bar = I mm.
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9. Fusion offirst (atlas) and second presacral vertebrae: (0) fused; (l) unfused.

Previously used by Lynch (1973) 2, Heyer & Liem (1976) 9, Ford (1990) 66, Wu (1994)

137. Fusion was assessed by the presence of transverse processes on the first presacral vertebra,

which, according to Trueb (1973), indicates fusion, since the first vertebra (atlas) does not bear

transverse processes. Drewes (in preparation) noted this condition in the Arthroleptidae. Lynch

(1971) notes that fusion also occurs in three pipid genera, pelodytids, rhinodermatids,

myobatrachids, most cycloranids and in several bufonid genera. Fusion of the first and second

vertebrae is considered by Lynch (1973) and Trueb (1973) to be derived. The outgroup

Heleophryne purcelli was found to exhibit fusion, although Lynch (1971) found the unfused

condition uniformly in this genus, and it is thus treated here as plesiomorphic, rendering this

character nearly uninformative. A single specimen of Ericabatrachus baleensis exhibits fused

first and second vertebrae, and it is coded as polymorphic for this taxon. Most species of

Schouledenella Witte, l92l and Cardioglossa ofthe Arthroleptidae are reported to exhibit this

fusion, but it is absent in Arthroleptis (Drewes, in preparation), although none ofthe exemplars

of Cardioglossa examined here showed state 0. The brevicipitid microhylids (except

Spelaeophryne Ahl,1924) and Hemrsas also exhibit fusion ofvertebrae one and two (Wu 1994).

Various states of fusion ofthe first three vertebrae occur in the dendrobatids. Vertebrae two and

three were found to be fused in some Dezdrobates specimens examined.

10. 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; ( I ) heavily ossified, ll3 to 213 of blade, forming one rounded, rectangular or triangular

flange with the cleithrum.

Ford (1990) 99 alludes to variation in the degree of calcification of the suprascapula. Both

states are illustrated in Duellman & Trueb (1986:347) Fig. 13.36, with state 1 in B and state 0 in

D, F and G, and are illustrated here in Fig.3. This character needs to be assessed from adult

specimens. Under Acctran optimization, state I arises at node 9 in the Ranoidea, but a reversal

to state 0 unites the petropedetids, and independently (Cacosternum + Nothophryne).

11, Vertebrae live to eight, ventral viewl 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.

Not previously used, but Liem (1970) 17 and Lynch (1978) 2l* recognise some of the

variation described in the states of this character. States I and 2 are illustrated in Fig.4A and

48 respectively. Rectangular-shaped vertebrae (state 1) are synapomorphic for the dendrobatids,
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and independently for the genrs Cacosternum, but also occur independently in Manlella.

Diamond-shaped vertebrae (state 2) are synapomorphic for the two species of Arthroleptis

included, and for the (cacostemids + phrynobatrachids) but also occur in a few other taxa.

12. Vertebrae live to eight, attachment of rygapophyses: (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; (l) 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.

Previously used by Ford (1990) 73. State 0 is illustrated in Liem (1970:32 ) Fig. 20, whilst

state I is illustrated in Liem's Figs 2l ard 22. Dorsolateral attachment (state l) is

synapomorphic for the large ranid clade wherein it reverses three times, and elsewhere in the

tree in the mantellid-rhacophorid clade.

13, Vertebra eight, centrumi (0) procoelous; (l) diplasiocoelous.

Previously used by Inger (1967), Liem (1970) 16, Lynch (1973) 4, Heyer & Liem (1976) 8*,

Drewes (1984) 5, Ford (1990) 65*, Wu (1994) 140*, Vences (1999) 11. Noble (1922, 1931)

was the first worker to use this character in the classification of frogs. Trueb (1973) provides

good definitions of this widely used character, although its use here only distinguishes the state

of vertebra eight. Procoely is generally considered to be plesiomorphic with respect to

diplasiocoely, although Trueb (1973) considered amphicoely to be the ancestral anuran

condition, although she noted that its presence in Neobatrachia could be paedomorphic. Heyer

& Liem (1976) considered amphicoely as derived relative to procoely in the leptodactylids.

Heyer & Liem (1976) fornd Heleophryne to be amphicoelous, but in this analysis Heleophryne

is considered procoelous. The examined specimens of Leptopelis vermiculatus displayed the

procoelous condition, which is anomalous given that all other examined species of Leptopelis

are diplasiocoelous (Liem 1970; Drewes [984). Diplasiocoely is synapomorphic at node 6 for

the Ranoidea, although unambiguously optimised from node 12 in the arthroleptid-hyperoliid

lineage. Within the Ranidae, only Ericabatrac&us displays the procoelous condition. This was

clearly evident in two specimens, obscured by fusion in another and equivocal from the last,

assessed using X-ray photography. Fusion of the eighth presacral and sacral vertebrae also

obscures the determination of this character in the Ptychadeninae, which were coded as not

applicable.
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18. Ilium, dorsal protuberance: (0) oval and inconspicuous; (1) projected laterally and tending

to be spikeJike, can be small, sharp and triangular or slightly rounded; (2) large spike- or

flangeJike, not oval or adpressed to shaft.

Previously used by Clarke (1981) 21,'', Cannatella (1985) 109, Ford (1990) l0l *, Wu (1994)

166+, Glaw, Vences & B6hme (1998) l3*. Large crests obscure the coding of differences in the

dorsal protuberance whilst taxa with reduced or absent crests appear to have very well-

developed protuberances which sometimes protrude laterally. Laterally projecting well-defined

processes (state l) occur in most cacostemids, petropedetids and various taxa in the base of the

tree, but do not optimise unambiguously to the root. Large spike- or flangeJike protuberances

(state 2) are a unique synapomorphy for the genus Tomopterna.

19. Ilium, height of cr€st along dorsal surface measured centrally: (0) absent; (l) 0.5 to I

times height of ilium; (2) I to 2.5 times height of ilium, very well developed and squared off

posteriorly.

Previously used by Heyer (1975) 36r, Heyer & Liem (1976) l4t, Clarke (1981) 2l*,

Cannatella (1985) 104, Ford (1990) 102*, Wu (1994) 165. The presence ofthe crest is noted as

derived by Trueb (1973) and Heyer (1975). State 1 arises at the basal node but the crest is lost

synapomorphically for (Cacosternum + Nothophryne) and occurs in some microhylids. A large

ilial crest (state 2) is synapomorphic for the Arthroleptidae (reversing rn Leptopelis), and is the

common state in the Raninae, petropedetids and phrynobatrachids.

20. Sacral diapophyses, expansion: (0) ratio of distal end to proximal region (base) is greater

than two (strongly dilated); (l) ratio ofdistal end to proximal region is greater than one but less

than two (slightly dilated); (2) ratio ofdistal end to proximal region is equal to one (undilated).

Previously used by Lyrch (1973) 6, Heyer (1975) 34*, Lynch (1978) 22*, Heyer & Liem

(1976) 12*, Ford (1990) 75, Wu (1994) 143. Parker (1934) and Lynch (1973) note that dilated

sacral diapophyses characterise the archaic and transitional frog families, and are only present in

a few advanced families. Dilated diapophyses are considered to be the plesiomorphic condition

by Trueb (1973), Heyer (1975) and Wu (1994). Undilated diapophyses (state 2) arise at the base

ofthe Ranoidea and independently in the dendrobatids. Sight dilation (state l) arises in the basal

cacostemids, and a reversal to snongly dilated diapophyses occurs in the more distal genera

Microbatrachella and, Cacoslernum. Elsewhere, strongly dilated diapophyses occur only in

Nannophrys, and slightly dilated diapophyses occur in (Hyperolius + Kassina), Hemisus,

Leptodactylus, Chiromantis, Mantella and Euphlyctis.
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21. Sacral diapophyses, distal ends: (0) distinctly flattened (dorsoventrally compressed); (l)

cylindrical or nearly so in lateral view.

If the diapophyses are dilated, then the distal ends are always distinctly flattened. Undilated

diapophyses can be cylindrical or flattened. This character does not optimise unambiguously

through the spine of the tree. Cylindrical diapophyses (state l) occur in most Raninae and

phrynobatrachids, whilst distinctly flattened diapophyses characterise the cacostemids,

mantellids and rhacophorids and most petropedetids.

22. Sacral diapophyses, anterior margin: (0) angled posteriorly; (l) angled transversely

ftrerpendicular to the spine), even ifdue to dilation; (2) directed anteriorly, due to rounded (axe-

shaped) type of sacral diapophysis dilation.

Previously used by Heyer & Liem (1976) l2*, Wu (1994) 142*. Taxa with expanded

diapophyses can have them pointing forward or laterally. In Nannophrys, the diapophyses have

straight lateral edges, and point posteriorly, unlike those in Cacosternum, where the lateral

margin is crescent-shaped and points laterally. This character thus makes the distinction

between these types of diapophyses, since if the diapophyses are straight edged, they are never

directed anteriorly. Taxa with unexpanded diapophyses generally have them pointing backwards

or laterally. Transversely angled diapophyses (state l) occur in some artholeptids and Mantella,

but are synapomorphic for the included species of Dendrobates, independently for the

microhylids, and for the cacostemids, wherein a transition to anteriorly directed diapophyses

(state 2) is synapomorphic for (Cacosternum boettgeri + C. nanum parwtm). Anteriorly directed

diapophyses (state 2) also occur in the Brevicipitinae and the sooglossids.

Sternum

23. Clavicles, width: (0) slightly tapering along whole length, meeting the procoracoid cartilage

medially; (l) nanowing sharply, half the length ofthe coracoids; (2) slight ossified expansion

medially.

Previously used by Wu (1994) 15l. Clavicles narrowing sharply and becoming unossified

medially (state l) is a unique synapomorphy for the cacostemids, wherein many taxa lose the

clavicles and are thus coded as inapplicable for this character. A slight expansion at the medial

edge of the clavicle (state 2) is synapomorphic for (Brevicipitinae + Hemisus), but also occurs

in Nyctibates.

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

Previously used by Lynch (1973) 14, Ford (1990) 83*, Trueb & Cloutier (1991) 46+,

Blommers-Schl0sser (1993) 24*. State I is based on disproportionately thin but ossified

clavicles, as noted by Laurent (1940). In state 2, usually only the cartilaginous procoracoid, or
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vestiges thereof, occur (Fig. 5). The loss of clavicles is considered derived (Lynch 1973), and

has been noted to have occurred many times in the microhylids (Parker 1934; Griffiths 1963), as

in Phrynomantis. Under Acctran optimization, considerably reduced and thin clavicles (state l)

are synapomorphic for the (cacostemids + phrynobatrachids), and independently for

(Colostethus + Mannophryne). State I occurs elsewhere on the tree in Nannophrys,

Petropedetes natator and Philautus.In the later case, and rn Colostethus lineage, this reduction

is associated with strong contact with the expanded anterior end ofthe coracoids, which buttress

the entire girdle (c26: l).

25. Clavicle orientation: (0) strongly or slightly bowed, pointing distinctly anteromedially and

contacting only the procoracoid cartilage; (l) bowed slightly but roughly at right angles to the

main to body axis; (2) straight and perpendicular to body axis.

Previously used by Clarke (1981) l7*, Cannatella (i985) 93, Ford (1990) 84*, wu (1994)

152+. The bowed anteriorly pointing condition (state 0) is seen in arciferal frogs, with the

clavicles becoming straight (state 2) in more advanced firmistemal frogs. Straight perpendicular

clavicles (state 2) arise at node 6, and independently in the dendrobatids. Bowed perpendicular

clavicles (state l) are sl,napomorphic for the Ptychadeninae, but also occur independently in

Aubria. Althou8h this state could be assumed as intermediate between states 0 and 2, the

distribution on the cladogram does not support this. Bowing in the larger frogs, such as labrla,

may be related to structural reinforcement, since it was observed in some exceptionally large

Afrana females, although not in smaller male individuals of the same species.

26. Clavicle-coracoid, contact: (0) clavicle not touching coracoid, separated by long

procoracoid cartilage; (l) 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 l/5 to l/4 of the latter's length; (2) clavicle descends medially

and is fused to coracoid for approximately the medial 1i3 of is length; (3) only point contact

anteromedially via short procoracoid cartilage.

State I is illustrated in Deckert (1938) Figs 8, 17, 18 and 23. This character is similar to Ford

(1990) 32, but is concerned more with the hlperossificalion of the procoracoids, with states I

and 2 occurring only in firmistemal frogs. This character must be coded from adult frogs. The

clavicles are often reduced or relatively thin (c24:l) in taxa where these are ossified to the

coracoids (state l), e.g. Philautus. State I is synapomorphic for the dendrobatids, but altemates

sporadically amongst the clades of the Ranidae together with state 3. State 2 is the

unambiguously defined derived state of Clarke (1981) 17, and is uniquely synapomorphic for

the Ptychadeninae.

\
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Figure 5. Ventral view ofthe pectoral girdle of Cacoslernum boettgeri (ES I 52), showing absence
ofclavicles (c24:2). T-shaped medial edges ofthe coracoids (c28: I ) and the omosternum a m inute
cartilaginous peg (c32:0). Scalebar= I mm.

Figure 6. Ventral vierv ofthe pectoral girdle of Microbatrachella capensis (ES 32), showing the

slight trumpet-shaped medial edges of the coracoids (c28:2) and medial bifurcation of the
coracoids (c3 I : I ). Scale bar = I mm.
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27. Overlap of the medial borders of the coracoids: (0) epicoracoids elaborated into posterior

epicoracoid homs which overlap medially, usually fused in the interclavicle region (arciferal

condition); (l) epicoracoid cartilages fused medially, coracoids slightly angled ventrally and one

side of coracoid overlapping the other medially, overlapping coracoid usually fenestrated at its

mediat edge (modified firmistemal condition, or pseudoarciferal condition); (2) epicoracoid

cartilage fused medially (firmistemal condition); (3) firmistemal, with fused epicoracoid

cartilages and extremely Iong procoracoid cartilages.

Previously used by Inger (1967), Lynch (1973) I l't, Clarke (1981) l8*, Duellman & Trueb

(1986) C, Ford (1990) 88i, Wu (1994) 158+, Emerson et al. (2000a) l*. State I illustrated in

Deckert (1938) Figs I and 2, Trueb (1973) Fig. 2.9 F, and in Duellman & Trueb (1986) Fig.

13.36 G, and discussed in Noble (1926a), Clarke (1981) and in considerable detail for some of

the large Raninae by Kaplan (2000). State 3 is figured in Deckert (1938) Fig. ll. Arciferal

girdle architecture is widely considered plesiomorphic. According to Griffiths (1959b)

Sooglossus exhibits pseudoarcifery, but Wu (1994) and Kaplan (2000) considered sooglossids

as arciferal, which is followed here. Pseudoarcifery (state l) was found to be synapomorphic for

(Phrynoglossus (Discodeles + Platymantis)), for the Pyxicephalinae and at node 70 leading to

Hoplobatrachus and Nanorana (reversing to state 2 in Euphlyctis), and thus occurs in most

fanged ranids. Clarke's (1981) observations of this state in Tomopterna were not confrrmed

ftom a large number of specimens, but a similar state was seen in some Hildebrandtia

specimens, suggesting that this state som€times, but not commonly, occurs in large burrowing

forms, and is thus possibly related to structural strength or size. An aberrant state, long

pseudoarciferal (state 3), was discemed late in the course of this study (when many specimens

were unavailable for re-examination) in Scotobleps and Nyctibates, and may have been

overlooked in other taxa. This should be further investigated.

28. Coracoid, shape: (0) evenly constricted from medial edge to centre, trumpet-shaped; (l)

strong constriction just after medial edge, T-shaped; (2) weaker constriction just after medial

edge, broader medially than state l.

Evenly constricted coracoids occur in most taxa. T-shaped coracoids (state l, Fig. 5) are

uniquely synapomorphic for (Cacosternum boettgeri ! C. nanum parwz), but an intermediate

modification (state 2, Fig. 6) is an autapomorphy fot Microbatrachella.

29. Dilation of coracoid; (0) Iateral and medial edges ofcoracoid about the same width, medial

edge less than 1.3 times width of lateral edge; (l) medial edge ofcoracoid dilated and distinctly

wider than lateral edge, more than L4 times its width.

Previously used by Tyson (1988) 48, Ford (1990) 80, Wu (1994) 149. Coracoids in which

the lateral edge is wider than the medial edge were considered plesiomorphic by Ford (1990),
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but this state was not found in this taxon set. Dilated medial edges of the coracoids (state l) are

synapomorphic for the dendrobatids and independently for the Ranidae (except

Ericabatrachus), but optimise ambiguously in the arthroleptid-hyperoliid lineage.

30. Coracoid, posterior margin (excluding extreme medial section)3 (0) straight; (1) curved;

(2) sigmoid.

Previously used by Wu (1994) 147. Most ranids display a curved posterior margin of the

coracoid, but it is straight in some phrynobatrachids, some cacostemids, Petropedetes natator

and Staurois natator. A sigmoid-shaped posterior margin (state 2) is autapomorphic for the

Brevicipitinae.

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

Previously used by Drewes (1984) 15, Wu (1994) 146. Oxnard (1971) suggests that net

tension on flat bones can lead to fenestra and replacement of bone by fibrous material. This

character is thus not ofgreat taxonomic importance, but is included here since it occurs in many

cacostemids and may be relevant to their relationships. The tendency towards bifurcation is

marked in many small species. Single-sided fenestration, as is often associated with

pseudoarciferal condition in large ranids (c27:1), was not coded as state I for this character.

Bifurcation (state l, Fig. 6) occurs in some microhylids, some Arthroleptinae, various

cacostemids and Tomopterna tandyi, and was reported in the hyperoliids Tornierella Ahl, 1924

and Kassinula Laurent, 1940 by Drewes (1984).

32. Omosternum styte: (0) minute cartilaginous peg, occasionally absent; (l) present and

cartilaginous, large; (2) present and well ossified; (3) always absent.

Previously used by Lynch (1973) 12, Lynch (1978) 14*, Cannatella (1985) 85, Tyson (1988)

61, Ford (1990) 89, Blommers-Schltlsser (1993) 24+, Wu (1994) 159-161. Trueb (1973) notes

that the omostemum is myocommatous in origin and thus extremely labile in its distribution

among taxa. Whether or not it was forked was found to be hypervariable, as illustrated in

Deckert (1938) Fig. 3 for Tomopterna delalandii, and was not coded in this study, although this

has been commonly used by previous authors. Trueb (1973) notes that the status of the

omostemum as primitive or derived is debatable, but that it is absent in several arciferal

families. Lynch (1973) coded the presence of prezonal elements as plesiomorphic and the

absence as apomorphic, and he states that the osseous omostemum is apparently derived from

the cartilaginous state. A well ossified omostemum (state 2) occurs in most taxa, but reverses to

the plesiomorphic condition of a minute peg (state 0) in Brevicipitinae, and also

synapomorphically for species of the genus Cacosternum (Fig. 5). A cartilaginous metastemum

(state l) occurs in the cacostemids Anhydrophry-ne, Ericabatrachus and Microbatrachella, and
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independently in Nannophrys. The absence of an omostemum (state 3) is autapomorphic for

Phrynomantis.

33. Metasternum: (0) cartilaginous and broad, sometimes with slight calcificationi (l) nanow

bony stylus; (2) absent.

Previously used by Liem (1970) 25, Lynch (1973) l3*, Heyer (1975) 32*, Drewes (1984)

25, Cannatella (1985) 9l+, Tyson (t988) 62-64, Ford (1990) 92, Blommers-Schkisser (1993)

7*, Wu (1994) 162*, Emerson et al. (2000a) 6*. Laurent (1979, 1986) proposed a bony

metastemum as a synapomorphy for the family Ranidae. This state is found to be

synapomorphic at node 20 leading to the Ranidae, but also arises independently in

Leptodactylus. Within the Ranidae, a reversal to a cartilaginous metastemum (state 0) occurs

only in Ericabatrachus. Tlte metasternum is heavily miaeralised in Leptopelis, but still

considered sufficiently different from the ranid condition to be coded as cartilaginous. The loss

ofthe metastemum (state 2) is autapomorphic for Hemisus.

34. If metasternum ossified, shape: (0) shon, hourglass-shaped plate, expanded at both ends;

(l) 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.

Previously used by Lynch (1978) l5*, Clarke (1981) l9+, Ford (1990) 93*. This character is

variable between genera, and its usage is therefore simplified from that ofprevious authors. It is

unpolarised here due to its inapplicability in the outgroup Heleophryne, but unambiguously

optimised to the base of this cladogram as state 1. An hourglass-shaped metastemum (state 0)

occurs in the petropedetids, the phrynobatrachids and the cacostemids Nothophryne and

Poyntonia. In the Raninae, state 0 arises at node 50, and transforms to state I sporadically five

times therein. A metastemum longer that 4 times its width (state 2) is uniquely synapomorphic

for the rhacophorids.

35. Xiphisternum, shape: (0) large, rounded; (l) 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) nanow and rectangular,

divided with two long projections with distal expansions; (8) rectangular with strongly serrated

distal end.

Previously used by Heyer (1975) 32*. Tyson (1988) 26 refers to the shape of the posterior

margin of the xiphistemal plate as pointed, expanded slightly or expanded geatly, as used by

Wu (199a) 164. Heyer (1975) notes that the posterior stemum has traditionally been given great
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weight in the classification of leptodactylid genera, and here it is shown to be useful in ranid

systematics. A rounded xiphistemum (state 0) is autapomorphic to Heleophryne. A small

triangular peg (state l) is found in Mantella, Philautus and Phrynodon. A large triangular

xiphisternum with a serrated posterior edge (state 2,Fig.7A) is uniquely synapomorphic for the

petropedetids. An X-shaped xiphistemum (state 3, Fig. 78) is uniquely synapomorphic for the

phrynobatrachids excluding Natalob atrachus. A large inverted U-shaped plate Gtate 4, Fig. 7C)

occurs in most Raninae from node 55 onwards, but optimises ambiguously due to its presence at

the base of the tree in the microhylids, Leptodactylon md Leptodac6lirs. State 5 is

autapomorphic for the sooglossids, whilst state 6 occurs in the vast majority of ranids. A narrow

rectangular xiphistemum divided into two projections with distal expansions (state 7, Fig. 7D) is

autapomorphic for Leptopelis, whilst state 8 is autapomorphic for Staurois.

36. Xiphisternum, posterior fenestra: (0) absent; (1) present on posterior periphery; (2)

present centrally on plate, cartilage fusion posterior to fenestra.

The presence of the recess was mentioned by Heyer (1975) 32 and by Wu (1994) 163. This

character varies considerably, but is fairly consistent within clades. Fusion behind the fenestra

(state 2) is autapomorphic for Leptopelis.

Skull

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

Previously used by Liem (1970) 2l*, Heyer & Liem (1976) 5, Drewes (1984) 2*, Cannatella

(1985) 17, Ford (1990) 7, Wu (1994) 63t. Trueb (1973) notes that state I reflects reduced

ossification, and is often seen in small frogs. Paired sphenethmoids are considered to be derived

by Heyer & Liem (1976). In the taxa examined here, paired sphenethmoids occur only in

Microbatrachella, Hyperolius and Phrynomantrt. Paired sphenethmoids are noted in the

literature for some Leptopelis, but this state was not evident in specimens of the species

examined here. Griffiths (1959b) lists stale I for Sooglossus, but Wu (1994) gives them as

fused. Ford (1990) found Mantella to have paired sphenethmoids, but this was also not evident

in the single specimen examined here. This character appears to be more variable within species

and genera than previously thought, and may depend on the age of the specimen. The ventral

sphenethmoid appears unossified in adult Amnirana and Hydrophylax (not coded as such).
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A

Figure 7. Shapes ofxiphisterna. A. Large triangular with distinctly serrated distal edge (c3 5:2) of
Petropedetes palmipes (BMNH 1906.5.28.28). B. X-shaped xiphisternum (c35:3) of
Phrynobatrachus krefft ii (ES 728). C. Large inverted U-shaped plate (c35:4)ofAubria subsigillata
(CAS 144214). D. Narrou'and divided with expanded distal portions (c35:7) of Leptopeli.s

vernticulatus (ES7l7). Scale bar = I mm.
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38. Ventral sphen€thmoid, extension of ossified anterior portion (antrum pro lobo

olfactoria): (0) reduced and narrow, adpressed to braincase; (1) covering about l/2 of the

distance from the palatines (or anterior edge oforbit) to the premaxilla; (2) covering 2/3 or more

of the distance from the palatines (or anterior edge oforbit) to the premaxilla.

Previously used by Liem (1970) 20*, Glaw, Vences & B0hme (1998) 3 Drewes (1984) 1*

coded the dorsal extent ofthe sphenethmoid, but here it is coded ventrally, as a variation ofFord

(1990) 6*. Both derived states occur sporadically throughout the cladogram and are

synapomorphic for various sister terminals or hiplet terminals.

39. Ethmoid cartilage, septum nasi: (0) thin, nasal capsules close together; (l) thick, nasal

capsules medially separate.

Previously used by Cannatella (1985) 14, Ford (1990) 48*. State I is illustrated in Myers &

Ford (1986) Fig. 3. Medially separated nasal capsules occur in the dendrobatids, the mantellids,

some phryrnobatrachids and some cacostemids.

40. Palatines: (0) present and well developed; (1) reduced, thin sliver ofbone only; (2) absent.

Previously used by Lynch (1973) 22*, Clarke ( 1981) 1 1*, Cannatella ( 1985) 12, Duellman &

Trueb (1986) E, Ford (1990) 35*, Trueb & Cloutier (1991) 7*, Wu (1994) 95+. Loss of

palatines in the Anura is considered to be derived (Lynch 1973), since palatines are present in

salamanders and all extinct orders of amphibians (Duellman & Trueb 1986). If the palatine is

absent, its loss is usually compensated for (Parker 1934; Trueb 1993). In the taxa examined

here, compensation is either by the anterior ramus of the pterygoid being long and curving

medially over the planum antorbitale (as in the Ptychadeninae), or by the anterior portion of the

sphenethmoid expanding laterally over the planum antorbitale (as in the dendrobatids). Reduced

palatines (state 1) are synapomorphic for Cacosternan (reversing to well-developed in C

capense), and occur independently in Anhydrophryne and two species of Phrynobatrachus.

Absence ofpalatines is synapomorphic for (dendrobatids + sooglossids) but a tmnsformation to

the reduced state is synapomorphic for (Colostethus t Mannophryne). Absence of palatines is

independently synapomorphic for the microhylids including 11emrsas, and independently for the

Ptychadeninae.

41. Palatines: (0) present, touching the sphenethmoid but not nearly meeting medially; (l)

present, nearly meeting at the midline over the sphenethmoid, medial portion can be slightly

expanded.

Previously used by Duellman & Trueb (1986) E, Ford (1990) 35*, Wu (1994) 95*. Palatines

ossifu late in the developmental series, and are thus prone to reduced ossification in small or

poorly ossified taxa (Trueb 1993). Palatines nearly meeting mediatly (state 1) are
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synapomorphic for the astylostemids including Leptopelis, but occur in most of the

(petropedetids + Raninae) lineage and the Tomopteminae.

42. Vomer, anterior process: (0) absent; (l ) present.

Previously used by Ford (1990) 37, Wu (1994) 89. The interpretation of presence of the

process applied here appears to differ slightly from that ofFord (1990). If an anteriorly directed

point could be discemed here, the process was considered to be present. Presence ofthe anterior

process is the more common state, evolving at the base of the nee and occurring in most

included taxa. A reversal absence (state 0) is synapomorphic for (Brevicipitinae + Hemisus),

and independently for (Arthroleptella landdrosia + A. lightfooti), and occurs in a few other taxa.

43. Vomers, position and reduction: (0) not reduced, centre ofvomer not lateral to articulation

ofthe maxilla and premaxilla; (l) reduced, vomers placed laterally, with centre ofvomer lateral

to articulation of premaxilla and maxilla.

Lynch (1971) noted that the vomers can be widely spaced in some leptodactylids, and were

noted to be reduced in all these cases. Presence of reduced lateral vomers interferes with the

coding ofthe extent of the anterior process of the vomer and overlap with the articulation of the

premaxilla and maxilla (c44). Often the reduced condition is correlated with the absence of the

posterior (dentigerous) process of the vomer (c46), but this is considered to be an independent

character. Reduced lateral vomers (state l) are synapomorphic for the Arthroleptinae,

independently for the dendrobatids and the mantellids. State I occurs in all phrynobatrachids

and some cacostemids.

44. Vomer, anterior process: (0) short or absent, separated by a small or large gap from

articulation of premaxilla and maxilla; (t) 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.

Previously used by Clarke (1981) l0r, Ford (1990) 37t, Wu (1994) 89r. Coded as not

applicable if vomers are lateral (c43:l). Long anterior processes of the vomers (state l) are

synapomorphic for the Tomopteminae and occur in many of the fanged ranids, as well as

Nannophrys and Amolops. Long, anteriorly and laterally curving processes (state 2) are

autapomorphic for Hildebrandtia.

45. Vomer, postchoanal process: (0) horizontal; (l) vertical; (2) oblique; (3) fused to

hyperossifi ed sphenethmoid.

Altemate version of Ford (1990) 36"'. This character refers to whether post- and prechoanal

processes, not the whole vomer as in Ford (1990) 36, are in same plane or not. It gives a
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measure of the complexity and degree of development ofthe postchoanal process ofthe vomers,

which usually reflects that of the vomers in general. The process is usually vertical in taxa

where it is well developed, and horizontal when the vomer is reduced and uncomplicated. The

depth ofthe head and requirement ofsuppod for the choana may be indicated to some extent by

this character. Vertical postchoanal processes (state l) are synapomorphic for the astylostemid

lineage including Leptopelis and for the Tomopteminae. Oblique postchoanal processes (state 2)

are synapomorphic for the two species of Ptychadena, the two species of Afrana and occur in

some other Raninae. Postchoanal processes fused to the hyperossified sphenethmoid (state 3)

occur only in some fanged ranids, viz. Conraua crassipes, Hoplobatrachus and Aubia.

46. Vomer, posterior (dentigerous) process: (0) present; (l) absent.

Previously used by Ford (1990) 32, wu (1994) 92*. The posterior process of the vomer

being absent (state l) is synapomorphic for the microhylids including Hemisus, and

independently for the two species of Arthroleptis, for (dendrobatids + sooglossids) and for the

cacostemids plus phrynobahachids, wherein it reverses to present in some cacostemids and

synapomorphically in (Phrynobatrachus dendrobates t P. versicolor). Absence of the process

also occurs in Mantella and, Staurois.

47. Vomer, posterior (dentigerous) process, if present: (0) connected to main body ofvomer;

(l) separate from main body ofvomer.

Du Toit (1943) first noted that the vomers of Petropedetes were divided, with the posterior

process fused to the planum antorbitale, and noted this state elsewhere only in Cinia georgiana

and certain Malagasy and Indo-Malayan Microhylidae. Divided vomers (state l) occur uniquely

in three species of Petropedetes, but optimise ambiguously due to state 0 being exhibited by

Arthroleptides.

48. Vomerine teeth: (0) present; (l) absent.

Previously used by Liem (1970) 22, Heyer (1975) 26*,Heyer & Liem (1916) 7+, Drewes

(1984) 4+, Ford ( 1990) 43, Wu (1994) 94, Vences (1999) 7*. The presence of vomerine teeth

was considered plesiomorphic by Heyer (1975). The loss of vomerine teeth appears to occur

readily. The presence of an odontophore is thought to be independent of the presence of the

teeth, but here the coding was found to be identical, with the exception of Kassina, Conraua

crassipes atd Tomopterna marmorata, which have the odontophore but no vomerine teeth.

Absence of vomerine teeth (state l) arises near the base and occurs throughout most of the base

of the tree. A reversal to presence of vomerine teeth (state 0) is synapomorphic for the

astylostemids ncludirlg Leptopells, and again at node 50 for the petopedetids plus Raninae.
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49, Maxillary and premaxillary teeth: (0) present; (l) absent.

Previously used by Lynch (1973\ 21, Heyer & Liem (1976) I, Cannatella (1985) 64+, Ford

(1990) 20*, Wu (1994) 21*, GIaw, Vences & Bohme (1998) 5, Vences (1999) 8. Absence of

maxillary teeth is generally considered denved within the Neobatrachia (Lynch 1973), and may

be correlated to microphagy (Vences er al. 1998). Absence of maxillary teeth (state l) is

synapomorphic for the microhylids including ffemrsas, and for the two species of Dendrobates.

This state also occurs in Cardioglossa and Mantella. Teeth may be reduced rn Cacosternum

namaquense btt are never 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.

Previously used by Cannatella (1985) 52 and 53t, Ford (1990) 14, Wu (1994) 73. May vary

slightly intraspecifically (e.g. in Phrynobatrachus krefftii, where 5 specimens were examined).

The medial edge equal to the lateral edge (state l) is synapomorphic for the (dendrobatids +

sooglossids), and evolves independently at node 9 leading to the artholeptid-hyperoliid and

ranid lineages. The medial edge less than the lateral edge (state 2) is synapomorphic for most of

the phrynobatrachids. The lateral edge slanting outwards (state 3, Fig. l0) is synapomorphic for

the rhacophorids and independently for the cacostemids, wherein a reversal to state I occurs

synapomorphically for (Cacosternu + Nothophryne) and in Ericabatrachus.

51. 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 l/4 in width; (l)

anterior 1/4 more expanded than posterior l/4.

Previously used by Lynch (1978) 7*, Ford (1990) l8*. Compared from two points li4 ofthe

distance along maxilla from the anterior and posterior ends ofthe maxilla, and not including the

anterior expansion associated with the presence of the flange. The length of the anterior flanges

was noted to vary, but not coded for this analysis, since an objective method of assessing this

was not apparent. The anterior of the flange being more expanded than the posterior (state l)

arises at the basal node and reverses sporadically in many single terminals. A reversal to equally

expanded anterior and posterior parts (state 0) is synapomorphic for the phrynobatrachids, and

occurs again in the petropedetids and Raninae, wherein state I reappears.

52. Maxilla, anteromedial flange of pars palatina: (0) absent; (l) 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.
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Previously used by Clarke (1981) 8*, Cannatella (1985) 55*, Ford (1990) l7*, Vences

(1999) 5*. Clarke's (1981) character 8 refened to whether the anterior edge ofthe maxilla was

concave, convex or straight. Whether or not the edge is concave or not depends on the presence

of the flange (Ford 1990). The presence of the flange (state l) arises near the base of the tree.

This character is prone to frequent transformations, but a loss of this flange is synapomorphic

for the astylostemids, and again for (Amnirana + Hydrophllax). Large medially-directed flanges

leaving a fenestra (state 2) occur in Na nnophrys, Batachylodes, (Hoplobatrachus + Euphlyctis)

and Aubria

53. Pterygoid, anterior ramus: (0) in contact with or fused to the maxilla; (l) separated

slightly from the maxilla by cartilage.

Previously used by Clarke (1981) 9*, Ford (1990) 32, Wu (1994) 86. This is character

ignores expansion of the pterygoid process. Ford (1990), in discussing characters 19 and 32,

indicates some of the difficulty in quantirying this character. It was coded from the inside ofthe

oral cavity, facing dorso-lateralty at the point ofjunction ofthe anterior ramus ofthe pterygoid

and the maxilla. Care was taken to code a fully ossified adult, since the state determined for this

character seems to be correlated with ossification. The anterior ramus separated slightly from

the maxilla by cartilage (state l) is synapomorphic for the two species of Dendrobates, and

occurs sporadically in a few taxa in the basal regions ofthe tree. The major evolutions of state I

occur at node 50 for the petropedetids and Raninae, and in the basal half of the cacosternids.

Reversals to state 0 occur in many ofthe fanged ranids.

54. Mandibular odontids: (0) absent; ( l) 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) inegularly-shaped jagged fang-like odontids present for the entire length of lower jaw

(false teeth).

Previously used by Emerson & Berrigan (1993) 7r. Noble (1931) reports that the teeth in

Dimorphognathus (state 2) are the hypertrophied margins of the prearticular bone, which is

figured in Noble (1922) p. I. Tusk-like odontids (state 2) occur only in males of Phrynodon,

Dimorphognathus and. Petropedetes natator, but are not synapomorphic for these taxa, as

assumed by Parker (1935) when he united the subfamily Petropedetinae on the basis of this

character. Large thickened processes of the anterior edge of the angulosplenial (state l) occur in

the large fanged ranids, which the equalty-weighted topology indicates to have evolved three

times. False teeth (state 3) are autapomorphic in this taxon set for Nannophrys. ,looglossls is

also reported to have false teeth (Wu 1994), but these were not detected on the whole specimens

examined.
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Figure 8, Dorsal (left) and ventral (right) views of anuran skulls, unmodified Figure 13.17 of
Duellman & Trueb (1986:314), reproduced with permission. A. Barbourula busuquunensis

(Discoglossidae). B, Rhinophrynus d-orsairs (Rhinophrynidae). C, Pelobareslscus (Pelobatidae).

i. Noiod"u nichollsi (Myo6atrachidae) . E. Leptodactylus bolivianus (Leptodacty lidae). ,F.
cautliverba caudiverDa ( Leptodacty lidae). G. Brachycephalus epihippium (Brachycephalidae). H.

Rhant ph op hryn e.fesrae (Bufonidae).
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Figure 9. Dorsal (left) and ventral (right) views ofskulls ofhylid frogs, unmodified Figure 13. I 8 of
Duellman & Trueb ( 1986:315), reproduced with permission. A,Gastrotheca ovifera.B, Pseudacris

clarkii. C. Phyllomeduso venusta. D. Hemiphractus proboscideus. E. Smilisca buudinii. F,

Phrynohyas venulosa. G. Triprion pelasatus.H. Osleocephalus leprieurii.
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55. 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 that height of

lateral edge; (2) mentomeckelian long and fused with the angulosplenial.

Previously used by Ford (1990) 52, Wu (1994) 103. The height of the medial edge of the

mentomeckelian bone being less than that ofthe lateral edge (state l) is synapomorphic for the

two species of Arthroleptis, the (Pyxicephalinvs + Conraua), the petropedetids and for

(Discodeles + Platymantis). This state also occurs in various phrynobatrachids, but optimises

ambiguously to the base of this clade. A long fused mentomeckelian bone (state 2) is

autapomorphic for Phrynoglossus. This character is coded as inapplicable in the sooglossids,

which lack the mentomeckelian bones (Wu 1994).

56. Mentomeckelian bone, lateral processes: (0) absent; (l) shorter than or equal in length to

mentomeckelian bones; (2) much longer than mentomeckelian bones.

Previously used by Wu (1994) 105. De Vos (1935) suggested that large plates on the

mentomeckelian bones (state 2) are synapomorphic for the microhylids, but Wu (1994) found

this not to be so. In the smaller laxon set examined here, this state was found to be a unique

synapomorphy for the microhylids including Ilezlsas. A short lateral process (state 1) arises at

the basal node and occurs in most taxa. Many ofthe Raninae from node 57 onwards display a

reversal to no lateral process. This character is not applicable to the sooglossids and

Phrynoglossus, where the mentomeckelian bones are absent and fused respectively.

57. Angulosplenial: (0) terminates atjaw articulation; (l) extends posteriorly to jaw articulation

due to retroarticular process.

Previously used by Ford (1990) 53. The presence of a retroarticular process is an

unambiguous synapomorphy for the family Dendrobatidae (Ford 1990; Ford & Cannatella

1993). Posterior extension of the lowerjaw was evident in Phrynoglossus, (coded as l), and to a

much lesser extentin Leptodactylus and some Arthroleptis variabilis (coded as 0).

58. Parasphenoid, shape of tip of cultriform process: (0) rounded or senated; (l) sharply

pointed.

Previously used by Clarke (1981) l2*, separated into two characters since many

permutations of this and character 59 were evident. State 0 is illustrated in Duellman & Trueb

(1986) Fig. 13.17 (reproduced in Fig. 8) where D, E and H represent state 0, whilst A and B

represent state 1. Sporadic single-taxon transformations to a pointed tip ofthe cultriform process

(state l, Fig. l0) occur in a few taxa of the arthroleptid-h)?eroliid clade, but this state is

synapomorphic fot (Arthroleptella landdrosia + A. lightfooti) and for (Cacostemum capense +

C. namaquense), and finally under Acctran optimization for the (Pyxicephalinae + Conraua).
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Figure 10, Ventral v iew of skull of P oynlonia paludicola (MB 1254), showing lateral edge of pars

palatina of premaxilla slanting outwards (c50:3), and a pointed tip (c58: I ) to a biconcave (c59: I )
cultriform process ofthe parasphenoid. Scale bar= I mm.
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Figure ll. Ventraf view ofskdl of Discodeles bufoniformis (CAS 109895), showing a serrated tip
(c58:0) to a straight bordered (c59:0) cultriform process ofthe parasphenoid. Scale bar = I mrn.
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59. Parasphenoid, shape of cultriform process: (0) borders straight, process relatively wide;

(l) borders biconcave, i.e. slight expansion in middle with narrower posterior section; (2)

borders not straight but slightly tapering, can be very thin; (3) borders strongly converging,

strongly lriangular-shaped cultriform process.

Previously used by Clarke (1981) l2*, Ford (1990) 45*. Variation is illustrated by Duellman

& Trueb (1986) Fig. 13.17 (reproduced in Fig. 8) where H corresponds to state 0, D and E

conespond to state I and F corresponds to state 2. In their Fig' 13'18 (reproduced in Fig. 9)' B

and F conespond to state 3. State I is also illustrated in Fig. 10, whilst state 0 is illustrated in

Fig. I i. Biconcave cultriform processes occur in some dendrobatids, the arthroleptid-hyperoliid

lineage, the rhacophorids, Tomopterna, most cacostemids, petropedetids and the

(Pyxicephalinae + Conraua). Thin tapering cultriform processes (state 2) are synapomorphic for

(Arthroleptelta landdrosia + A. lightftoti), and also occur in Microbatrachella and Kassina.

Strongly triangular-shaped cultriform processes are synapomorphic for the species of

Cacosternum, and occur independently in Phrynoglossus and, Phrynomantis.

60. Parasphenoid, length of cultriform process: (0) reaching the anterior l/5 of the orbit, but

falling just short ofthe levet ofthe palatines and planum antorbitale; (l) shorter, reaching only

to about 2/3 length oforbit; (2) long, reaching the level of the palatines and planum antorbitale.

Previously used by Lynch (1978) 10{', Cannatella (1985) 30*, Ford (1990) a6, Wu (1994)

99*, Vences (1999) 9*. Short cultriform processes (state 1, Fig. 12) are synapomorphic for

(Colostethus + Mannophryne\ but also occur in Cardioglossa, the cacostemids Cacosternum

nanum parvum and Ericabatrach,s, and in the phrynobatrachids Phrynobatrachus versicolor

and P. krefftii. Longer cultriform processes (state 2) are synapomorphic for tkee astylostemids,

and independently at node 20, whereafter a reversal to state 0 is synapomorphic for the

petropedetids excluding Petropedetes natator, and independently for (Batrachylodes +

cacostemids + phrynobatrachids).

61. Anterior ramus of pterygoid in relation to the patatines 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 fiom the maxilla towards

an enlarged, wider planum antorbitale, separated from the lateral border of planum antorbitale

by wide gap, palatines absent.

Previously used by Lynch (1978) 8*, Clarke (1981) l3r, Cannatella (1985) 35t, Ford (1990)

32+. A short gap or slight overlap (state l) arises at node 6 for the (microhylids + ranoids).

Reversals to falling far short (state 0) are synapomorphic for the Arthroleptinae, for

(Arthroleptella landdrosia + A. tightfooti) and for (Amolops + Nannophrys). Medially curving
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anterior rami of the pterygoid (state 2) are a unique synapomorphy for the Ptychadeninae,

reportedly also occurring in Lanzarana (Clarke 1981, 1982).

62. Pterygoid, length of medial ramus: (0) present and long; (l) reduced, short but longer than

its width, or rudimentary bumps; (2) extra long and thin.

Previously used by Cannatella (1985) 37, Ford (1990) 33*. Reduced rami (state I, Fig. 12)

are synapomorphic for the dendrobatids and independently for (Brevicipitinae + f/errrsrs). This

state also occurs individually in Mantella and the cacostemids Poyntonia, Microbatrachella and

Cacoslernum nanum parvum. Extra long thin pterygoid rami (state 2) are uniquely

synapomorphic for the Astylosteminae inchtding Leptopelis.

63. Pterygoid, articulation of medial ramus: (0) anteroventral surface ofotoccipital, may be a

large gap; (1) ventrolateral edge of otic capsule; (2) anterior to and adpressed to parasphenoid

ala along at least l/2 its length.

Previously used by Lynch (1978) 9'r', Ford (1990) 34, Wu (1994) 87+. Lynch (1978)

considered state I as primitive whilst Ford (1990) considered state 0 as primitive. Pterygoids

articulating with the ventroJateral edge ofthe otic capsule (state l) occurs unambiguously from

node 9 for the ranoids, but optimise ambiguously to node 6 for the (microhyloids + ranoids). A

reversal to articulation on the antero-ventral surface (state 0, Fig. 13) is synapomorphic in the

cacostemids for (Nothophryne + Cacosternum). Medial rami of the pterygoid anterior to and

adpressed strongly to the parasphenoid alae (state 2) are uniquely synapomorphic for the

Pyxicephalinae. The state ofthis character was obscured by uncleared tissue in ( Hoplobatrachus

+ Euphlyctis).

64. Overlap ofthe anterior border ofthe parasphenoid ala and medial ramus of pterygoid

in the ant€rior 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; (l)

close together but no contact (distinct gap), since medial ramus is more anterior; (2) strong

overlap, approximately li2 length of anterior edge ofthe ala, abutting.

Previously used by Clarke (1981) l4*. This character is influenced by the length of both the

alae and the median rami ofthe pterygoid, their separation and any curvature ofthe median rami

(Lynch l97l). Optimization of this character is ambiguous down the spine of the tree until the

Ranidae (node 20). State I occurs in the dendrobatids, and most hyperoliids and arthroleptids,

although it reverses in Leptopelis, and synapomorphically so it (Astylosternus (Nyctibates +

Trichobatrachus)). State I is synapomorphic for (cacostemids + phrynobatrachids). State 2 is a

unique synapomorphy for the Pyxicephalinae.
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Figure 12. Ventral view of skull of Cacos ternum nanum (ES 342), showing a short cultriform
process ofthe parasphenoid (c60:l). and reduced medial ramus ofthe pterygoid (c62: l). Scale bar

=lmm.
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Figure 13. Ventral view of skull of Caco.r lernum boettgeri (ES299), showing articulation ofthe
medial ramus ofthe pterygoid on the anteroventral surface ofthe otoccipital (c63:0), and reduced

parasphenoid ala (c66:l ). Scale bar: I mm.
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65, Parasphenoid alae, in frontal plane: (0) perpendicular to body axis; (l) pointing slightly

anteriorly; (2) pointing distinctly posteriorly.

State I is illustrated in Figs 8C and 9G, whilst state 2 is illustrated in Fig. 8A. Anteriorly

directed alae (state l) are autapomorphic for Brevicipitinae. Posteriorly directed alae (state 2)

are synapomorphic for the phrynobatrachids excluding Natalobatrachus, and for (Amnirana +

Hydrophylax). This state also occurs in most sp ecies of Cacosternum and in sporadic single taxa

throughout the tree.

66. Parasphenoid alae: (0) moderately long; (l) reduced or short.

Lynch (1971) notes the occurence of this variation in the leptodactylids, where the

parasphenoid alae may be short or long, orientated at right angles to the anterior rami or

deflected posteriorly, and overlapped or not by the median rami ofthe pterygoids. Salamanders

lack parasphenoid alae, but frogs generally have them (Lynch 1973). At the level of the Anura,

their presence is considered plesiomorphic, and reduction derived. Reduced alae (state l, Fig.

13) are synapomorphic for the microhylids including Hemisus, and also fot (Hyperolius +

Kassina). Reduced alae also occtr in Mantella and three cacostemids.

67. Cranial exostosis: (0) absent, or slightly on sphenethmoid and/ or otoccipitals only,

occasionally on the nasals; (1) present, extensive on sphenethmoid, nasals and other skull bones.

Previously used by Clarke (1981) 2, Cannatella (1985) 3*, Ford (1990) 4*, Wu (1994) 62.

Trueb (1973) notes that exostosis is correlated x'ith large size and with burrowing habits. Ford

(1990) considered the presence of exostosis to be derived. The presence of cranial exostosis

(state l) is synapomorphic for the Pyxicephalinae but also occurs independently in Nannophrys.

The latter genus and Pyxicephalus also exhibit co-ossification ofthe skin to the skull bones.

68. Nasals, contact with sphenethmoid: (0) overlapping the sphenethmoid; (l) not overlapping

the sphenethmoid.

Previously used by Heyer & Liem (1976) 2, Wu (1994) 54. Also used as touching the

frontoparietals (in modified form) by Heyer (1975) 23*, who suggested that nasals not in

contact with the frontoparietal were primitive. Nasals are late ossifring elements, so this

character is likely to be influenced by the stage of development of the specimens examined,

which must therefore be adults. This character does not optimise unambiguously down the spine

ofthe tree. Nasals not overlapping the sphenethmoid (state l) occur in the microhylids including

Hernisus, in the hlperoliids and one astylostemid, in most cacostemids and petropedetids, and

are synapomorphic for (Amnirana + Hydrophylax)-
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69. Nasals, median contact: (0) separate, not in contact; (l) contact extensively on medial

margin.

Previously used by Lynch (197q 2r, Clarke (1981) li, Ford (1990) I, Wu (1994) 51,

Vences (1999) 1*. Ford (1990) found that the extent of contact of the nasals was correlated with

size olthe nasals, but was a less subjective measure than the relative size of the nasals. Nasals in

contact on the medial margin (state l) are synapomorphic for the Pyxicephalinae and occur in

most fanged ranids. This state is also presenl in some phrynobatrachids and astylostemids, and

in sporadic single taxa.

70. Nasals, shape: (0) large, triangular; (1) rectangular to round; (2) small, triangular or club-

shaped.

Previously used by Liem (1970) 20, Clarke ( l98l ) l, Cannatella (1985) 4*, Ford (1990) 2*,

Wu (1994) 52. This character has traditionally been difficult to assess. A more conservative

coding strategy than that employed by Ford (1990) was used here, whereby orientation was not

considered. Rectangular or round nasals (state l) are synapomorphic for the (dendrobatids +

sooglossids), for the arthroleptid-hyperoliid lineage, and for the (phrynobatrachids +

cacostemids). Small, triangular or club-shaped nasals (state 2) are synapomorphic for the

microhylids including Hemisus, (Staurois + rhacophorids), the Tomopteminae,

(Microbatrachella (Nothophryne + Cacosternum)), two species of Arthroleptella, Ihe

Ptychadeninae and for (Amnirana + Hydrophylat), and occur in some petropedetids.

71. Degree of development of the otic plate of the squamosal and its relationship with

the otoccipital: (0) otic plate present, overlapping the crista parotica, even posteriorly only or

the lateral border of the otoccipital; ( I ) overlapping most or all of crista parotica and ll4 to I 12

of the otoccipital; (2) otic plate rudimentary or absent, only a thin rib of bone overlaps the

outside ofthe crista parotica; (3) otic plate rudimentary, otic ramus extends posteriorly for only

about li2 width of lateral border of the otoccipital in an arc, otic plate overlaps the crista

parotica only in this region.

Previously used by Lynch (1978) 5i', Clarke (1981) 5+, Ford (1990) 29*. The otic plate

overlapping most or all of the crista parotica and ll4 to ll2 of the otoccipital (state l) is

synapomorphic for the (Pyxicephalinae + Conraua), but also occurs in Limnonectes.

Rudimentary otic plates (state 2) are synapomorphic for the cacostemids and independently for

the Ptychadeninae, where a change to a rudimentary arc-shaped plate (state 3) is autapomorphic

for Hildebrandtia.
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72. Otic capsule, crista parotica, cartilaginous process extending towards the

suprascapula: (0) present; (l) absent; (2) present, but part of the dorsal section ofan extra large

tympanum.

Absence of a cartilaginous spike of the crista parotica (state l) arises at the basal node ofthe

tree. Reversals to state 0 (Fig. l) are synapomorphic for the Raninae, wherein a reversal to

absence of the spike (state 1) occurs in four taxa. Independent reversals from state I to 0 also

ocaur in Leptodactylus and, Mantidactylus, Cartilage from the crista parotica that is integrated

into the dorsal section of an extra large tympanum (state 2) is uniquely synapomorphic for

(Petropedetes newtoni + Arthro leptides) -

73. Otic capsule, crista parotica, cartilaginous process extending towards the

suprascapula, if present: (0) short, cartilaginous; (1) very long, cartilaginous; (2) long and

ossified, as is the crista parotica.

Most taxa in the basal portion of the tree code as inapplicable for this character. Processes

being long and spike'like Gtate 1, Fig.l) are synapomorphic for the Ptychadeninae, and

independently for (Amnirana + Hydrophylax). Processes being long and ossified (state 2) were

identified for Aubria and Limnonectes-

74. Otic capsule, crista parotica, nature: (0) cartilaginous; (l) mostly ossified.

Previously used by Ford (1990) 49t, in a simplified form. Ossified crista parotica (state l)

are synapomorphic for (Plxicephalinae + Conraua), and for (Nanorana (Euphlyctis +

Hoplobatrachus)). Ossified crista parotica also occur independently in Hildebrandtia and

Leptodactylus.

75, Otic capsule, crista parotica, angle: (0) perpendicular to body axis in frontal plane; (l)
angled forward in the frontal plane, assessed from the position of the anterior margin of the

crista parotica.

ln state I (Fig. l4), the crista parotica is distinctly displaced forward, and much narrower

distally than proximally. The otic capsules in some taxa displaying state I are extremely

rounded, which may be partly responsible for this unique geometry. Rounded versus

transversely elongated otic capsules were used by Laurent (1973) as a character in the

ar*rroleptids. ln Cacosternum, the crista parotica are also very reduced. The crista parotica

being angled forward (state l) is synapomorphic for the microhylids including llezr'sas, and for

the species of Cacosternum. State I also occurs independently in Nanorana and Phrynoglossus.
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Figure 14. Dorsal view ofthe skull of Ca costemum nanum (ES 342), showing the crista parotica
angled forward in the frontal plane (c75: I ), and a small frontoparietal fontanelle not more than
about l/3 width offrontoparietal and gap (c76: I ). Scalebar= I mm.
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Figure 15, Dorsal view of thc skull of Cacosterrum boettgei (.ES 299), showing a large

frontoparietal fonlanelle more tlran about li3 width of frontoparietal and gap (c76:0), and an

incomplete tynrpanic annulus (c87:l ). Scale bar = I mm.
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and at node 43 in the cacosternids. Diamond-shaped ftontoparietals (state 3) are autapomorphic

for Pyxicephalus.

79. Squamosal, thickness of zygomatic versus otic ramus: (0) otic ramus noticeably thicker,

since distinct angular bend as it tums over the crista parotica not evident; (1) approximately

equally thrck, distinct angular bend onto the surface of the crista parotica evident; (2) zygomatic

ramus notably expanded and exostosed.

Equal length otic and zygomatic rami with a distinct bend (state i) are synapomorphic for

the astylosternids including Leptopelis, and independently at node 20 for the Ranidae, wherein a

reversal to state 0 unites the phrynobatrachids, cacostemids and Tomopterna. Zygomatic rami

notably expanded and exostosed (state 2) are uniquely synapomorphic for the Plxicephalinae.

80. Squamosal, length of the zygomatic ramus in comparison with that of the otic ramus:

(0) zygomatic ramus longer than the otic ramus; (1) zygornatic ramus approximately equal in

length to the otic ramus; (2) zygomatic ramus shorter than the otic ramus.

Previously used by Heyer (1975) 25+, Heyer & Liem (1976) 6*, Clarke (1981) 6*,

Cannatella (1985) 42+, Ford (1990) 30*, Glaw, Vences & Bdhme (1998) 7*, Vences (1999) 2.

Heyer (1975) considered equal length rami, or a slightly greater zygomatic ramus, to be

primitive in the leptodactylids. Zygomatic rami shorter than otic rami (state 2) arise at the basal

node on this cladogram. Zygomalic rami approximately equal in length to otic rami (state l) are

synapomorphic for the (phrynobatrachids + cacostemids), and independently in the

petropedetids excluding Petropedeles nalator, This character state varies in the astylostemids

and a reversal to zygomatic rami longer than otic rami (state 0) is synapomorphic for the

(Raninae + petropedetids) clade.

81. Maxilla, shape of pars fascialis (tateral yiew): (0) well developed and rectangular; (l)

reduced anteriorly, strong and triangular; (2) reduced to absent, may be rectangular and short.

Previously used by Clarke (1981) 7*, Ford (1990) l6*, Wu (1994) 76*, Glaw, Vences &

Biihme (1998) 6, Vences (1999) 3* and 4+. The processus palatinus (= p. fiontalis) was not

included in the assessment of this character state, since it appears to be consistently present in

the taxa examined. Rather, variation in the flange extending anterior to this is assessed. An

anteriorly reduced triangular pars fascialis (state l) is synapomorphic for the (dendrobatids +

sooglossids), for the Arthroleptinae, for the cacostemids, for the two species of Conraua and

independently for (Nanorana (Euphlyctis + Hoplobatachus)). Reduced or absent pars fasciata

(state 2) are synapomorphic for the microhylids including Hemisus, and, for (Cacosternum

nanum + C. nanum parvum), and occur sporadically elsewhere on the tree only in Slaaror and

Arthroleptella.
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82, Quadratojugal, overlap with maxilla: (0) continuous, articulating with maxilla, slanting

over each other or strongly overlapped, no reduction in quadratojugal; (l) anterior process ofthe

quadratojugal reduced or absent, not touching the maxilla.

Previously used by Heyer (1975) 2l*, Drewes (1984) 3*, Ford (1990) 2l and 22*, Wu

(1994) 754. Heyer (1975) considered continuous, articulating quadratojugals (state 0) to be

plesiomorphic. Reduction in the anterior process is correlated with a general decrease in

ossification that is often evident in smaller frogs (Trueb 1973). Reduction ofthe anterior process

(state l) is synapomorphic for (Brevicipitinae + Hemisus), and independently for the species of

Cacosternum (reversing in C. capense) and (Arthroleptella landdrosia + A. lightfooti).

83. Quadratojugal: (0) present; (l) absent.

Similar to Lynch (1978) l*, Ford (1990) 2[+, Wu (1994) 78*. The quadratojugal is one of

the most frequently lost anuran skull bone (Lynch 1973; Trueb 1973). The quadratojugal was

considered absent if the descending ramus of squamosal can be seen to be separated from

descending ramus ofthe palatine by cartilage, and if the articular is predominantly cartilaginous.

De Villiers (l93la, l93lb) first noted that the quadrate cartilage is entirely unossified in

Cacostentum. The quadratojugal being absent (state l) is synapomorphic at node 43 in the

cacostemids, and independently for the hyperoliids, occurring also in Leptopelis.

84. Pars externa plectri of breeding males: (0) large, present, rounded, covering l/3 to 213 of

the area inside the tympanic annulus; (l) small and rod-like, or absent; (2) extremely large,

covering more than 2/3 of area inside tympanic annulus.

Specimens in which it may have been tom during preparation were not used for coding.

Sexual dimorphism in tympanum size has been noted in the Ranidae by various authors since

Noble (1931). Small pars extema plectri (state l) arise at the basal node on this cladogram, and

occur in most ranids. A reversal to large plectri (state 0) is synapomorphic for the microhylids,

(changing to state I in Hemisus) and independently for the hyperoliids and for (Poyntonia +

Ericabatrachus). Extremely large pars extema plectri (state 2) are uniquely synapomorphic for

the dendrobatids in this study.

85. Premaxilla, projection of pars fascialis (alary process): (0) vertical (dorsal); (l)
backwards (posterodorsally); (2) forwards (anterodorsally).

Previously used by Ford (1990) 12, Wu (1994) 68. This character appears to be uncorrelated

with the extent of forward projection ofthe snout tip, as it is vertical in Phrynobatrachrs where

the snout is wedge-shaped and considerably overshot. In combination with state I of character

86, state 2 was thought to be one of a suite of diagnostic characters for the dendrobatids (Ford

1990), but this state also occurs independently in Mantella, possibly an adaptation lo
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myrmecophagy. Backwardly projecting alary processes (state l) are synapomorphic under

Acctran for the arthrcleptids (including Leptopelis), at node 28 for (Batrachylodes +

phry"nobatrachids + cacostemids), wherein a reversal to vertical processes (state 0) is

synapomorphic for the genus Cacosternum and independently for (Poyntonia +

Ericabatrachus). Under Acctran, state I optimises as synapomorphic for the Raninae, but

reverses many limes therein.

86. Premaxilla, angle of pars fascialis (alary process): (0) dorsally, perpendicular to pars

dentalis; (l) inclined laterally outwards away from midline.

Previously used by Wu (1994) 72. Laterally inclined alary processes (state l) are

synapomorphic for (dendrobatids + sooglossids), the two species of Arthroleptis, the mantellids

+ rhacophorids (reversing in the rhacophorids), the phrynobatrachids, for (Anhydrophryne +

Arthroleptella hewitti), and at node 73 in the Raninae for ((Amnirana + Hydrophylax)(Amolops

+ Nannophrys)).

87, Tympanic annulus: (0) complete; (l) incomplete, rounded; (2) absent; (3) incomplete,

pear-shaped, involving the squamosal as its dorsal limit, with the dorsal section of cartilage

fused onto squamosal.

Previously used by Wu (1994) 66*. Care was taken to code this from well-prepared

specimens or to consider any potential damage to the tympanic annulus. The tympanic annulus

is incomplete (state l, Fig. 15) independently in Leptodactylus, Phrynomantis and Cacosternum

boettgeri.It is absent (state 2) in Hemisus, Cacosternum namaquense and lhe sooglossids. Pear-

shaped tympanic annuli (state 3) are synapomorphic for the dendrobatids examined here,

independently for the two species of Arthroleptis, and for the astylostemids. Elsewhere, a pear-

shaped tympanic annulus occurs only rn Hyperolius and Ericabatrachus.

88. Stapes (columella): (0) present; (1) reduced; (2) absent.

Previously used by Lynch (1973) 22, Lynch (1978) 20*, Cannatella (1985) 45, Ford (1990)

llr, Wu (1994) 67*. Lynch (1973) noted that this character was limited in usefulness to

discussing the distinctions between and relationships of species within a genus, which was also

found to be the case within the present taxon set. A reduced stapes (state 1) occurs in some

species of Cacoslernum. Absence of the stapes (state 2) occurs in the sooglossids , Hemisus and

Cacosternum namaquense are postulated to be independent transformations.
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Hyobranchial Skeleton

89. Hyoid, hyale, width from stsrt of anteromedial process: (0) narrow, without a flange

extending to halfthe length ofhyale; (l) wide, flange extending to halfthe length ofhyale'

Drewes (1984:12) states, 'in the microhylids, this structure (whole anterior hom) can be

interpreted as either present as a thick strip or flange contiguous with the ceratohyal, or absent'

Here it is interpreted as absent for the microhylid exemplars examined. However, in many ofthe

taxa given state I for this character, a separate medial branch was also observed, accordingly

they are treated as two characters. A flange to halfthe length ofthe hyale (state 1, Figs 16A, C,

D and F) is synapomorphic for (Colostethus + Mannophryne), independently for (Hyperolius +

Kassina), and under Acctran optimization for the Tomopteminae. State I also arises at node 4l

in the cacostemids, wherein it reverses four times.

90. Hyoid, hyale, free flange towards jaw just anterior to its angle: (0) absent; ( I ) present.

A free flange (state l, Fig. 16C) is uniquely synapomorphic for the Tomopteminae.

91. Mediat branch of anterior process of hyale: (0) long, straight, thin; (l) short and usually

curled, relatively thick; (2) small nippleJike knob only, (3) stightly elongated, but not more than

three times its width; (4) absent.

Previously used by Heyer (1975) 30 part, Heyer & Liem (1976) l9*, Drewes (1984) I I part,

Ford (1990) 55, Wu (1994) ll0*. Heyer (1975) suggested that the presence of the anterior

process is primitive. The plesiomorphic condition is illustrated in Fig. 168. A short, thick and

usually curved anterior process (state l, Fig. 16E) is synapomorphic for (Cacosternum capense

* C. namaquensa), and independently for (Arthroleptides + Pelropedetes parkeri). A small

nipple-like knob (state 2, Fig. 16C) arises at node 25 and is the common state in the Ranidae,

reversing to state 0 in Petropedetes and independently at node 72 in the Raninae. Slightly

elongated anterior processes (state 3, Fig. l6D) are uniquely synapomorphic for (Cacosternum

boettgeri * C. nanum pamum). The medial branch being absent (state 4), is uniquely

synapomorphic for the microhylids including Hemrsrc.

92. Hyoid, shape of the stalk of the alary processes: (0) narrow and pinched, blade-like; (l)

thick and rounded, slightly less than or as expanded as the thick distal portion.

The shape ofthe alary processes was used by Liem (1970) l2t, Heyer (1975) 3l+, Heyer &

Liem (1976) l8*, Ford (1990) 59*, Wu (1994) I l2*. Heyer & Liem (1976) considered 'broad

and wing like' alary processes (equivalent of state t here) to be primitive. Thick rounded alary

processes (state l, Figs 16A, D and F) are synapomorphic for (dendrobatids + sooglossids),

reversing in Dendrobates, for the Arthroleptinae, at node 26 in the Ranidae (reversing

synapomorphically in some cacostemids). State I occurs in most of the large fanged Raninae.
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Figure 16. Hyoid apparatus of A. Phrynobarrachus naralensis (ES 288) showing c96:l' cl0l:2,
c 104:2, c 105:2. B. Leptopelis vernticularus (ES717)showing c9l:0, c92:0, c93:0, c96:0, c 102:1. C.

Tbmopterno tand!-i (AC 1561 ) showing c89: l, c90: l. c9l :2, c97:0. D. Cacosternum boettgeri (ES

152) showing c9l :3, c92: I, cl0l:1. E. Arthroleptides ntartiensseni (E5770) showing c89:0, c9l: l.
c97:0.F. Poynroniu poludicola (NlB 1254) shorving c89: I , c92: l, c96: I ' c97:0. Scale bar = I mm
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93. Hyoid, alary process, width ofbase: (0) equal to the stalk; (l) broader than stalk.

The base of the alary process being broader than the stalk (state l) is synapomorphic at node

9 for the (arthroleptid-hyperoliids + Ranidae), and under Acctran optimization for the

dendrobatids. Within the Ranidae, reversals to state I are synapomorphic for the rhacophorids

and the Ptychadeninae.

95. Hyoid, shape of the distal expansion of the alary process: (0) large rounded to trumpet-

shaped or slightty triangutar expansions; (l) oval, slanted posteriorly at a 45o angle to the body

axis; (2) extremely small, rounded, edges can be ragged; (3) small, nanow, blade-like, slanting

posteriorly at a 45o angle.

Many taxa were coded as unknown for this character due to insufficient staining of cartilages

leading to poor visibility. Oval, slanted distal expansions (state 1) are uniquely synapomorphic

for the astylostemids. Extremely small, rounded and ragged expansions (state 2) optimize to the

base of the arthroleptid-hyperoliid lineage, reversing therein to state 0 in the Arthroleptinae.

Small, narrow, downwardly slanting processes (state 3) are synapomorphic for the

Ptychadeninae, for (Amnirana + Hydrophylar) and the petropedetids, wherein a reversal to state

0 is synapomorphic for (Arthroleptides + Petropedetes parkei).

96, Hyoid, angle of alary processes: (0) angled anteriorly; (l) angled laterally.

Many taxa were coded as unknown for this character due to insufficient staining of cartilages

leading to poor visibility. Laterally angled alary processes (state l, FiSs 16A, C, D and F) are

synapomorphic for the (dendrobatids + sooglossids), the microhylids including f/emrsas, and at

node 26 for (Tomopteminae + Batrachylodes + cacostemids + phrynobatrachids), and

independently for the Ptychadeninae.

97. Hyoid, hyoglossal sinus: (0) deeper than anterior border of base of alary processes; (l)

shallow, less than or just reaching anterior border of base of alary processes; (2) shallow, but

fibrous line of a deep sinus visible.

Previously used by Ford (1990) 57, Wu (1994) I I l. State 0 is illustrated in Figs l68, C and

E. A shallow sinus (state 1, Figs 16A, D and F) is synapomorphic for (dendrobatids +

sooglossids), for the hyperoliids, most astylostemids, the (mantellids + rhacophorids), the
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94. Hyoid, distal expansion of alary process: (0) absent; ( I ) present.

An expansion at the end of the alary process arises at the basal node, and most ranids have

some form of it. Reversals to absence of the distal expansion (state 0) are synapomorphic for

(Brevicipitinae + ilerzrsas), and independently for (Staurals + rhacophorids).
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(cacostemids + phrynobatrachids), and three times for smaller clades in the Raninae. A hyoid

plate with a line of a deep sinus present (state 2) is autapomorphic in Hemisus.

98. Hyoid plate, calcification: (0) not or only slightly calcified centrally, but not calcified

between the thyrohyals; (1) well calcified, with large proximal expansions at the bases of the

thyrohyals, resulting in the thyrohyals appearing almost fused at the posterior end ofthe plate.

Previously used by Emerson & Berrigan (1993) 36+. Parahyoid bones do not occur in the

tara studied here, although parahyoid calcification is common. The calcification referred to in

this character is only that between the thyrohyals. Calcification between the thyrohyals (state l)

is synapomorphic for (Brevicipitinae + Hemisus), and for (Phrynoglossus (Platymantis +

Discodeles)) but is independently present in Zeptodactylus.

99. Hyoid, fibrous uncalcified suture on hyoid plate: (0) absent; (1) present centrally, running

transversely; (2) present centrally, running longitudinally and not present at extreme anterior

and posterior edges ofthe plate.

Previously used by Wu (1994) ll8. An uncalcified transverse suture anterior to the

thyrohyals (state l) is synapomorphic for (Brevicipitinae + Hemtsus), and for (Phrynoglossus

(Platymantis + Discodeles)). An uncalcified longitudinal suture (state 2) is synapomorphic for

(Amnirana + Hyjv6phylax), and occurs independently in Conraua crassipes.

100. Hyoid plate, shape: (0) wide, width greater than or equal to length; (l) narrow, longer

than wide.

Previously used by Emerson & Benigan (1993) 37*, Wu (1994) 108. Measured from the

medial point between the thyrohyals to the antero-medial edge of the hyolaryngeal sinus, and

across from undemeath the alary processes. Narrow hyoids (state l) are synapomorphic for the

two species of Dendrobates, for the hyperoliid-artholeptid clade (wherein a reversal to wide

hyoids is synapomorphic for the astylosternids), for (Arthroleptella landdrosia + A. liqhtfooti),

for (Cacosternum boettgeri + C. nanum parvum) and for (Amnirana + Hydrophyla.r),

101. Hyoid, posteromedial process (thyrohyal): (0) cartilaginous stalk absent; (l)
cartilaginous stalk present; (2) hyoid plate pinched above thyrohyals, posterior lateral processes

originating close to base ofalary processes.

Previously used by Liem (1970) 10, Heyer & Liem (1976), Drewes (1984) 10, Ford (1990)

62, Blommers-Schl6sser (1993) 9, Wu (1994) 114, Emerson et al. (2000a) 5*. Trewavas (1933)

noted that absence of the stalk is the common condition. Laurent (1978) discusses the

importance ofcartilaginous stalks in hyperoliid-arthroleptid relationships.
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A cartilaginous stalk at the base of the thyrohyal is reportedly present in most microhylid

tara (Parker 1881; Ramaswami 1939) but is absent in brevicipitids and a few other taxa (Wu

1994), including the choice of microhylids examined here. Presence of a cartilaginous stalk

(state 1, Fig. l6D) is synapomorphic for the hyperoliid-arthroleptid lineage, reversing to state 0

in Leptopelis. The state is coded as indeterminate for Cardioglossa, for which Blommers-

Schld,sser (1993) reported stalks absent, since stalks were not apparent on the specimens

examined. Stalks also appeared to be present in a single specimen of Amnirana examined,

which was slightly immature. Stalks present (state 1) are also synapomorphic for node 45 in the

cacostemids (transforming to state 2 in Nothophryne).

The hyoid plate pinched above thyrohyals (state 2) represents a condition whereby the

thyrohyals are close together, but attached to a cartilaginous base which is formed by a

narrowing ofthe posterior portion ofthe hyoid plate. This narrow section could conceivably be

the fused vestiges ofthe stalks, or a pre-stalked condition. State 2 is illustrated in Fig. 16A, and

for Colostethus in Ford's (1990) Fig. 19. State 2 is synapomorphic for the dendrobatids,

independently in the phrynobatrachtds for (Phrynobatrachus acridoides + P. natalensis), ar.d

again for (Anhydrophryme + Arthroleptella hewiltD. Stzle 1 was not detected in Arthroleptella

(cf Blommers-Schldsser 1993), although the presence of state 2 in this group may explain past

observations.

102. Hyoid, posterolateral process: (0) present; (l) absent; (2) extremely reduced, sma[1

bumps only.

Previously used by Liem (1970) 15, Drewes (1984) 9, Ford (1990) 60, Wu (1994) ll3*,

Vences (1999) 2l+. Laurent (1978) used this character to support his proposed relationship

between the hyperoliids and arthroleptids (Laurent 1951). Absence of posterolateral processes

(state 1, Fig. 168) is uniquely synapomorphic for the hyperoliid-arthroleptid lineage, with a

reversal in the Astylosteminae, where Scotobleps, Trichobatrachus and Leptodactylon have the

processes present. Laurent (1978) illustrates Astylosternus as also having posterolateral

processes. Reduced processes (state 2) occur independenlly in Nyctibates and Staurois.

103. Hyoid, posterolateral processes, length: (0) long; (l) short, less than 1/3 length of

posteromedial process (thyrohyal); (2) rudimentary bumps or stumps.

Previously used by Liem (1970) l5 part, Ford (1990) 61. Since this character is assessed by

comparison to the thyrohyals, its coding is dependent on the length of the thyrohyals: long

thyrohyals make the processes appear short. This was nevertheless considered to be the most

objective method of quantifuing the length of the posterolateral processes. Short posterolateral

processes (state l) optimize to node 9 for the Ranoidea, but reverse to state 0 at node 25.

Thereafter, short processes (state l) are synapomorphic for the two species of Ptychadena, artd
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for the (cacostemids + phrynobatrachids), reversing to state 0 for most cacostemids.

Rudimentary bumps (state 2) are synapomorphic for some phrynobatrachids and also occur in

Staurois and Ny ctibat e s.

104. Hyoid, posteromedial process (thyrohyals), expanded flange on medial side: (0)

absent; (1) present, small; (2) present, widening of thyrohyals due to distal medial expansion

towards larynx, which has a concave inside edge.

Wu (1994) I 16 mentions flanges on the inner surfaces of the thyrohyals in the microhylids.

Small medial flanges (state 1) are synapomorphic for the two species of Ptychadena, bfi also

for the species of Arthroleptella and for (Anhydrophryne + Arthroleptella hewitti) but occur

individually in Cardioglossa, Philautus, Platymantis and Stdurois. Large medial flanges with a

concave inside edge (state 2) are uniquely sl.napomorphic for the phrynobatrachids excluding

Natalobatrachus.

105. Hyoid, posteromedial process (thyrohyals), expanded flange on lateral side: (0) absent;

(l) present distally, small; (2) present medially, with curved edge.

Wu (1994) 117 mentions flanges on the outer surfaces ofthe thyrohyals in the microhylids.

Under Acctran optimization, this flange (state l) is synapomorphic for (Cacosternum +

Nothophryne). Medial flanges with curved edges (state 2) are uniquely synapomorphic for the

phrynobatrachids excluding Natalobatrachus, wherein a reversal to state 0 is synapomorphic for

(.Phrynobatrachus dendrobates + P. versicolor) and also occurs in Dimorphognathus.

106. Hyoid, posteromedial process (thyrohyals): (0) expanded at proximal ends only; (1)

equal width, not expanded at either end; (2) expanded at both ends.

State I is similar to that used by Wu (1994) 115. Unexpanded thyrohyals (state 1) are

synapomorphic for the dendrobatids, for the arthroleptid-hyperoliid lineage, for (Amnirana *
Hydrophylax), and under Acctran optimization for node 45 in the cacostemids. Thyrohyals

expanded at both ends (state 2) arises at the basal node, and reversals to state 0 are

synapomorphic for the (microhylids + Hemisus), rhacophorids, petropedetids, node 62 in the

Ranidae, and (Balrachylodes + cacostemids + phrynobatrachids).

107. Hyoid, distance between posteromedial processes (thyrohyals): (0) close together, less

than one times the width of the proximal expansion of the thyrohyal apart; (l) about once the

width ofthe proximal expansion of the thyrohyal apart; (2) more than 1.5 times the width ofthe

proximal expansion of the thyrohyal apart.

Previously used by Liem (1970) l0*, Ford (1990) 63. Stalked thyrohyals are naturally

funher apart, and taxa having these mostly display state 2. One width separation (state l) arises
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at node 25 in the Ranidae. Wide thyrohyals (state 2) are synapomorphic for the hyperoliid-

artholeptid lineage, and for (Microbatrachella (Nothophryne + Cacosternum)). Reversals to

state 0 are synapomorphic at node 58 in the Ranidae, and node 35 in the phrynobatrachids'

108. Cricoid ring, oesophageal process: (0) present; (1) absent.

Previously used by Wu (1994) 120. Trewavas (1933) suggested that a mediodorsal

oesophageal process occurs only in and is diagnostic for the Ranidae and rhacophorids, but this

process occurs widely in the leptodactylids (Lynch l97l) and was found in some microhylids,

dendrobatids and sooglossids by Wu (1994). Lynch (1971) expressed doubt as to the value of

this character. Where it was observed it is coded as present, but absence recorded for some taxa

could be an artefact of preparation, staining or indeed genuine. In some of these cases, it was

coded as unknown. Length of the process was found to vary in the ranids. Absence of the

process (state l) is synapomorphic for the microhylids including Hemisus, for (Hyperolius +

Kassina\ and for the two species of Ptychadena.It was recorded as individually absent in many

individuaI taxa.

110. Larynx, arltenoid cartilages of breeding male: (0) rounded; (l) disproportionately long

and oval-shaped, relative to the width ofthe entire larynx.

A distinct lengthening of the arytenoid cartilages (state 1) is postulated to be synapomorphic

for the (dendrobatids + sooglossids), for the hyperoliids, for the two species of Ptychadena, and

for node 26 in the Ranidae, whereafter reversals to state 0 are synapomorphic for

Q4nhydrophryne + Arthroleptella hei,itti). State I occurs sporadically in a few other taxa

thoughout the tree.

Limb Osteology

111. Tarsal one (not naviculare): (0) absent as independent element; (l) present.

Previously used by Lynch (1973) 18, Drewes (1984) 27+, Ford (1990) 120, Blommers-

Schldsser (1993) 25*, Wu (1994) 180, Vences (1999) 16. Terminology of Ford (1990) used

here. This character was not assessed for many ofthe fanged ranids, due to insufficient clearing.

Under Acctran optimization, a fiee tarsal I (state l) is synapomorphic for the arthroleptids,

again at nodes 32 and 36 in the phrynobanachids, for the mantellid-rhacophorid lineage

l5l

109. Cricoid, bronchial processes: (0) present, short, not branched or latticed; (1) present,

long, ending in an extensive lattice ofcartilage surrounding or ramiffing through the lungs.

Previously used by Blommers-Schl6sser (1993) 8*, Wu (1994) I15. Long latticed bronchial

processes (state 1) are uniquely synapomorphic for the microhylids including l/errrsas.
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(reversing in the rhacophorids), at node 73 in the Raninae for ((Amnirana

Hydrophylax)(Anolops + Nannophrys)), arrd for (Pyxicephalus + Aubria).

112. Tarsal two: (0) free, not fused to tarsal three; (l) fused to tarsal three.

Previously used by Ford (1990) ll9, whose terminology is adopted. Duellman & Trueb

(1986) note that salamanders have up to four elements, suggesting that the $eater number of

free elements in the Anura is plesiomorphic. A fused second tarsal (state l) is synapomorphic

for the (mantellids + rhacophorids), the Tomopteminae, the genus Phrynobatrachus (including

Dimorphognathus and Phrynodon), and at nodes 58 and 72 in the Raninae. Fused tarsalia also

occur independently in Ilemisas and Ericabatrachus.

113. Carpal state sensu Laurent & Fabrezi (1989): (0) A; (t) B; (2) C; (3) D; (a) E; (5) F

These six states recognized by Laurent & Fabrezi (1989), were coded from the original

work, and extrapolated to other taxa with the similar carpal stnrcture. This coding is deemed the

best way of extracting the phylogenetic signal from the carpi, since, as noted by Ford (1990)'

there are three factors complicating the determination of the number of carpal elements. The

first ofthese is disagreement conceming the homology ofthe different elements forming during

ontogeny. Secondly, different pattems of fusion may lead to the same reduced numbers.

Thirdly, there is taxonomic variation in the individual elements involved in the fusion

(Holmgren 1933; Jarosovi 1973; de SainlAubain l98l; Ford 1990). State I (B) is

synapomorphic for the two species of Arthroleptis. Slate 2 (C) is not found in any taxa included

here, but is reported to occur tn Schoutedenella, amongsl runoid taxa. State 3 (D) arises at node

20 leading to the Ranidae, and is the common state therein. State 4 (E) is synapomorphic for the

dendrobatids, and independently for the microhylids, wherein it transforms to state 5 (F) in

Hemisus. State 4 (E) is also synapomorphic for (Discodeles + Platymantis), and independently

for the Pyxicephalinae, and occurs independently tn Staurois and Nanorana. State 5 (F) is also

synapomorphic at node 35 in the phrynobatrachids, and occurs independently in

Ericahatrachus-

114. Distal intercalary elements: (0) absent; (l) present, thick concave discs; (2) present,

wedge-shaped, rounded anteriorly and slightly concave posteriorly.

Previously used by Lynch (1973) 16, Drewes (1984) 24, Duellman & Trueb (1986) J, Tyson

(19S8) 26, Ford (1990) I t6, Blommers-schliisser (1993) 6*, Wu (1994) 178-9, Glaw, Vences

& B0hme (1998) 8*, Vences (1999) l5*, Emerson e, ai. (2000a) 2*. The presence ofintercalary

elements is considered an adaptation to an arboreal habit (Laurent 1964) and is considered to be

derived (Lynch 1973). Drewes (1984) states that the intercalary elements in hyperoliids are

probably homologous, but notes that the shape is different in other groups of Anura which
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possess them. Following this, the thick concave discs in Phrynomantis are given a separate

autapomorphic state. Wedge-shaped intercalary elements (state 2) are synapomorphic for the

hyperoliids and occur independently in Leptopelis. State 2 is independently synapomorphic for

the (mantellids + rhacophorids).

115. Digital subarticular sesamoids: (0) absent; ( I ) present.

Previously used by Drewes (1984) 13, Ford (1990) l13, Blommers-Schkisser (1993) 16.

Also refened to in the literature by Laurent (1940, 1941a, l94lb, 1942), Vences (1999) and

Vences e, a/. (2000a). Drewes (1984) reported the presence ofdigital subarticular sesamoids in

Ptychadena oryrhynchus (Smith, l8a9). Within the Ptychadeninae examined in this study, they

were only found in Ptychadena lmascareniensisl. Digital subarticular sesamoids are rare and

occur only sporadically in the ranids. Drewes ( 1984) considered the absence of sesamoids as

plesiomorphic, which is how this character is treated in this analysis. Subarticular sesamoids

(state l) are synapomorphic for the arthrcleptid-hyperoliid lineage, and for (Phrynoglossus

(Discodeles + Platymantis)). State I also occurs independently irl Colostethus, Leptodactylus,

Hemisus, Phrynobatrachus plicatus, Ptychadena lmascareniensis) and Cacosternum boeugei.

116. Sesamoid(s) on ventromedian surface of tarso-m€tatarsal joint: (0) absent; ( I ) present.

Previously used by Ford (1990) 123 in part, Wu (1994) 183. Ford (1990) did not distinguish

between ventro-medial sesamoids and ventro-lateral sesamoids, but in this study, the placement

as well as the number of elements were found to be variable. Accordingly, the character was

separated into two. Sesamoids on the ventro-median surface of the tarso-metatarsal joint (state

l) are synapomorphic for the two species of Dendrobates, and independently for (Brevicipitinae

+ Hemisus)- State I occurs elsewhere only in Natalobalrachus, Cacosternum boettgeti and C.

namaquense-

117, Sesamoid(s) on ventrolateral surface of tarso-metatarsal joint: (0) absent; (1) one

present; (2) two present; (3) three present.

Previously used by Ford (1990) 123 part, Wu (1994) 114. A single sesamoid (state l) is

synapomorphic fot (Cacosternum capense + C. namaquense). Two sesamoids (state 2)

optimises between the basal node and node 6, but transforms to state I in the sooglossids. This

state is synapomorphic in the cacostemids for (Arthroleptella landdrosia + A. IiShtfooti), and

occurs independently in Mantella and Natalobatracias. The presence of three sesamoids (state

3) is autapomorphic for Cacoslernum boettgei.
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118. Sesamoid in the aponeuris palmaris: (0) none; (l) one.

Previously used by Tyson (1988) 32, Ford (1990) 108 and Wu (1994) 168. The latter author

refers to a dorsal carpal sesamoid, not the ventral sesamoid referred to here. The presence of this

sesamoid is synapomorphic for the dendrobatids, and for (Cacostemum + Nothophryne).

119. Os sesamoides tarsale: (0) absent; (l) present.

Previously used by Wu (1994) 179. Nussbaum (1982) discusses this character in detail, and

notes that among the Anura, it occurs only in some petropedetine ranids, the Sooglossidae and

the Pipidae. In the ranids, this element generally occurs only in small taxa, and probably has a

protective function over the Achilles tendon. The presence of the os sesamoides tarsale is

synapomorphic for (Arthroteptella landdrosia + A. lightfooti) and independently for species of

the genus Cacoslernum, but also occurs in the enigmatic cacostemine Ericabatrachus.

Elsewhere on the tree, state 1 occurs only in Natalobatrachus and the sooglossids.

120. Cartilagio sesamoides: (0) present; (l) absent.

Nussbaum (1982) discusses this character, which is far more common in the ranids than the

os sesamoides tarsale. Natalobatracius lacks the cartilagio sesamoides, which is present in all

other species of Phrynobatrachzs and allied genera, but has only a single element at the joint,

which has the superficial appearance of the os sesamoides tarsale. Here, it is coded as such

although the possibitity exists that this element is actually the cartilagio sesamoides. Under

Acctran optimization, the absence of the cartilagio sesamoides (state l) is shown to arise at node

6, whereafter a reversal to state 0 is synapomorphic for the arthroleptid-hyperoliid lineage, node

22 in the mantellid-rhacophorid lineage, the phrynobatrachids excluding Nat alobatrachus, node

43 in the cacostemids, and nodes 64 and 69 in the Raninae.

121, Prehallux: (0) small, usually cartilaginous; (l) large, either ossified or cartilaginous.

Previously used by Wu (1994) 182'+. Large prehalli (state l) arise at node 5. Reversals to

small (state 0) are synapomorphic for (Staurois + rhacophorids), the cacostemids, the

petropedetids, the two species of Ptychadena, and (Amolops + Nannophrys).

122. Prepotlex, length versus length of first metacarpal in mature male: (0) approximately

ll4 to ll3 in length; (l) greater than l/2; (2) short, ossified and tear-drop shaped, may be fused

to base of metacarpal in species where this is reinforced into a fighting spike; (3) almost full

length ofmetacarpal, curved; (4) rectangular, flat.

Length variation in the prepollex was used by Wu (1994) 172, but assessed differently here.

A long prepollex (state l) is synapomorphic at node 66 in the Raninae (reversing

synapomorphically at node 70 for (Nanorana (Euphlyctis + Hoplobatrachus)), although this
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state occurs individually in a few taxa. Short, tear-drop shaped prepolli (state 2) are uniquely

synapomorphic for the petropedetids excluding Petropedetes natator. Amongst the taxa

examined here, long curved prepolli (state 3) occur only in Amolops, but are undoubtedly more

common in other Asian ranids, e.g. lhe Paa clade, which also display the corresponding spiny

nuptial pads. Rectangular flat prepolli (state 4) are autapomorphic for Staurois, although those

of Chiromantis are also somewhat rectangular (coded here as state l, since not identical).

123. Flange (crista lateratis) on dorsolateral surface of humerus of mature male: (0) absent;

(l) present proximally, large; (2) present distally, small.

Previously used by Lynch (1978) 23*. Lynch (1971) notes that the greatly enlarged arms of

males of some species of Leptodactylus have frequently been commented on in the literature.

The skeletal basis for this is the presence of enlarged flanges on the humeri of mature males,

which are sexually dimorphic, being absent in females, and are illustrated in Lynch's (197l:64)

Fig. 41B for Leptodactylus pentadactylus (Laurenti, 1768). A large flange (state l, Fig. 17) is

synapomorphic for the peuopedetids excluding P. natator, ascertained from X-rays of mature

males, since the single stained and cleared specimen examined was subadult. A small distal

flange (state 2) is a much more reduced form ofthe flange, and is synapomorphic at node 45 in

the cacostemids.

124. Flange (crista ventralis) on ventral sudace of humerus: (0) long, about l/2 of length,

grading into bone; (l) small, about l/4 to a li3 oflength, abruptly ending; (2) long, about l/2 of

length, but squared offand ending abruptly.

Variation in this feature across the Ranoidea was noted by D. E. van Dijk (personal

communication). A small flange (state l) optimises to the basal node. A reversal to a long flange

(state 0) is synapomorphic for (Brevicipitinae + Hemisus), for the Tomopteminae, some

cacostemids, and at node 55 for the Raninae, whereafter reversal to small flanges (state l) is

synapomorphic for nodes 63, 73 and the Ptychadeninae. A long but squared off flange (state 2)

occurs independently in four taxa.

125. Metacarpal of the third finger of breeding male, distal tuberosity: (0) absent; (l)

present.

Previously used by Liem (1970) 26, who notes that this knob is the insertion point of the

third slip ofthe musculus humerodorsalis. A small distal knob (state l) is synapomorphic for the

hyperoliids and independently for the rhacophorids.
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Figure 17. X-ray photographs ofA. Male of Arthroleptides mortiensenii (CAS 168627). B.
Mile of Petropedetes netNtoni (UTACV 44446), illustrating the identical suite of sexually-
dimorphic statis, vr. the first metacarpal spike-like (c 127: I ) and expanded crista lateralis of
humerous (c123: l).
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126, Metacarpal ofthe lirst linger of breeding male: (0) no enlargement; (l) enlarged flange-

like tuberosity distally, on the outer edge.

This knob was named the luberosilas pro musculus abductor indicis longus by Gaupp (1896),

who illustrates this in his Figs 43 and 44 (later reproduced on frontispiece), and noted that it is

the point ofinsertion for the musculus abductor indicus longus. Duellman & Trueb (1986) refer

to this as the nuptial tuberosity. Presence of the knob (state l) is synapomorphic for

(Cacosternum capense + C. namaquense), but it occurs independently in Amolops, Staurois,

Notalobatrachus, Tomoplerna landyi and Nanorana, and evidently also occurs in Pelophylar

esculenta (Linnaeus, 1758), from figures ofcaupp (1896).

127. Metacarpat offirst linger in breeding male: (0) uniformly thickened, noticeably more so

than other metacarpals, not penetrating skin, not spike-like; (1) thick, enlarged into spike which

may or may not penetrate skin, thus teaving the distal phalanges set offat an angle to the axis of

the finger; (2) blade-like expansion at medial distal edge and on prepollex; (3) as other

metacarpals.

The first metacarpal being as the other metacarpals (state 3) arises at the basal node, and is

the common state. A reversal to a thickened first metacarpal (state 0) occur in Leptodactylon,

Trichobatrachus, Amolops and Nanorana. Among taxa examined, state 2 is autapomorphic in

Leptodactylus, and is illustrated in Lynch (197l:67) Fig. 46 B. The first metacarpal enlarged

into a spike (state l) is uniquely synapomorphic for the petropedetids excluding P. natator,

which exhibits the common state 3. The spike does not penetrate the skin in Anhroleptides

(illustrated in Fig. l7), but does penetrate the skin it Petropedetes. Parker ( 1936) observed that

in Petropedetes johnstoni (Boulenger, 1887), males in their first breeding season often have a

nuptial pad at the dislocation of the first metacarpal-phalangeal joint, and that the spine may not

yet be protruding. In fully mature breeding males, the spine is always present and the nuptial

pad is always absent. Parker's (1936) Fig. I illustrates the condition seen it Arthroleptides.lt is

thus possible that in Arthroleptides, the development of the spine arrests at this phase.

128. Shape of tips of terminal phatanx of third finger: (0) bifurcate, T- or Y-shaped; (1)

knob-like, simple; (2) sharply pointed, slightly elongated.

Previously used by Liem (1970) 27, Heyer (1975) 35*, Lynch (1978) l6*, Drewes (1984)

14*, Tyson (1988) 27, Ford (1990) I l7-8, Blommers-Schltisser (1993) 20+ and 26*, Wu (1994)

177. This is a simplified version of this widely used character. Heyer (1975) considered simple

phalanges as plesiomorphic, but the outgroup used here renders large T's as plesiomorphic.

Knob-like terminal phalanges (state 1) are synapomorphic for the astylostemids including

Leptopelis, (Brevicipitinae + Hemisus), the Tomopteminae, the cacostemids (although

Ericabatrachus shows an extremely small T, coded as state l), the (Pyxicephalinae + Conraua)
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and (Discodeles + Platymantis). Sharply pointed, elongated phalanges (state 2) arise at node 55

for the Raninae, reversing to T-shaped at node 73 for ((Amnirana + Hydrophylax)(Amolops +

Nannophrys)).

129. Shape ofterminal phalanx ofthe fourth toe: (0) large T-shaped; (l) small T-shaped; (2)

simple or only slightly dilated; (3) long, sharply pointed; (4) Y-shaped, arms bearing flattened

oval-shaped flanges; (5) pointed, truncated (short), tip may be a very small globule; (6) long,

sharply pointed, as in state 3 but tip separate from the body of the terminal phalanx and bent

sharply downwards, which may or may not perforate the integument in life.

Previously used by Liem (1970), Heyer (1975) 35+, Drewes (1984) l4*, Blommers-

Schldsser (1993) 20*, 26*. Glaw, Vences & BOhme (1998) 9*, Vences (1999) l9*. This

character represents a much finer coding of c128, but is applied to the toes. Phrynodon was

suggested to have large T-shaped tips by Blommers-Schldsser (1993), whilst only Y-shaped tips

were observed here. This suggests either variability within this species, or demonstrates the

inseparability of large T- vs, Y- shaped tips. Accordingly, these were not coded as separate

states here, both being coded as state 1. This is distinctly different to the tips described in state

4, which have flanges. Small T's (state l) are synapomorphic for the phrynobatrachids

excluding Natalobafachus, and for (Amnirana + Hydrophylax). Simple tips (state 2) unite

(Brevicipitinae + Hemisus), the Arthroleptinae, the Tomopteminae, the cacostemids, and the

(P1r<icephalinae + Conrauo). State 3 is synapomorphic at node 55 for the Raninae, but

commonly transforms therein. Y-shaped tips with expanded arms (state 4) are uniquely

sl,napomorphic for the (mantellids + rhacophorids). Pointed truncated tips (state 5) occur in

Leptopelis and Hyperolius, and are synapomorphic for (Discodeles + Platymantis). Long

phalanges with a detached tip (state 6) was found to be uniquely synapomorphic for the

astylostemids. Sanderson (1936) reported that this state seems to be retractile in the

astylostemids. State 6 was not seen in species of Ptychadena examined, where the tip remains

attached to terminal phalanx, and thus cod€s as state 3.

Tongue and Jaw

130. Medial lingual process: (0) absent; (l) type A, retractile upright cone-shaped process with

alpha-type retraction; (2) qpe B, retractile upright rugose process with alpha-type retraction; (3)

type C, elongate longitudinally reclining process with alpha-type retraction or non-retractile; (4)

only a sublingual cartilaginous rudiment present.

The medial lingual process has ftequently been noted in species descriptions in the older

literature (e.g. Boulenger 1882; Noble 1924; Ramaswami 1934, 1935; Narayan Rao 1937; Inger

1954; Loveridge 1954; Poynton 1964; Poynton & Broadley 1985) but information conceming

this character was only recently synthesised by Grant et al. (1991). In the present study, it is
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coded as used by Grant et al. (1997\, with some minor alterations. Grant et al's. (1997) type D

process was not seen, rathet Arthroleptis variabilis was deemed to have a type C process (state

3), whilst a different species of Dlicodeles was here deemed to have a type A, cone-shaped

process (state l). Arthroleptides martiensseni was here deemed to have a type B (state 2)

process, as in Petropedetes. In some cacostemine taxa, in which a large sample size of

specimens were cleared, the occasional overstaining with alcian blue revealed the presence of a

rudiment of a medial lingual process in some taxa, which takes up some of the excess alcian

blue. A new state (state 4) was added to accommodate this. This rudiment does not protrude

through the surface of the tongue in whole specimens, but they may exhibit a slight indent

medially on the lingual surface, as noted by Poynton ( 1963) and Grant et al. (1997).

On the cladogram, upright cone-shaped processes (state l) are synapomorphic for

(Dtscodeles + Platymantis), and under Acctran optimization, for the mantellid-rhacophorid

clade. Upright rugose processes (state 2) are a unique synapomorphy for the petropedetids

excluding Petropedetes natator- Elong te longitudinally reclining processes (state 3) are

synapomorphic for the phrynobatrachids excluding Natalobatrachus, and also occur

independently in th€ cacostemids Ericabatrachus and Nothophryne, and it Arthroleptis

vaiabilis. A cartilaginous subJingual rudiment (state 4) is synapomorphic for the cacostemids,

with tmnsitions to state 3 as mentioned above, and a reversal to absent (state 0) being

synapomorphic for (Cacosternum capense + C. namaquense). State 4 was not detected in

Arthroleptella.

132. If medial lingual process present, shape: (0) short, bump-like; (l) elongated.

Under Acctran optimization, elongated medial lingual processes (state l) optimise to the

base of the arthroleptid-hlperoliid lineage, and to node 26 in the Ranidae for (Tomoplerna +

Batrachylodes + phrynobatrachids + cacostemids).

133. If medial lingual process present, shape of tip: (0) rounded and blunt; (l) sharply

pointed.

Under Acctran optimization, pointed tips (state 1) are synapomorphic for (Phrynobatrachus

cricogasler + P. plicatus), and independently for the cacostemids.
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131. If medial lingual process present, texture of surface: (0) smooth; (l) rugose.

Under Acctran optimization, rugose medial lingual processes (state l) are synapomorphic at

node 50 for the (petropedetids + Raninae), since they occur in the petropedetids excluding

Pelropedetes nalator, arrd (Discodeles + Platymantis).
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I37. Posterior palatial fold: (0) absent; (l) present.

Previously used by Blommers-Schldsser (1993) I l, Wu (1994) 8 and 9 combined, Emerson

et al. (2000a) l0*. Presence of posterior palatial folds are synapomorphic for the microhylids

including Hemisus, and are reportedly synapomorphic for all microhylids (Parker 1934, Wu

1994).
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13C. If medial lingual process presen! orientation: (0) upright; (l) reclined posteriorly.

Under Acctran optimization, posteriorly reclined medial lingual processes (state 1) arise at

node 26 in the Ranidae for (Ton opterna * Balrachylodes + phrynobatrachids + cacostemids).

135. Tongue, shape: (0) maximum width greater than or equal to length at centre; (l) length at

centre greater than maximum width; (2) wide, butjust short ofbeing wider than long.

Perret (1987) demonstrated some of the variation observed in petropedetid and arthroleptid

frogs in unpublished literature presented at the Sixth Symposium on African Amphibians. The

variation appears to contain useful phylogenetic signal, but an entirely satisfactory

quantification of this variation was not achieved in this study. Long narrow tongues (state l)

arise at the basal node. A reversal to state 0 is synapomorphic for the artholeptid-hyperoliid

lineage, and independently for the rhacophorids. A medium-wide tongue (state 2) is

synapomorphic at node 50 for the (petropedetids + Raninae), whereafter reversals to state 1 are

synapomorphic for the Ptychadeninae, and for the Pyxicephalinae

136. Tongue, distal margin: (0) not indented, entire; (l) indented in centre, lobed.

This feature is mentioned extensively in literature, (Boulenger 1882; Deckert 1938; Laurent

1950, 1986), but a notched tongue has only recently been suggested by Ford & Cannatella

(1993) to be synapomorphic for the Ranidae. The entire tongue tip is plesiomorphic within the

Ranoidea, with the indented tongue being synapomorphic at the node 5. A reversal to an entire

tongue is synapomorphic for (Brevicipitinag + Hemisus). Independent reversals to entire

tongues have occwed in Poyntonia, Batrachylodes, Phrynoglossus and in Cacosternum leleupi

Laurent, l95l (the latter species not included in this study, but mentioned here due to the rarity

ofthis condition in the Ranidae).

138. Snout profile: (0) rounded and overshot; (1) wedge-shaped.

This variation was also observed in the leptodactylids and is illustrated in Lynch (1971) Fig.

4C for state l, and Fig. 4D for state 0. Inger (1954) mentions the shape of the snout extensively

in his treatment of the Philippine Amphibia. Wedge-shaped snout profiles are synapomorphic

for the dendrobatids, for the microhylids (reversing in Brevicipitinae), and for the

phrynobatrachids, whereafter a reversal lo state 0 occurs at node 35. Wedge-shaped snouts are
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also synapomorphic for (Discodeles + Plat mantis) and (Anhydrophryne + Arthroleptella

hewitti), and many single-taxon state transitions occur elsewhere.

139. Callusing of dorsal snout of breeding males: (0) absent; (l) present.

Callusing of the tip of the snout was seen only in males of Batrachylodes atrtd

Anhydrophryne, and is presumably used in the construction of subterranean nest chambers

(Noble 1931). ln Anhydrophryne, the sphenethmoid is more highly ossified in the males than in

the females.

Muscles

140. Musculus cutaneous pectoris (mcp): (0) absent; (l) present as thin slip; (2) present as

thick slip.

Previously used in analyses by Drewes (1984) 28+, Tyson (1988) 65, Blommers-Schltisser

(1993) l0*, Wu (1994) 38i, Emerson et al. (2oo0a) 3+. Tyler (1971) discusses the distribution

of this muscle. Tyler (1971) and Ford & Cannatella (1993) suggested that the presence of the

mcp could be synapomorphic for the Ranidae. The mcp is confirmed to be synapomorphic for

node 20 leading to the Ranidae, including the mantellids and rhacophonds, but was not seen in

the two rhacophorids examined here. However, Liem (1970:71) uses thin versus thick mcp

(state 1 versus state 2) to distinguish between Polypedates and Rhacophorus.lt is thus present at

least in some rhacophorids. Under Acctran optimization, a thin slip of mcp (state 1) is

synapomorphic at node 29 for (cacostemids + phrynobatrachids), whereafter a reversal to absent

occurs in Cacosternum namaquense, and a transition to a thick slip occurs for the

phrynobatrachids excluding Natalobatrachus. A reversal to absent occurs in Phrynobatrachus

natalensis and possibly in its sister taxon, Phrynobatrachus acridoides, where the muscle was

not seen.

Secondary Sexual Characteristics

141. Breeding males, colour of testes: (0) uniformly white to off-white, no black pigment

present; (l) dark, pigment present throughout or on mesorchium or dorsal sections only.

Bhaduri & Basu (1957) first noted black pigment on the testes of Cacosternum, and to a

lesser extent on those of Po,c, adena mascareniezsls. The arrangement of the vessels entering

the kidney was used by Liem (1970) for the Hyperoliidae, and variation was noted within the

Ranidae in this study. Bhaduri & Basu (1957) also noted variation in the configuration of the

uterus in ranid frogs. These characters are mentioned since they may be useful in future studies.

Testes with black pigment (state l) are synapomorphic for the cacostemids (with a reversal to

white testes in Nothophryne). Dark pigment occurs independenlly in Ptychadera and on the
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mesenteric tissue above the testes in most dendrobatids examined. Slight pigment on lhe testes

also occurs in Phrynobatrachus natalensis, a species which displays large amounts of pigment

in many organs and mesenteries, even showing greying ofthe bones.

142. Breeding males, velvety nuptiat pads: (0) absent; (l) on finger one only; (2) on fingers

one and two; (3) on fingers one, two and three; (4) short spines on fingers one, two and three.

Previously used by Liem (1970) 35, Heyer (1975) 3+, Emerson & Berrigan (1993) 8*, Glaw,

Vences & Bohme (1998) l5b, Vences (1999) 24*. Variation in African ranids was meticulously

observed by Stewart (1967) for the amphibians of Malawi. Inger (1954) notes variation in this

character in the Philippine ranids. Lynch ( l97l ) and Heyer (1975) note various states ofpads or

spines in the leptodactylids. Parker ( 1940) suggested that spines and pads are an adaptation to

amplexing in water, since he observed that frogs that amplex on land lack nuptial pads, but

those that amplex in water have them. However, some aquatic African ranids, stch as Aubria,

have no spines or pads (Perret 1994). Heyer (1975) considered the presence of nuptial spines

and pads to be plesiomorphic, with spines probably being a derived condition over pads. He also

states that development of spines and loss of asperities has probably occurred several times in

leptodactylids. States vary sporadically in various groups, but nuptial pads on fingers one, two

and three (state 3) is a unique synapomorphy for the Ptychadeninae.

143. Breeding males, sub-terminal metacarpal spike: (0) absent or non-protruding; (l)

present, protruding through skin.

Noble (1931) mentions this spike in Petropedetes and suggests that its function is to assist in

grasping the female during amplexus. Species of Perrop edetes in which the spike occurs and

Arthroleptides also disptay the enlarged humeral flange for additional attachment of the

hyperrophied muscles. Males are substantially larger than females in these frogs, and larger

males often display substantial scarring, suggesting that the function ofthe metacarpal spike is a

weapon used during male-male combat (Les Minter, personal communication). A protruding

spike-like metacarpal (state l) occurs in Petopedetes parkeri and P. newloni. In

Arthroleptides, where the metacarpal is thickened, the phalanges of the first finger do not

displace laterally out of alignment with the phalanges (see Fig. l7), nor does the metacarpal

protrude through the skin.

144. Breeding males, pad of spines at base of first llnger: (0) absent; (l) few, large sharp

black cones in a cluster; (2) pad of small white spines, covering the entire area where nuptial

pads occur on the first finger in other ranids.

Lynch (1971) and Heyer (1975) note various states of pads or spines in the leptodactylids.

Duellman & Trueb (1986:57) illustrate state I in Fig. 3.8 F. A cluster ofsharp black cones at the
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base ofthe first finger in breeding males occurs only in Leptodactylon and Trichobatrachus, and

combined with their enlarged humeral flanges, represent a breeding condition seen elsewhere in

the Leptodactylidae il Leptodactylus pentadactylus (Duellman & Trueb I986:57). In this taxon

sample, an extensive pad of small white spines (state 2) is autapomorphic for Amolops, but was

also apparent in Paa boulengeri (Giinther, 1889) and undoubtedly occurs more widely in Asian

ranids.

145. Breeding male, length of third linger: (0) normal; (l) considerably longer than other

fingers, dorsal or lateral surface of fingers two and three covered in dermal denticles.

Previously used by Blommers-schldsser (1993) 19. Under Acctran optimization, a long third

finger with associated denticles (state l) is a unique synapomorphy for Arthroleptinae

(illushated in Duellman & Trueb (1986) Fig. 3.11B), occurring in many species of Arthroleptis

ar,d Cardioglossa (Laurent 1957).

146. Breeding males, ventral spinules: (0) absent; (l) present in the axilla and/or flanks and

chest region only; (2) present over the whole ventral surface; (3) present on the inner surface of

the upper arm.

Previously used by Lynch (1978) l9*. This character has to be assessed from males in full

breeding condition, since temporal variation in spinules has been noted in the literature (Inger

1954). Spinules present in the axilla and/or flanks and chest region (state l) occurs in

Leptodactylon, Trichobatrachus and Nannophrys, and is synapomorphic for the petropedetids

excluding Petropedetes natator- Spinules over the whole ventral surface (state 2) were seen only

in a giant mature male of Conraua golialh from the CAS, and are undoubtedly seasonal in

appearance, explaining their absence in taxa known to display this. Spinules on the inner surface

of the upper arm (state 3) are autapomorphic in this taxon set for Batrachylodes, but also occur

in Limnonectes corntgatus (Peters, 1863) and probably more widely in the Asian ranids.

147, Breeding males, hedonic glands: (0) glandular region on inside of forearm; (l)

hemispherical disc-like glandular flaps near axilla; (2) absent; (3) raised cylindrical patch on

dorsal surface of wrist near first finger; (4) large glandular region on inside of forearm and

pectoral glands.

Glandular regions on the inside of the forearms (state 0) are well known from the

hyperoliids, but appear to occur in Heleophryne as well. Inger (1954:314) notes that males of

Pulchrana srgncla (Gtinther, 1872) have 'humeral glands'. Noble (1931) suggests that pectoral

gtands function in holding the female during amplexus. Drewes (1984) suggests that in the

hyperoliids, these are hedonic in nature, and are probably related to their unusual mode of

amplexus. Large glandular regions on inside of forearm in combination with pectoral glands
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(state 4) is autapomorphic for Leptopelis here. Hemispherical discJike glandular flaps near the

axilla (state l) occur widely in the genus lrzz irana (Penet 1977), and are highly developed in

Hydrophylat. It is noteworthy that Penet (1994:256) observed for Aubria occidentalis Perret,

1994 that, 'at the base of the upper arrn, on its ventral surface, a small, indefinite pale yellowish

glandular aggregation may be present in either sex'. From Perret's (1994) Fig. lA and lB, the

gland appears well developed, and in comparison to Amnirana (illustrated in Duellman & Trueb

(1986:59) Fig. 3.14, and Perret's (1977) Fig. 6, would appear homologous. These glands in

Aubria appear to be better developed in the females, as with the femoral glands (Penet 1994), so

would best be considered as a separate character state (not implemented here, since l.
subsigillata was coded). Raised cylindrical disc-like swellings on the dorsal surfaces of the

wrists (state 3) are autapomorphic for Dimorphogaathus, a gerrus for which male-male combat

is likely, given that it is reported for Phrynodon (Amiet l98l). Their function is not known, but

may be hedonic in nature. Duellman & Trueb (1986:58) report a similar structure in Hemisus,

but this was not seen in the specimens ofH. viridiJlavus examined here.

148. Gular gland in breeding males: (0) absent; (1) present.

Previously used by Liem (1970) 36*, Drewes (1984) l8*, Blommers-Schlosser (1993) 22.

Illustrated in Duellman & Trueb (1986:58) Fig. 3.12A and discussed in Liem (1970), The gular

gland is a complex character, but for the purpose of this analysis is coded simply as present or

absent. The gular gland has been considered to be a unique synapomorphy for the Hyperoliidae

exchding Leptopelrs (Ford & Cannatella 1993).

149. Spicules around jaw line in breeding males: (0) present, well developed; (l) absent; (2)

present, fine.

Well-developed spicules (state 0) occur only in the outgroup. At the basal node, the spicules

are lost (state l). Fine spicules (state 2) arise sporadically in the cacostemids and the Raninae

(including the Ptychadeninae).

150. Yocal sac breeding male, nature: (0) single medial subgular sac or no vocal sac; (l) two

lateral vocal sacs, internal or extemal.

Previously used by Emerson & Berrigan (1993) 4*. This character is difficult to code

without dissection or if the muscles of the vocal sac are not evident in stained and cleared

material. Many mistakes exist in the literature (Inger 1954), but existing lit€rature was still used

where possible, e.g. Clarke (1983) for Nannophrys. Both states of this character could

effectively be split, rendering four states, and the coding implemented here is suboptimal.

Undissected specimens of Panlherana appeared to have two lateral vocal sacs, but were coded
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as unknown. Two lateral vocal sacs are s)mapomorphic for the petropedetids, and for node 66 in

the Raninae.

151. Femoral glands in males: (0) absent; (l) present; (2) less developed than in females.

Previously used by Blommers-schltisser (1993) 28*, Glaw, Vences & Bdhme (1998) 17,

Vences (1999) 22* and23*. This character would be more informative within the ranids iftypes

of glands were coded, as in Glaw et al. (2000), requiring dissection. These authors also coded

the position of the gland, distinguishing between glands closer to the knee, the vent or centrally

between these, but this was found to be difficult to quantify. The presence of femoral glands

(state l) is synapomorphic for the mantellids (reversing to absent in the rhacophorids), the

phrynobatrachids excluding Natalobatrachus, the petropedetids, and is postulated to have arisen

independently in many single taxa. Femoral glands that are more highly developed in females

than in males (state 2) are autapomorphic for Aubria (Penet 1994).

152. Femoral bumps: (0) clear, granular and confined to a small region proximally, extending

for less than l/2 lenglh ofthigh; (l) absent or very faint, there may be slight ridges; (2) as 0, but

extending l12 to 314 length of thigh.

The skin of the ventral surface of the thighs is roughly granular in many species, and the

extent of these femoral bumps varies. They are here considered as an independent character to

the presence of femoral glands, conhary to the treatment of them as homologous to femoral

glands in Glaw et al. (2000). Both ofthese structures can be present in the same individuals at

the same time (especiatly evident in the mantellids, as ascertained ftom figures tn Glaw et al.

(2000). Daly et al. (1996:5) also report that'the purported [femoral] glands are coexistent with

the patch of granular skin on the underside of the thigh' in Mantella. Femoral bumps and

femoral glands thus fail a homology assessment test on the criterion of conjunction (Patterson

1982; de Pinna 1991). The intensity of the femoral bumps may be affected by breeding

condition (although they do not appear to be sexually dimorphic) or the state of preservation of

the specimen, as also noted by Daly et al. (1996). The state ofthe bumps varies among smaller

clades, but they are absent or very faint in the microhylids, most phrynobatrachids, some

cacostemids and the larger odontid-possessing fanged ranids.
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153. Papilla in the cenEe of tympanum, breeding malesl (0) absent; (l) present.

Parker (1936) discussed this feature extensively. Du Toit (1943) described it as an outgrowth

of the tympanic membrane. Duellman & Trueb (1986) followed Noble (1931) in considering it

an outgrowh of the columella, whereas Klemens (1998) restated Du Toit's original views.

Recently, Narins e/ al. (2001) investigated the histology of this papillae, and found that it is

secretory in nature. It has been suggested that this feature may regress out of the breeding
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season (Parker 1936), but no adult specimens out of breeding condition that lack it have been

examined. The presence of the papillae is a unique synapomorphy for the petropedetids

exchtding Petropedetes natator, and reversing in P. cameronensis.

External Morphology

154. Supratympanic ridge: (0) strong, may be glandular; (l) absent or weak; (2) strong,

encircling the entire dorsal section of a large tympanum.

Previously used by Wu (1994) 6 as'tympanic fold'. Mentioned in species descriptions for

the Philippine ranids by Inger (1954). Absence of the ridge (state [) optimises to the basal node,

whereafter a reversal to a strong ridge (state 0) occurs in the astylostemids, the

phrynobatrachids excluding Natalobatrachus and the Raninae. Most remaining ranids display

state 0, except the Pyxicephalinae and Ptychadeninae. Strong supra-tympanic ridges encircling a

large tympanum (state 2) are uniquely synapomorphic for the petropedetids excluding

Petropedetes nalalor. Yaio\s other single-taxon transformations between states 0 and I occur

throughout the tree.

155. Tympanic membrane: (0) indistinct, covered by skin as thick as that on rest of head; (1)

distinct, as skin over tympanum is thinned; (2) half distinct, half-covered by muscle, only a

crescent visible.

Previously used by Heyer (197 5) 2t, Drewes (1984) 23*, Wu (1994) 4*, Emerson &

Berrigan ( 1993) I *. Indistinct tympani were considered to be plesiomorphic by Heyer ( 1975), as

polarized here. Distinct tympani (state 1) are synapomorphic for (Anhydrophryne +

Arthroleptella hewitti), and under Accfian optimization for the (petropedetids + Raninae).

Various other single-taxon transformations between states 0 and I occur throughout the tree.

The tympanic membrane being half-covered by muscle (state 2) is a unique synapomorphy for

the dendrobatids, although there is some covering of the tympanum by muscle in Afrixalus

Laurent,1944 and Ericabatrachas. Since dissection of the jaw musculature in the ranids was not

undertaken here, this state is retained at present as a unique synapomorphy for the dendrobatids.

156. Width of eye versus tympanum (adult male): (0) tympanum less than or equal to radius

of eye; (l) tympanum greater than half but less than full width of eye; (2) tympanum greater

than full width of the eye.

Previously used by Vences (1999) 38*. Although tympanum size is sexually dimorphic in

some American taxa formerly included in the genus Rana, e.g. Aquarana catesbeiana (Shaw,

1802) and A. clamitans (Latreille, l80t). (Noble l93l), this is rare in African ranids. The

tympanum being greater than half but less than the ful1 width of the eye (state l) is a

166

https://etd.uwc.ac.za



157. Shape ofpupil: (0) vertical; (l) horizontal; (2) round.

Previously used by Lynch (1973) 24, Heyer (1975) l*, Heyer & Liem (1976) 34*, Lynch

(1978) l7+, Drewes (1984) 22*, Blommers-Schldsser (1993) 30, Wu (1994) 3. Laurent (1957,

1986) used this character extensively in discussions of his proposed relationship of the

hyperoliids with the arthmleptids. This character was coded mainly from the literature or

photogaphs since the shape distorts in preservation. A vertical pupil has been considered to be

plesiomorphic, since it occurs in families of the Archeobatrachia (L1.nch 1971, 1973; Heyer

1975). Drewes (1984) conferred with this polarization. However, Ford & Cannatella (1993) note

that a horizontal pupil is plesiomorphic at the level of the Neobatrachia, therefore the vertical

pupil may be secondarily derived. Shape of pupil in Heleophryne is coded as venical, as

indicated by Lynch (1973), not horizontal as indicated in Heyer (1975). Horizontal pupils

optimise throughout most of the base of the tree, with a reversal to vertical being

synapomorphic for the astylostemids including Leptopelis. Independent evolutions of vertical

pupils are postulated to have occurred in Hemisus, Kassina, Conraua and Nannophrys. kotnd

pupils are autapomorphrc for Phrynorrdrrr's in this taxon set.

158. Webbing between toes: (0) extensive; (l) rudimentary, l/4 to ll2 of longest toe; (2) trace

at base, or no web.

Previously used by Heyer (1975) 9*, Heyer & Liem (1976) 37*, Wu (1994) l9+, Vences

(1999) 32*. This character is highly variable intragenerically, and reflects more an adaptation to

contemporary environments (Laurent 1964) than historical relationships. It is nevertheless

included here but is coded conservatively, since it does appear to contain some phylogenetic

signal. Heyer (1975) considered webbed toes primitive, with no web being derived. Absence of

web (state 2) arises at the basal node. Some astylostemids exhibit rudimentary webs (state l). A

change to extensively webbed feet occurs at node 20 leading to the Ranidae, wherein reversals

to no web (state 2) are synapomorphic for the cacostemids, and independently in the single taxa

Batrachylodes, Platymantis, Mantella, Strongtlopus and Nannophrys. A reduction in web (state

l) is synapomorphic for the phrynobatrachids excluding Natalobatrachus, but also occurs in the

bunowing forms Tomopterna marmorata, Hildebrandtia and Pyxicephalus.

t67

synapomorphy for the phrynobatrachids, but reverses therein to state 0 at node 34. State I is also

synapomorphic for node 55 leading to the Raninae, wherein reversals to state 0 occur in some

clades. The tympanum being greater than the full width of the eye (state 2) is uniquely

synapomorphic for the petropedetids excluding Petopedetes natator, arld. reversing in P

cameronensis.
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160. Dorsal digital scutes on terminal phalanx of feet: (0) absent; ( I ) present.

Previously used by Heyer (1975) 5 state E. Digital scutes are menlioned by Du Toit (1943)

and Lynch (1971). A good photograph of theses scutes is given in Myers & Donnelly (1997)

Fig. 37B. The presence of digital scutes has been cited as a synapomorphy of the dendrobatids

and the elosiine leptodactylids (Lynch l97l). Ford (1993) showed that these are equivocal as to

the placement of the dendrobatids, since they occur in both the ranids and the leptodactylids.

Heyer (1975) envisioned a transformation series from toetips with discs to those with discs and

scutes. Digital scutes are rare in the ranids, but a condition which could be described as incipient

scutes or weak scutes is sometimes seen (e.g. in both rhacophorid exemplars examined in this

study), suggesting that there may be a basis for such a series. Dorsal digital scutes are

synapomorphic for the dendrobatids, and independently for the petropedetids, but are also

present independently in Ericabat rachus.

161, Relative length of first and second Iingers: (0) first finger not reaching the tip of the

second; (l) first finger equal in length or extending beyond the second.

Previously used by Wu (1994) l0*, Glaw, Vences & Bohme (1998) l8t, Vences (1999) 30r.

This character is similar to Ford (1990) I14, which used the relative length of the metacarpals.

The first finger equal in length or longer than the second (state l) is synapomorphic for

(Colostethus + Mannophryne), for (Brevicipitinae + Hemisus), for the Arthroleptidae, for the

Tomopteminae and at node 55 for the Raninae. Within the Raninae, reversals to state 0 are

synapomorphic for the Ptychadeninae and for (Amolops + Nannophrys).

162. Relative length oflirst and third fingersr (0) third finger longer than firsu (l) third finger

equal in length to first; (2) third finger substantially longer than first.

Previously used by Blommers-Schl<jsser (1993) l9{'. Mentioned extensively in species

diagnoses by Inger (1954). The third finger being equal in length to the first is synapomorphic

for the (Pyxicephalinae + Conraua), and for (Nanorana (Euphlyctis + Hoplobatrachus)), and

occurs in the ranines Limnonectes and Plarymantis, as well as the astylosternids Leptodactylon

and Trichobatractrus. The third finger being much longer than the first (state 2) is a unique

synapomorphy for the Arthroleptinae.

168

159. Toes, ifunwebbed: (0) not flanged entire length; (l) flanged entire length.

If the toes are unwebbed, they can nevertheless bear flanges on the lateral margins. These are

not sexually dimorphic nor do they develop only in the breeding season. Flanged toes are

synapomorphic for (Cacosternum capense + C. namaquense) and independently for the

Tomopteminae. Flanged toes are also present in Leptodactylus and Hemisus.
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163. Relative length of second and fourth fingers: (0) second finger shorter than or equal in

length to the fourth; ( l) second finger longer than fourth.

Previously used by Wu (1994) 13. The relative length ofthe metacarpals was used by Ford

(1990) 114, which may surrogate for this. The second finger being longer than the fourth (state

l) is synapomorphic for (Brevicipitinae + Hemisus), and independently for the Arthroleptinae,

node l8 in the astylostemids, for the Tomopteminae, and occurs independently in

Hildebrandtia. This distribution of state I suggests that it may be correlated with a burrowing

habit.

164. Feet, small conlcal spicules on ventrolateral surfaces of soles in breeding males: (0)

absent; (l ) present.

These small hardened conical spines appear to be better developed in males, although they

are present in females. Presence of spines on the soles (state l) is a unique synapomorphy for

(Phrynobatrachus krelltii (P. versicolor * P. dendrobates)).

165. Colour pattern on the posteroventral surface of thighs: (0) solidly dark and extending

onto soles of feet or uniform; (l) reticulate blotches or broken stripes not extending onto feet;

(2) mottled.

The use of colour pattem as a phylogenetic character is usually avoided in systematics.

However, the pattems described here appear to contain useful phylogenetic signal. The specifics

of this colour pattem are diagnostic for various species of Ptychadena (Poynton 1964; Stewan

1967) in which they are highly consistent (see Stewart for illustrations). The uniform wide dark

brown bands seen on the thighs of many African and Asian ranoids, which usually extend from

around the cloaca down onto the soles of the feet, are here not considered as a separate state

from absence. This pattern is assumed to be plesiomorphic based on its distribution. The

presence of reticulating blotches or a broken striped colour pattem (state l) is synapomorphic at

node 55 for the Raninae, but also occurs in Tomopterna tandyi. Within the Raninae, reversals to

the absence of the pattem (state 0) are synapomorphic for (Pyxicephalinae * Conraua), for

(Phrynoglossus (Discodeles + Platymantis)) and from node 69, whereafter three taxa

independently revert to state l. Mottling only (state 2) is uniquely synapomorphic for the

astylostemids, wherein a reversal to no pattem occurs in Leptodactylon and Trichobatrachus.

166. Tip of the terminal phalanx ofthe fourth toe: (0) does not terminate in a small, narrow,

hard bead; (1) terminates in small, narrow, hard bead.

The presence of this hardened bead is best determined by feel, since its hard texture can be

assessed by running the frog's toe tips over your fingertips. The tips of the digits also appear

narrower than those of frogs with non-expanded digit tips and no beads. The beads usually
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occur on both finger and toe tips, but are usually better developed on the toes. Beads (state l)

are uniquely synapomorphic at node 55 for the Raninae, and reverse synapomorphically therein

to absent in (Discodeles + Platymantis) and at node 73.

167. Shape of the terminal phalanx of the fourth toe: (0) deltoid or triangular disc; (l)

slightly to notably enlarged semicircular disc; (2) tapering or pointed, not notably enlarged.

Previously used by Heyer (1975) 5*, Wu (199a) l5*. Digital discs are thought to be

correlated to an arboreal habit (Laurent 1964, Lynch l97l), whilst deltoid discs appear to be an

adaptation to fast-flowing nparian habitats, where grip on slippery rocks is essential. Discs on

the fingers are usually as for the toes, with a few notable exceptions, such as Natalobatachus.

Slightly to notably enlarged semicircular discs (state l) are postulated to have evolved at the

basal node (reversing to state 0 at node 25), and are synapomorphic for the phrynobatrachids

excluding Natalobatrachus, for (Phrynoglossus (Discodeles + Platymantis)) zr.d for (Amnirana

+ Hydrophylar). Tapering toes (state 2) unite (Brevicipitinae + Hemisus), the Tomopteminae,

the cacostemids, and the Raninae at node 55.

168. Tip of the terminal phalanx of the fourth toe: (0) with a ventral circum-marginal

groove; (l) without a ventral circum-marginal groove.

Previously used by Liem (1970) 33, Heyer (1975) 5*, Heyer & Liem (1976), Blommers-

Schldsser (1993) 27*, Glaw, Vences & Bdhme (1998) 19. This character was used by Inger

(1954) in his species diagnoses. Circum-marginal grooves are common in many families of

frogs with expanded toe tips. This character would probably be more informative if two states

were made of the presence of grooves, i.e. completely round or semi-circular (horse-shoe

shaped), but assessment of this was not always unambiguous in some of the material examined

here. Absence of circum-marginal grooves (state l) is synapomorphic for @revicipitinae +

Hemisus), for the astylostemids, the Tomopteminae, the cacostemids, and for the Raninae. In

the latter clade, a reversal to state 0 is synapomorphic for (Phrynoglossus (Discodeles +

Platymantts)).

169. Outer two metatarsals: (0) deeply incised and separated by web almost to base; (l)

forming part of a fleshy sole, separated only distally.

Previously used by Vences (1999) 32*. Inger ( 1954) mentions whether this characteristic is

present in his species diagnoses, referring to it as the outer metatarsal region being united for at

least 2/3 of length or separated for atleast2l3 of length, and illustrates the distinction in his Figs

34 and 35. Poynton (1963, 1964) and Poynton & Broadley (1985) often refer to 'outer

metatarsals bound into a fleshy sole' to describe state I of this character, which is illustrated in

Lynch (1971) Fig.45B, $,hilst state 0 is illustrated in Perret (1994) Fig. 3. Deeply incised and
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separated metatarsals (state 0) occur in heavily webbed aquatic forms, and are probably an

adaptation to increase the surface area ofthe webbing. Similarly, metatarsals bound into a fleshy

sole appear to be an adaptation to a terrestrial habit. Under Acctran optimization, metatarsals

bound into fleshy soles (state l) originate at the basal node and is present in most basal ranoids.

A reversal to deeply incised metatarsals (state 0) is synapomorphic at node 20 for the Ranidae,

whereafter transitions to state 1 unite taxa from node 26 onwards, and independently the

petropedetids.

170. Inner metatarsal tubercle, length compared to that of the fifth toe (measured from the

base of the subarticular tubercle to tip): (0) short, up to the same length as the fifth toe; (l)

longer than fifth toe but flattened and indistinct; (2) longer than fifth toe, but expanded into a

protruding digging flange.

Previously used by Heyer (1975) 8*, Heyer & Liem (1976) 38*, Wu (1994) l6+. The inner

metatarsal tubercle is always present, but its size varies. Heyer (1975) considered a short inner

metatarsal tubercle to be plesiomorphic, and an enlarged one to be derived- Long but flaftened

and indistinct tubercles (state 1) are synapomorphic for the petropedetids, node 63 in the

Raninae and for (Amolops + Nannophrys). A long protruding digging flange (state 2) is

synapomorphic for the microhylids including Hentsus, for the arthroleptids (wherein it reverses

in the astylostemids), the Tomopteminae, and (Cacosternum capense + C. namaquense)- State 2

also occurs sporadically in the burrowing forms Hildebrandtia, Pyxicephalus and in Poynlonia,

suggesting that the latter genus is at least partly fossorial.

l7l. Outer metatarsal tubercle: (0) absent; (l) present.

Previously used by Lynch (1973) 29, Heyer & Liem (1976) 39*, Lynch (1978) 18, Wu

(1994) 17, Vences (1999) 35. Lynch (1973) states that the Archeobatrachian families uniformly

lack an outer metatarsal tubercle, and suggests that its absence is thus plesiomorphic, as

polarized here. He notes that this character is prone to secondary loss. Heyer (1975) accepts this

polarization. Presence of the hrbercle (state l) is synapomorphic for (dendrobatids +

sooglossids), and under Acctran optimization for node 26 in the Ranidae, reversing to state 0 in

most cacostemids. State I is also synapomorphic fot (Discodeles + Plarymantis) and at node 73

in the Raninae. Other single-taxon transformations frequently occur.

172. Tarsal fold: (0) absent; (l ) present; (2) present to mid-tarsal tubercle only.

Previously used by Heyer (1975) 6* state B. Tarsal folds are common in some taxa, such as

the bufonids, but within the ranids, they are mostly confined to the Raninae. Inger (1954)

mentions tarsal folds in his descriptions of Philippine ranids. Presence ofa tarsal fold (state I ) is

synapomorphic at node 55 for the Raninae, whereafter its loss is synapomorphic for node 73 and
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173. Lateral margin of fifth toe and metatarsal, loose flap of skin: (0) absent; (l) present; (2)

absent, but strongly or weakly developed dermal seam separating dorsal and ventral surfaces of

the foot.

Previously used by Heyer (1975) 6 state F, but no description presented. Mentioned by Inger

(1954) in his diagnoses of the large ranids ofthe Philippines. A loose flap ofskin on the outside

of the fifth toe and metatarsal (state 1) is found in many aquatic forms, probably assisting in

swimming, and is well developed in the large aquatic Raninae. The flap is illustrated in Perret

(1994) Fig. 3 for Aubria occidentalis, and in various figures throughout Inger (1954). The skin

flap (state l) is synapomorphic for (Nyctibates + Trichobatrachus), for the two species of

Conraua and for (Euphlyctis + Hoplobatachus). T'he presence of a seam (state 2) is

synapomorphic for the dendrobatids, the rhacophorids, at node 34 in the phrynobatrachids, and

for (petropedetids + Raninae). Within the Raninae, reversals to state 0 unite node 69 and

(Discode I es + P I atym antis).

174. Mid-tarsal tubercle: (0) absent; ( I ) present.

Previously used by Heyer (1975) 6 state C. In combination with the presence of a medial

lingual process, this character was previously thought to be diagnostic for the genus

Phrynobatrachus (Poynton 1964), but this combination also occurs in some Colostethzs of the

dendrobatids, e.g. C. atopoglossls Grant, Humphrey & Myers, 1997 (Grant et al. 1997). The

structure is morphologically identical in both groups. The mid+arsal tubercle is synapomorphic

for the phrynobatrachids excluding Natalobatrachus, and independently for the dendrobatids.

175. Heet tubercle: (0) absent; (l) small and round to spikeJike; (2) not single, present in a row

of three.

The presence of small rounded to spikeJike heel tubercles (state l) is synapomorphic for the

phrynobatrachids (reversing to state 0 in Phrynobatrachus plicatus), but also occurs

independently in Mantidactylus and Tomopterna marmorata. The sooglossids appears to have

some form of tubercle on the heel, but this is here considered to differ from the state evident in

Phrynobatrachus. A row oftkee tubercles (state 2) is autapomorphic in Platymantis.

176, Basal (proximal) row of subarticular tubercles of feet: (0) abnormally large, tending to

square; (l) large, round to oval; (2) very small and sharply defined, round to conical; (3)

tubercles under the first to third digits large, those under the fourth and fifth small.

172

for (Discodeles + Platymantis). The presence of a tarsal fold to the mid-tarsal tubercle only

(state 2) is synapomorphic for the dendrobatids, and independently for the phrynobatrachids

excfuding Na ta I o b at r ac hus.
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This character is inapplicable in the sooglossids and Ericabatrachus, which both lack

subarticular tubercles. Large round to oval tubercles (state l) arise at the basal node, and is

exhibited by most taxa. A reversal to extra large square tubercles (state 0) is synapomorphic for

the astylostemids. Small well-defined tubercles (state 2) are synapomorphic for the

Tomopteminae, the species of Cacostemum, for (Pyxicephalinae + Conraua) and for

(Nanorana (Euphlyctis + Hoplobatrachus)). Differentially-sized tubercles (state 3) are a unique

synapomorphy for (Hyperolius + Kassina).

177. Subarticular tubercles offeet: (0) spherical or conical; (1) oval, long, flattened; (2) raised

perpendicularly and half disc-shaped, each joined by a ridge to that ofnext phalanx.

Most taxa display spherical or conical subarticular tubercles (state 0). Oval tubercles (state 1)

are synapomorphic for node 73 in the Raninae, although raised disc-shaped joined tubercles

(state 2) are autapomorphic for Nannophrys.

t'73

178, Outer metacarpal tubercle: (0) divided, mid section smaller than outer section; (1)

divided, sections equal in size; (2) divided, mid section larger than outer; (3) entire on smooth

palm; (4) entire, palm ofhand granular.

The surface of the manus usually bears an outer metacarpal (sometimes called the palmar)

hrbercle and an inner metacarpal (sometimes called thenar) tubercle proximally. In many

Neobatrachia, the outer metacarpal tubercle is divided, and may even be separated into two

sections (resulting in what Lambiris (1989) refers to as the middle metacarpal tubercle). Divided

outer metacarpal tubercles with the mid section smaller than outer section (state 0) occurs in the

out$oup, and a reversal to this is synapomorphic in the cacostemids for (Anhydrophryne +

Arthroleptella hewitti) and (Cacosternum capense + C. namaquense). Under Acctran

optimization, outer metacarpal tubercles divided with sections equal in size (state l) arise at

node 9 for the Ranoidea and persist for most taxa. Entire outer metacarpal tubercles on a smooth

palm (state 3) arises at the basal node and occurs in the sooglossids, the dendrobatids,

Leptodactylus, microhylids including Hemisus and Kassina, bnt within the Ranidae this state

unites only the cacostemid genera Ericabatrachus and Poyntonia. Entire outer metacarpal

tubercles on a granular palm (state 4) is a synapomorphy for the rhacophorids, but also occurs in

Hyperolius. Divided outer metacarpal tubercles with the mid section larger than outer section

(state 2) is synapomorphic at node 26 in the Ranidae, and synapomorphically for the two species

of Ptychadena and (Euphlyctis + Hoplobatrachus).
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179. Outer metacarpal tubercle, if divided: (0) parts touching or fused; (l) parts distinctly

separate.

This character is an extension ofcl78, appticable only to taxa with divided outer metacarpal

tubercles. Distinctly separated outer metacarpal tubercles (state l) are synapomorphic at node

20 for the Ranidae, wherein a reversal to fused or touching parts (state 0) is synapomorphic for

the (cacostemids + phrynobatrachids), for (Discodeles + Platymantis) and for (Euphlyctis +

Hoplobatrachus).

180. Number of subrrticular tub€rcles present on the third linger (including the basal or

proximal tubercle): (0) two; (l) one.

Sorne frogs, notably some cacostemids, lack subarticular tubercles on the third finger. This is

also a useful characteristic to separate Afrana fuscigula fiom Afrana angolensis, which is

difficult on the basis of extemal morphology alone. No tubercles on the third finger (state l) is

synapomorphic for the cacosternids, but reverses synapomorphically in that clade for the species

of Cacosternum. State I arises independently in the sooglossids and tn Afrana angolensis.

181. Palmar supernumerary tubercles: (0) indistinct or absent; (l) distinct in one or two

rows; (2) indistinguishable from granular palms.

The palmar tubercles (sensu Lambiris 1989), also referred to as supemumerary tubercles, can

be faint or distinct within a species, but are always present or always absent in any given

species. Distinct palmar tubercles (state 1) occur in many ranids, with many sporadic reversals

between state 0 and I occurring thoughout the tree. Palmar tubercles indistinguishable from

granular palms (state 2) are synapomorphic for the two species of rhacophorids included. These

also occur independently in Leptopelis and Hyperolius, and reflect an adaptation to arborealify.

182. Tubercle on ventrolateral surface of wrist: (0) absent; (l) present.

This weak tubercle is laterally displaced offthe palm. Its presence (state l) is synapomorphic

for node 35 in the phrynobakachids, but is also present independenlly in Platymantis,

Batrachylodes and P hi lautus.

183. Dorsal raphe (narrow inverted skin fold) running along spine: (0) absent; (l) present.

The raphe is a very narrow indented fold of the dorsal skin. Laurent (1957) mentioned this

feature in his work on the Arthroleptidae. Presence of the raphe (state l) is synapomorphic for

the two species of Arthroleptis, and also occurs in Leptopelis, the Brevicipitinae, Batrachylodes,

Petropedetes cameroniensis and Nannophrys. This character appears to be polymorphic in

Hemisus. This state is also present in many species of microhylids, as seen in figures from

Zweifel (1985) and Dunn (1949), and Mantella, as seen in figures from Glaw & Vences (1994).
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A slight indent that is much wider and more distinct posteriorly is evident il Petropedetes

parkei, P. palmipes and Hoplobatracias, but is not here classified as a raphe.

184. Transverse fold across head behind eyes: (0) absent; (l) present.

A lransverse fold across the back ofthe head is illustrated in Dunn (1949) Figs. 5 and 7, and

appears to be common in the microhylids, although not used as a character by Wu (1994). The

presence ofthe transverse fold (state I ) occurs only Flezisas ofthis lineage examined here. This

state is synapomorphic for the two species of Conraua, but occurs also in many of the large

fanged Asian ra:nids, e.g- Limnonectes, Hoplobatrachus and Phrynoglossus.

185. Abdominal colouration: (0) uniform or slightly mottled to plain; (l) small, regular

round spots; (2) inegular spots to plain; (3) small reticulations; (4) Iarge reticulations, semi-

circular, may fade to uniform in adult. (5) bull's-eye pattem.

This character was included as it may provide insight regarding terminal sister species

relationships, especially in the Petropedetinae. Small, regular round spots (state l) are

synapomorphic for (Poyntonia * Ericabatrachus), but also ocatr in Leptodactylon. Inegular

spots to ptain (state 2) are synapomorphic for (Cacosternum + Nothophryne). Small

reticulations (state 3) are synapomorphic at node 4l in the cacostemids but occur independently

in Nanorana. Large reticulations (state 4) are synapomorphic for the two species of Afrana, for

the Pyxicephalinae and for (Euphlyctis + Hoplobatachus). A bull's-eye pattem is

autapomorphic for P hrynobatrachus cricogasl er.

186, Abdominal skin: (0) coarsely granular; (l) smooth; (2) showing some granulation on the

posterior half of abdomen, chest region smooth.

Previously used by Heyer & Liem (1976) 35*. Care was taken to code this character from

photographs of live animals, or very well-preserved specimens, since granulations can be

distorted in preservation, and may disappear (C. W. Myers, personal communication). Granular

abdomens were considered plesiomorphic according to Heyer & Liem (1976), using the

common equals primitive criterion. outgoup comparison here indicates the same polarity.

Smooth abdomens (state 1) are synapomorphic for (dendrobatids + sooglossids), for the

astylostemids, and under Acctran optimization at node 25 in the Ranidae. Some granulation on

the posterior half of the abdomen (state 2) appears to be intermediate between state 0 and state

l. Under Acctran optimization, state 2 is synapomorphic for the petropedetids excluding

Petropedetes natator, and for node 66 in the Raninae. Within the Raninae, reversals to granular

abdomens (state 0) are synapomorphic for (Phrynoglossus (Discodeles + Plary*mantis)) and for

(Amolops + Nannophrys).
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187. Gular skin of females, texture: (0) granular or rippled; (l) smooth.

The extent of granulation of the gular skin of females does not appear to be correlated with

the granulation of the abdomen skin. Smooth gular regions (state l) arise at the basal node.

Under Acctran optimization, a reversal to granular gular regions (state 0) is synapomorphic for

the arthroleptids, for (staurois + rhacophorids), for (Phrynobatrachus dendrobales + P.

versicolor), for (Phrynoglossus (Discodeles + Platymantis)) and for (Amolops + Nannophrys)-

188. Additional dorsal glands: (0) none; (1) sacrat gland; (2) two dorso-lateral strips ofglands,

continuous and complete, or incomplete and broken into paired oval glands in the lumbar and

sacral regions; (3) glandular region above eyelids; (4) poorly-defined glandular patch in the

inguinal region.

Body glands were used in inferring leptodactylid relationships by Heyer (1975) 4*, and

described in detail by Lynch (1971), whose terminology is adopted here. A sacral gland (state l)

occurs independently in Phrynomantis and Astylosternus, but is synapomorphic for

(Cacosternum boettgeri + C. nanum parwm). Two dorso-lateral strips of glands (state 2) is a

unique sl.napomorphy for (Cacosternum capense + C. namaquense). Glandular regions above

the eyelids (state 3) are autapomorphic for Nanorana, whilst inguinal glands (state 4) are

autapomorphic for P oynto ni a.

189. Chevron-shaped glands in scapular region, or running down length of body: (0)

absent; (l) present.

Chevrons are ridges of skin starting in the scapular region, which can be short or run the

entire body lenglh to the level ofthe groin (see Stewart, 1967 Fig. 37 for illustration). They are

usually rounded in profile and contain a distinct point of inflection. The presence of chevron-

shaped glands (state l) is synapomorphic for the phrynobatrachids (but appear to have reversed

in Phrynodon and Phrynobatrachus natalensis). In its original description, the figures of

Ericabatrachus show chevrons (Largen 1991), but these were not present on the specimens

examined for this study, and accordingly were coded as absent for that taxon.

190. Skin ridges on dorsum: (0) none; (l) only a few, broken or discontinuous; (2) more than

six; (3) two continuous, glandular dorsolateral ridges.

The number and form ofthe dorsal skin ridges has been used in keys for African ranids (e.g.,

Poynton 1964; Poynton & Broadley 1985). Inger (1954) mentions the form of this character in

his diagnoses of the Philippine ranids. The plastic nature of this character between species

requires that it be coded very conservatively for this higherJevel analysis. A few broken ridges

(state l) are synapomorphic for the two included species of Afrana and occur independently in

Pyxicephalus. More than six ridges (state 2) occur in Leptodactylus, but is synapomorphic for
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species of Ptychadena. Under Acctran optimization, two continuous, glandular dorsolateral

ridges (state 3) is an unambiguous synapomorphy at node 72 in the Raninae, bul apparently

occurs in many other ranids (Inger, 1954).

191. Amplexus position: (0) inguinal; (l) male's forearms placed along female's flanks, male

vent placed half a body length back from female vent; (2) cephalic; (3) weak contact or

straddlingt (4) gluing of male to female; (5) axillary.

Previously used by Lynch (1973) 23, Duellman & Trueb (1986) P, Blommers-Schltisser

(1993) l5t and 29r, Glaw, Vences & Bi,hme (1998) l5at. Lynch (1973) argued that inguinal

amplexus (state 0) is plesiomorphic, and this state occurs here in the outgroup Heleophryng.

Duellman & Trueb (1986) propose a transformation series from inguinal to axillary to cephalic.

Glaw et al. (1998) suggest that weak or straddling amplexus may occur in some of the

petropedetids that display femoral glands, but due to lack of information, these were coded here

as having axillary amplexus. Amplexus characterised by the males' forearms along the females'

flanks (state 1) is synapomorphic for the hyperoliids, with the amplexus position for Leplopelis

coded as unknown. Cephalic amplexus (state 2) is a unique synapomorphy for the dendrobatids.

Although a poorly defined state, weak or straddling amplexus (state 3) is synapomorphic for the

mantellids. Gluing of male to female (state 4) is autapomorphic for the Brevicipitinae. The vast

majority ofthe Ranidae and Neobatrachia exhibit axillary amplexus (state 5).

t17

https://etd.uwc.ac.za



App endix 3. Multiple sequence alignment of the partial l2S rDNA sequences.

Heleophryne natalensis
Probreviceps species

Hemisus marmoratus
Nesomantis thodasseti
Leptodactylus pen tad ac tylus
Dendrobates speciosus

Dendrobates pumilio
Leptope lis remicu I atus
Hyp e r o I iu s vi ri dill a'nt s

Kassina maculata
Mantella auranliaco
M a n t i d ac ty lus fe m oro I i s

C h i romantis ).erunpe li no

Philautus petersi
A rthro leptis variab I is
A hroleptis species

Cardioglossa grocilis
Astylostemus di ade malus
Scotobleps gabonicus
Tric ho bd trachus robus tus

Lep lodactylon rfi erlens i
Tomoplerna marr orata
Tomopterna tandyi
Anhydrophryne rattrayi
Art hroleptel I a I andd ros ia
Art hrol eptel I a ltghtfoot i
Poyntonia paludicola
Cacostemum capense

C acos t er num nsmaqu e nse

Cacostemum aanum pamum
Cacostemum boetlgeli
M ic robat rac hell a cqpe n s is
Phryno ba lrac hus na I a I e n s i s

P hDmobat rac hus acridoides
P hryno bal rachus crico ga s I er
D i m otp ho gn a t hu s afr i c an u s
Phrynodon sandersoni
Phry-nobatrachusauritus
Arthroleplides arliensseni
Petropedetes parkeri
P etropedetes cf . parkeri
Pet ropedetes came ror ie ns is
Prychadena chrysogaster
Ptychadena anchiete
H,ldebrandtia ornatq
Amniruna albolabris
Hydrophylax galamens is
Afrana fuscigula
AJrana ongolensis
Strongilopus grayii
Pantherana pipiens
Pyx icep ha lus adspersus

Coaraua crassipes

Conraua golialh
Hop lo batrac has oc cip i lq lis
Eup hlyctis cy anoph lyc t is
Liru@nectes blythii
Nannorana pleskei
Phrynoglossus laevis
Nannophrys ceylonersis
Amolopi ricketti

o 510 15 20 25 30 35 40 45 50 55 60 65

llllllllllllll
CGCCAGGGTA-TTACGAG-CCCAAGCTTAAAACCCA.AAGGACTTGACGGTGCCCC-A.AT. CCCCCTA G

CGCCAGG- TA - TTACGAG - CAAAAGCTTAAAACCCAAAGCACTTGACGGNNTCCC - -AC.CCACCTA-G

CGCCAAAGGn - TTACAAG - TGCAAGCCTAAAA - CTTAAGGACTTGACGGTGTCTC - -AT.CCTCCTA-G

CACCTGGGAA-CTACAAG.CAAAAGCTTGAAACCTAAAGGACTTGACGGTGCCCCAAAC.CCACCTA G

CGCCAGGGAG - CTACGAG. CC.AAGCTTA.IIAACCCAAAGGACTTGACGGCACCCCAATT. CCCTCTA - G

CGCCCGGGTAATTACGA..CT.ATGTCC- -.GTCCA?AGGA- - T. AC - G'IGCCCCATAT - CCCCCTAAG

CGCCTGGGGA - CTACAAG. CT.AAGCTTAAAACCCAAAGGACTTGACGGTACCCCATAT - CCCCCTA- G

CGCCCGAGAA-CTACGAG.CACACGCTTAAAACTCAAAGGACTTGACGGTGTCCC..AC.CCAACTA-G

CGCCAAAGAA- CTACAAG - CGCAAGCTTAAAACTTA.AACGACTTGACGGTGCCCC - - AT. CTACCTA - G

CGCCAGAGAA- TTACGAG . CACAAGCTTAAAACTCAAAGGACITGACGGTGTCCC . - AT. CTGCCTA - G

? ? ? ? ? GGGAA- TTACGAG - CGTAnniI'TA3-AATCCAAAC,GATTTGACGGTGTCCC _ _AC- CCACCTA_G

AGCCAGGGAA - TTACGAG - CGCAAGCTTAAAACCCAAAGGATTTGACGGTGTCCC. -AC-CCACCIA-G

CGCCAGGGTAACTACGAG. CCTTAGCI]TAAAACCCAAAGGACTTGACGGTGTCCC..AC.CCAACTA G

CGCCAGGGTA. TTACGAG. CCT - AGCTTAAAACCCAAAGGACTTGACGGTGTCCC. - AC - CCCAC?A. G

CGCCAGAGCA-CTACGAGTAACTAACTTAAAACACAAAGGAC?TGACGGCGTC?C. -AC-CTACCTA.G

CGCCAEAGTA- CTACGAGTAACCAACTTAIAACTCAAAGGACTTGACGGCGTCTC- -AC-CTACCTA-G

? ? ? ? ? ??TA- -CTACAAG.CCCAAGCTTATAACTCAAAGGACTTGACGGCGTCCC..AC.CCACCTA-G

???????TA-.TTACGAG.CACAAGCTTAAAACTCAAAGGACTTGACGGTGTCCC-.AC.CCACCTA-G
? ? ?? ? ?? ?TA-CTACGAG.CCCAGGCTTGAAACTCAAAGGACTTGACGGTGTCCC- -AC-CCCCCTA-G

????????????????? ? ? ? ? ? ?AACTTAAAACTCMAGGACTTGACGGTGTCCC - . AC. CCACCTANG

CGCCAGAGTA- TTACGAG - CCCAAGCI"IAAAACTCA.AAAGACI'TGACGGTGTCCC - -AC- CCACCTA-G

CGCCCGGCTA.ITACGAG.CTCAAGCTIAAAACCCAAAGGACTTGACGGT{;TCCC..AC.CCACCTA G

CGCCCGGGTA.TTACGAG.CGGAAGCMAAAACCCAAAGCACTTGACGGTGTCCC..AC- CCACCTA-G

? ?? ??? ? ?TA-TAACGAG- CATAAGCTTAAAACCCAAAGGACTTGACGGTGTCCC - .AT- CCATCI'A.G

? ? ? ? ? ? ? ?1IA-TTACGAG - C?TAAGCTTAAAACCC.;\J\AGGACTTGACGGTGTCCC- -AC- CCACCTA- G

? ?? ? ?? ? ?TA-TAACGAC- CTTAAGCTTAAAACCCAAAGGACTTCACGGTGTCCC- -AC-CCACCTA-S

CGCCCGGGTA - TTACGAG. CTTAAGCTTAA}ACCCAAGGGACTTGACGGTGCCCC. -AT-CCATCTA'G

CGCCCGGGTA - TTACGAG. CTGAAGCTTAAAACCCAAGGGACTTGACGGTGTCCC - -AC.CCATCTA-G

CGCCAGGGTA - TTACGAS. CTGAAGCTTAAAACCCAAGGGACTTGACGGTGTCCC - -AC-CCACCTA-G

CGCCCC,GGTA. TTACGAG. CTTAAGCTTAAAACCCAAGGGACTTGACGGTGTCCC - -AC.CCACCTA-G

CGCCAGGGTA- TTACGAG . CTGAAGCI-IAAAACCCAAGGGACTTGACGGTGTCCC - - AC. CCACCTA- G

CGCCCGGGTA- TAACGAG - CTGAAGCTTAAAACCCAAGC,GACTTGACGGTGTCCC. . AC - CCACCTA. G

?? ??? ??? ? ? ? ??? ??? ??? ? ??? ? CTIAAAACCCAAAGGAATAGACGGTGTCCC. .AC. CCACCTA-G

??2?2??????'17.. - AC - CCI - AGCTTAA}ACCCAAAGGAATIGACGGTGTCCC - .AC - CCACCTA.G

CGCCAGGGAA. TTACGAG. TTT - AACTTAAAACCC}}AGGATTTGACGGTGTCCC - -AC.CCACCTA-G

? ?? ? ?? ? ?GA-CTACGAG- CCTT-GCTfAAAACCTAAACGAATTGACGGTGTCCC..AC.CCACCTA-G

CGCCCGGGAA - TTACGAG. CTTAAGCTTAAAACCCAAAGGACTTGACC,GTGTCCC - -AC-CCGCCTA-G

CGCCCGGGGA - CTACGAG. TCT -AACTTAAAACCCAAAGCATTIGACGGTGTCCT - -AC.CCACCTA-G

CGCCAGGGTA - TTACGAG. CTGAAGC'ITAAAACCCAAGGGACTTGACGGTGTCCC - -AC.CCACCTA-G

CGCCAGGGTA - TTACGAG - CCTCAGCTTA}AACCCAAAGGACTTOACGGTGTCCC - -AC-CCATCTA.G

CGCCAGGGGA.CTACGAC.CNA.TGCTTAAAACCCAIAGGACTTGACGGTGTCCC..AC.CCACCAA-G

? ???? ???CA-TTACGAG-TCTTAGCTCAAAACCCAAAGCACTTGACGGTGTCCC- -AC-CCACCTA.G

?? ??? ??TA- - TTACAAG. CTC.AGCTIAAAATCCATAGGACTTGACGGTCTCCCACAT. CCTTCTA- G

CGCCAGGATA - TTACGAG . CAATAGCT'TAAAATCCAAAGGACMGACGGTGTCCCTTAC - CCATCTA- G

CGCCTGGATA - TTACGAG - CTTTAGCTTGAAATCCAAGGCACrIGACGGTGTTCT - -AC- CCTCCTA-G

CGCCAGGGAA - TTACOAC. CAA ' TGCTTAAAACCCAAAGGACTTGACGGTGTCCC - -AC- CCACCTA-G

?? ? ?? ? ? ?AA-TTACGAG.CTA-TGCTTAAAACCCAAAGGACTTGACGCTGTCCC..AT- CCCCCTA.G

?? ? ? ?? ?TA- - TTACGAG. CTTAAGCTTAAAACCCATAGGACTTGACGGTGTCCC - -AC. CCCCCTA-G

CGCCCGGGTA- TTACGAG. CTTTAGCT:TAAAACCCAAAGGACTTGACGGTGTCCC - -AC. CCCCCTA-G

? ? ?? ???TA- -T?ACGAG-CTTAAGSTTAAAACCCAAAGGACITGACGGTGTCCC..AC-CCCC TA G

CECCAGGOAA- CTACGAG - CAA - TGCTTAAAACCCAAAGGATTTGACGGTGTCCC - -AC- CCAGCTA-G

CGCCAGGGAA- TTACGAG - CCA - AGC'TTAAAACCCA.AAGGACTTGACGGTGTCCT - -AT- CCACSIA.G

CGCCAGGGAA.TTACGAG-CCC-AGCTTAA}ACCCA}AGGACTTGACGGTGTCCC- .A?- CCACCTA.G

? ? ?? ? ?? ?AA.TTACGAG.CCC-AGCTTAAAACCC$AGGACTTGACGGTGTCCC..AT- CCACCTA_G

CGCCAGGCAA- TTACGAG - CTTTAGCTTAAAACCCA.AAGGACTTGACGGTGCCCC - -AC- CCAGCTA-O

CGCCAGGGAA-CTACGAG-CT"ITAGCT'TAAAACCCAAAGGACI'TGACGGTGTCCC-.AC-CCAACTA-G

CGCCAGGGAA. CTACGAG. C - CTAGCTTAAAACCCAAACCACTTGACGGTGTCCT. - AT . CCAACTA- G

CGCCC-GGTA-CTACGAG.CCCCAGC'ITAAAACCCAAAGGACTTGACGGTGTCCC-.AC-CCACCTA-G

CGCCAGGGAA-TTACGAG.CTT-AGCTTAAAACCCAAAG-ACTTGACGGTGACCC..ATCCCA- CTA G

CGCCAGGGGA - CTACGAG - CCTCAGCTTAAAACCCAAAGGACTTGACGGTGACCC - -AC.CCGACTA-G

CGCCAGGGAA - CTACGAG - CC -ATGCTTAAAACCCAAAGGACTTGACGGTGTCC - - - ATACCAASTA - G
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Appendix 3, Continued

Heleophryne natalensis
Probreviceps species
Hemisus marmoratus
Nesomantis thomasseti
Leptodacryluspenladacry-lus
Dendrobates speciosus
Dendrobares pumilio
Lep topel i s ver'rfi iar I a t u s

Hyp ero I i us vi r id iJl avus

Kassina Dlaculata
Mantella auranltaca
Mantidacty lus femora I is
C hiroman t is xerampe I ina
Philautus pelersi
A hrcleptis lariablis
Arthroleplis species
Cardioglossa gracilis
A s0' los ternus diademalus
Scotobleps gabonicas
Tric ho bat roc hus robus tus
Le pt oda c ly I on mert ens i
Tonoplenta marmoruta
Tolaopterna landyi
Anhydrophryne rattrayi
At hro lepte I la I anddr osi a

A rt hro lepte I la lighrfu o t i
Poyntonia paludicola
cacostelnum cqpense

C ac os I e rnum namaquen se

C acos te rnum nanum p anu m
Cacosternum boetlgei
M ic robat r ac he I I a c ape ns i s

P h ry no bat rac hus nat ale ns i s

P h ryno bat rac hus ac r ido ides
P hry no batrac hus ci co gaste r
Di ht o tp ho gnathus aflic a us

Phrynodon sandersoni
Phrynobatrachus auitus
ArthroIeprides fiartie sseni

Petropedetes porkeri
P e t rcped e t es cf . parker i
P etop ed e t es cameron i ens i s

P tyc haden a c hrysogas t et
Ptychadena anchiete
Hildebrandtia ornata
Amnirana albolabris
Hydrop hy I ax galamens is
AJrana fuscigula
Alrana angolensis
Strong,lopus grayii
Pahtherana pipiens
Pyx i cep ha lus adspers us

Conraua crassipes
Conraua goliath
Hop I o batrachus oc cip i la I i s

Eu p h lyct is cy anop h lyc t is
Linnonectes bl),thii
Nannorana pleskei
Phrynoglossus laevis
Nannophrys ceylonensis

Anolops ricketti

69 't4 79 84 89 94 99 104 109 114 r79 t24 129 ).34

rtttllllllilll
AGGAGCCTGTTCTATAATCGATGATCCCC------..-----GTTAAACCTCACCACTTCT.CGCC--

AGOAGCCTGTTCTATAATCEACACCACCC----.--------GCTATACCCCACTGCTI'TT-TGCA--
AGOAGCCTGTCCTATAATCGATAACCCCC---...-------GATATACCCGACTGCTTTT.TGCC--

AGGAGCCTGTTCTATAACCGACACTACCC-----.--.---GATA.AACCTCACCACCACT-AGCCAT
AGGAGCCTGTCCTGIAATCGATAACCCCC- - - - -''... - - - GCTTAACCTCACCACTTCT - AGCA- -
AGGAGCCTGTCCTATAATCGATAC-CCCCC----_...---GTTCAACI"ICACCATTTCT_AG?AA-
AGGAGCCTGTCCTATAACCGATAATCCCCC- - - - ... - --GTTTAACCTCSCCAITTCT-AGCTA-
AGGAGCCTGT'ICTATAATCGATAATCCCC.. . - - - - - - - -GATAAACCTCACCACTICT AGCC- -
AGGAGCCTGTTCTA?AATCGATAA?CCTC.--.--------.GCTA?ACCTCACCTITITT.AGCT--
AOGAOCCTGTTCTATAATCGATACTCCCC- - - - -. '.. - - - -GATTTACCTCACCACTTTT-AGCC..

AGGAGCCTGTTCTATAATCGATAATCCTC. - - - - - - - _ .. - GATATACCCAACCATTTCT- TGCT..

AGGAGCCTGTTCTATAATCGA?GATCCTC------_.-----GATATACCTCACCATI'TTT-TGCTT-

AC,GAGCCTGTCCTATAATCGATACTCCACATCGATACTCCACGTTATACCTAGCCAC?TTT-TGCT- -
AGGAGCCTGTTCTATAATCGATAATCCAC- - - - - - - - - - '.GTTATACCTAACCATTTTT-TGCT- -
AGCAGCCTGTTCTATAATCGATACCCCCC...----------GATACACCTAACCACTTTT.TGCT--
AGGACCCTGTTCTATAATCGACATCCCCC. '...- - - - - - - -GATACACCTAACCACTCTTTIGCT- -
AGGAGCCTGTTCTATAATCGATAATCCCC . . . - - - - - - - ' - - GATAAACCCAACCACTTCT TGCT - -

AGGAGCCTGTTCIATAATCGATACTCCCC...----------GCTAAACCTAACCACTTCT.CGCC--
AGGAGCCTGTTCTATAATCGACAATCCCC . . . . . . - - - - - - - GCTTAACCTCACCACTTTI AGTC - -
AGGAGCCTGTTCTATAATCnATATTCCCC'..-.-------_GCTA.AACCTACCCATTTCT'TGCT--
AGGAGCSIGT:TCTATAATCGATTTTCCCC---------.-.GCTACACCCAACCACTTT'T-TGC---
AGGACCCTGTTCTATAATCGATACTCCCC-.--- ..-----GCTTCACCTCACCATTTTT-AGCC..

AGGAGCCTGTTCTATAATCGATACCCCCC---------..--GCTTCACCTCACCATTTTT-AGCC--
AGGAGCCTGTTCTATAATCGAIATTCCCC-.----------.GCTATACCTCACCATTTCT-A6CC--
AGGAGCCTGTTCTATAATCGACACTCCCC-------...---GCTTCACCTCACCATTTTT-AGCC-.
AGGAGCCTGTTCTATAATCGACACTCCCC.....-.------GCTTCACCTCACCATTTTT-AGCC--
AGCAGCCTGTTCTATAATCGACACCCCCC - - - - - - - - .. - -GCTACACC?CACCATMTT-AGCC- -
AGGAGCCTGTTCTATAATCGACACCCCCC-------_..-..GCTTTACCTIACCATTTTT-AGCC--
AGGAGCCTGTTCTATAATCGACACCCCCC.. - -. - - - - - - - -GCTTCACCTCACCATTTTT AGCC- -
AGGAGCCTGTTCTATAATCGACACCCCCC--------.....GCI'TMCCTCACCATTTTT-AGCC--
AGGAGCCTGTTCTATAATCGACACCCCCC-....--------GCTTTACCTCACCATTTTT-TGCC..
AGGAGCCTGTTCTATAATCGACACCCCAC-----.'.-----GCTTTACCTCACCC"ICTTT-AGCC-.
AGGAGCCTGTCCCATAATCGAT?ATACCC...-.------- -GCTTTACCCTACCGCTTCT-ATCC'.
ACGACCCTGTCCCATAATCGAT?ATACCC--------'----GCTTTACCCTACCGCTTCT-ATCC--
AGGAGCCTGTCCCATAATCGATAACCCCC..-----------GCTCTACCTTACCGCTTCT-TACC.-
AGGAGCCTGTCCCATAATCGATTATCCCC-.-----------GCTCCACCCTACCACTTCT-TACC-.
AGGAGCCTGTCCIATAATCGATACCCCCC------..---.GCTATACCTCACCAC"ICCT-TGC---
AGGAGCCTGTCCCATAAACGATAATCCCC..-----------GATTCACCCGACCCC"ITCT-TACT-.
AGqAGCCTGTTCTATAATCGACACCCCCC- - - - - - - - '. ..GCTTTACCTCACCAI'IT'I'I-AGCC- -
AGGAGCSIGTTCTATAATCGATACCCCCC-.--------'--GCTATACCCTACCACTI"I'I.AGCC--
AGGAGCCTGTCCTGTAATCGATGACCCCC-.--------'..GTTATACCCAACCAITCC"T.AGCT--

AGGAGCCTGTTCTATAATCGATACCCCCC- - -- ------''.GCTATACCTCACCACTTTT-AGCC- -
AGGAGCCTGCCCTACAATCGATTATTCCC-------------GCTAGACCCTACCATCTCT-TGCAA.
AGGAGCCTGCCCTATAATCGATTATCCCC.------------GCTAGACCCTACCATCTCT-TGCC.-
AGGAGCCTGTCC"ACAATCGA?CATCCCC- - - - - - . - - - - -GC'TACACCCAACCATTTCT-TGCCT-

AC,GAGCCTGTCCToTAATCGATGATCCCC- - - - . - - - - - -GCTATACCCAACCATTCCT-AGCC-.

AGCAGCCTGTTCTATAATCGATGATCCCC- - - - - - .. - -. -GATA?ACCCGACCACCCTI-AGCT - -
AGGAGCCTGTTCTATAATCGATACTCCCC..-----------GCTAAACCTCACCATTTTT-TGCC.-
AGGAGCCTGTTCTATAATCGATACCCCCC.-....-------GCTACACC?CICCAT"TTT-AGCC..
AGCAGCCTGTTCTATAATCGA?ACTCCCC- - - - ' .. -. - - -GCTAAACCTCACCAT"TTT-TGCC-.

AGGAGCCTGTTCTTTAATCGATGATCCCC-------------GCTACACCAGACCATTTCT-TGCT.-
AGGAGCCTGTTCTATAATCGATACTCCAC-.-----------GCTACACCCCACCATTTCT-TG1T.-
AGCAGCCTGTTCTATAATCGATACCCCCC- - - - - - - '.---GCTATACCTAACCATTTCT-AGCC--
AGGAGCCTGTTCTATAATCGATACCCCCC--.''.-------GCTATACCTAACCATTTCT-AGCC-.
AGGACCCTGTTCTATAATCGATGATCCCC------------.GCTTAACCTAACCCTTTCT-TGCTT-
AGGAGCCTGTTCTATAACCGATAATCCCC- - - - - - - - - .. -GTTCTACCTAACCCCCCTT-TGCCT-

AGGAGCCTGTTSIATAATCGATAACCCCC..-.---------GATTCACCTAACCCTATTT-TGCC.-
AGGAGCCTGITCTATAATCGATGATCCCC------------.GCTA.AACCCAACCTCCCCT.TGC---
AGGAGCCTGTTCTAGAATCGATACTCCCC------...---GCTTAACCTCACCACTTC"I-TGCTI.
AGGAGCCTGTTCTACAACCGATGATCCCC---.'.-.-----GTTACACCCAACCCCCCCT-TGCI"T-
AGGAGCC'TGTTCTATAATCGATGATCCCC-. - - - - - - _ - - -. GCTATACCTAACCATCCCT- TGCTT -
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Appendix 3. Continued

Heleophryne nalalensis
Probreviceps species

He isus marmoratus
Nesomanlis lhomasseti
Leptodo c ty I us pent adacty I us

Dendrobales speciosus
Dendrobares pumilio
Lepl ope I is,rc rmicul atus

Hyperol ius v i r idillaws
Kassing maculgta
Manlellq aurantiaca
Mahlidacl!-luslemoralis
C h iro\rant is xe rampe I i na
Philautus petersi
Arthrcleplis vaiablis
Atthrcleplis species

Cqrdioglossa gracilis
Asty los ternus diadematus
Scotobleps gabonicus
Tric hobat rac hus ro br slus

Leptodaetyloi tueftensi
Tottoplerra man roratg
Tonoplema ta dyi
Anhydrophryne raltrayi
A n hro lept el I a I anddrosia
A n hro lept el I a I ightfoot i
Poyntonia paludicola
Cacosterhum capense

Cacostemum namaquense

Cacostemum nanum parwm
Cacosternum boettgeri
M i c ro bat rac h el I a cape ns is
P h ry n o batrachus nata I ens is

P h rynoba I rachus acridoides
Ph ryno battachus cricogas t er
D i m o rp h o gn at hus afic an us

Phrynodon sdnderso.ti
Phrynobalrachus auilus
A rt h rol ep t ides tfi artiefi s s eni
Petrcpedeles parke/i
Petopedeles cf. parkeri
Pe t ro pedet es c atteronie ns is

P tyc had ena c hrys o gasle r
P\,chade d a chiete
Hildebrandtia ornata
.4mnirana albolabris
Hydrophy lax galamen s is
Afrana fttscigula
Afrana angoletusb

Strong;lopus grayii
Pantheru a pipiens
Pyxicephalus adspersus
Conraua crassipes
Conraua goliath
Hop lob atruc hus occipit al i s
Eup h lyc t is cyanoph ly c t i s

Limnonectes blythii
Nannorana pleskei
Phrynoglossus laevis
Nannophrys ceylonensis

Amolops ricketti

138 143 148 153 158 153 L6A t73 t'78 1"83 188 193 198 203

trttrllllllll
CAT-CCGCCTGTATACCTCCCTCGCCAGCCCACCGCATGAGCGTGAG-AAAGTGGGCCTAA- -AGAA.

TAT. CAGCCTGTATACCTCCOTCGCAAGCCTGCCATATGAAKGTCrT.AAAGCAAGCCCAA- -TGAT.

TCT - CAGCCTGTATACCTCCGTCGAAAGCTTACCTTGTGAAAGCCAC - ITAGTGAGCCAAT - 'AGGC -
ACC.CAGCCCGTATACCTCCGTCG?CAGCTTATCACTCAAGTGAATT.ITAATAAGCCAAA'TGGC-

AAT - CAGCCTGTATACCTCCOTCGTCAGn?TACcTcGTcAGCGCgfT - TAAGTGAGcccaa - _TGCC-

AAT. CAGCCIGTA?ACCTCCGTCCTCAGCTTACCACG:TGAGCGT. . .. - TAGTGAGCTAAA. -TGTT -
AAA - CAGCCTGTATACCTCCGTCGTCAGSTCACCGCGTGAGCGT - - - - - CAGTGASCCTAA- -TGTT -
CAT.CAGTCIGTATACCTCCGTCGAAAGCTTACCCTGTGAACCATCA.TTAGTAAGCAGTA_.AGGTC

AAC.CAGTCTGTATACTTCCGTCGTAAGCTTACCATATGAATGCA.. - TCAGTAAGTTAAA. . TAGTA

AAT-CAGCCTGTATACTTCCGTCGTAAGCTTACCATATGAATGC-.---TAGTGAGCAA.AA--TGATT

TTT.CAGCCTGTATACCTCC6TCGCAAGCTTACCATTTGAATGTAAA.AGAGTAGGTTTAA- -.GCA?

TT?. CAGCC'TGTATACCTCCGTCGCAAATCTACCACCTGAGTGTCCC -A.AAGTAAATTCAA - CTGGGC

TAT-CAGCCTGTACACCTCCCTCGTAAGCTTACCATA"GAACGCACA.ACAGTAGGCATAA ..GGA-

TTT - CAGCCTGTAIACCTCCGTCGCAAGCCTACCATATAAATGAACA -ATAGTAGCCCTAA - -CAGC.

AAT. CAGTCTGTATACCTCCGTCGCAAGCTTACCATATGAATGTTAA - TTAGTAAGCAAAA - -AGGTC

AAT - CAGTCTGTATACCTCCGTCGCAAGCTTACCATATGAGTGACAA - TTAGTGAGCATAA - -TGATC

AAT - CAGTCTGTA'TACCICCGTCGCAAGCTTACCATATGAATGACAA - TTAGTGAGCAAAA - -TGATT

TCT. CAGCCTGTATACCTCCGTCGCAAGCTTACCMATGAACGATCA - TTAGTGAGCAACA - -AGGCT

TAT.CAGTCTGTATACCTCCGTCGCAAGCTCACCACATGAGTGTAAA- ?CAGTGGGCAACA- - GGGTC

TCT - CAGCCTGTATACCICCGTCGCAAGCTTACCCTATGAATGAC - - - TTAGTGAGCAAAA - -AGGCT

CCC-CAGTCTGTATACCTCCGTCGCAAGCTTACCATATGAACGCCCA-TTAGTGAGCAGTA-.AGGC-

TCT-CAGCCTGTATACCTCCGTCGCAAGCTTACCATGTGAACGC. -. .TTAGTAAGCCCAA- -AGGTC

TCT-CAGCCTGTATACCTCCGTCGCAAGCTCACCATGTGAACGCTC. -TCAGTAAGCTTAA..AGGTC

TTC.CAGCCTGTATACCTCCGTCGCAAGCTTACCATGTGAACGTTA- - CTAGTAAGCTCAA - -TGAT.

TC'I. CAGCCTGTATACCTCCGTCGCAAGCTTACCTIATGAACGT - A. - TTAGTAAGCCTAA - -AGGTT

TC'T. CAGCCTGTATACCTCCGTCGCAAGCTTACCCTATGAACGT - A- - TTAGTAAGCCCAA - -AGGTT

rC!-CAGTCTGTATACCTCCGTCGCAAGCTTACCATGTGAACGTAT..TTAGTAAGCCTAA- -TGGTI
?AT-CAGTCTGTATACCTCCGTCGCAAGCTTACCATSTGAACGTAT-.ATAGTAAGCCTAA TGGCC

GCT-CAGTCTGTATACCTCCGTCGCAAGCTTACCATGTGAACGAAT-.ATAGTAAGCCTAA- -TGGCC

TAT- CAGTCTGTATACCTCCGTCGCAAGCTTACCA?GTGAACGAAT. .ATAGTAAGCCTAA- -TGGCC

?CT- CAGTCTGTATACCTCCG?CGCAAGCTTACCATGTGAACCCAT. - ATAGTAAGCCIAA - -TGGCC

TAT - CAGTCTGTATACCTCCGTCGCAAGCTIACCCTATGAACGTGG..ATAGTAAGCTTAA- -TGGCC
. -. -GAGTCAGTATACCGCCGTCGIAAGTCTACCATOTGAGTGA.. -..AAGTGGGCTAAA-'TAGCC

-.--GAGTTAGTATACCGCCGTCG?AAGTCTACCATGTGAATGA-----AAGTGGGCTAAA--TAGCC
----TAGTCTGTATACCTCCGTCGCAAGCCCACCATGTGAATGC-----AAGTGGGCCAAA--TGGGG

- - - -TAGTCTGTATACCTCCGTCGCAAGCTCACCATGTGAATGT-....TAGTGGGCCAAC- -TAGTA

TCT.CAGCCTGTATACCTCCGTCOTAAGCCTACCATGTGAACGC. - - - ?TAGTAGGCCCAA- -CGGT-
.. -. CAGCCTATATACCTCCGTCGTAACCCCACCATGTAAATGA.... - GAGTAGGCCAAA.. CGGGT

?TT- CAG?CTCTATACCTCCGTCGCAAGCMACCATGTGAACGCAC..ACAG"AAGCCTAA- -TGGCC

TAT- CAGCCTGTATACCTCCGTCGTAAGTTTACCGTGTGAACGTCT. -ATAGTGAGCTAAA- -TGAC.
TCT. CAGTCTGTATACCTCCOTCOAAAGCCTACCATGTAAACOTTC- - TCAGTAGGCCCAA - -TG- -.
TA?- CAGCCTGTATACCTCCGTCGTAAGTTTACCGTGTGAACoCTT. - GTAGTAAGCTAAA - -TGAC-

CCC. CAGCTTGTATACTTCCGACGCAAGTTTACCATTTGAACGA....TCAGTGGACCTAA..TGTAC

}AT. CAGCTTGTATACTTCCGTCGTAAGCTTACCAIGTGAAAGACCA-ATAGTGGGCCTAA..TGTTC

TATTCAGCCTGTATACCTCCGTCGCCAGCCCGCCATGTGAATGTAG- -TGTTTTGGCCCAA .TGATC

ATT- CAGTCTGTATACCTCCGTCGAAAGCCTACCATGTAAACGTCC. - CCAGTAGGCTCAA - -?GACA

C?T.CAGTCTGTATACCTCCGTCGAAAGCITACCATGTAAACGTTAA.AAAGTAGGCTCAA..TGATG

TCT.CAGCCTGTATACCTCCGTCGCAAGCITACCCTGTGAACGCCA..TCAqTAAGCCTAA .TGGCC

TCT.CXGCCTGTATACCTCCGTCGCAAGCTTACCATGTGAACGCTA- -CTAGTAAGCCCAA- -TGGCC

TCT-CAGCCTGTATACC'ICCGTCGCAAGCTTACCCIGTGAACGCCA. - TCAGTAAGCCTAA-. TGGCC

CAT - CAGTCTGTATACCICCGTCGAA.AGCTTACCATGTGAACGTCT - - TCAGTAGGCTCAA. - TGATC

GAT.CAGCCTGTATACCTCCGTCGTAAGCTTACCATATGAATGACCT-GCAGTAAGCTCAACTAGCTC
. CT. CAGCCTGTATACCTCCGTCGCAAGCCTACCCTATGAATGAACT - ACAGTAAGCCCAA - -AOGCC

. CT. CAGCCTGTATACCTCCGTCGCAAGCCTACCCTATGAATGAACT - ACAGTAAGCCCAA - -AGGCC

TAT - CAGCCTGTATACCTCCGTCGTAAACCCGCCATATGAGTGTTT - - TTAGCGGATTCAA - -TGGCC

TTT - CAGCCTGTATACCTCCGTCGCAAGTCCGCCATATGAATGCCCT - TCAGCGGATTAAA' '. GGAT

CCC.CAGTCTGTATACCTCCGTCGCAIACTTACCAAATGAATGCIT- -ACAGTAAGTACAA..ACCCC

AAT.CAGCCTGTATACC'ICCGTCGTATGCTTACCATATGAATGT'I'T- -TCAGTAAGTTTAA..TGGCA

TAT-CAGCTAGTATACTICCGTCGCAAGCTTACCACATGAGTGTAC-.GTAGTAGGCCCAA-.IEATT

?AT-CAGCCTGTATACCTCCGICGTAAACTCACCATATGAATGCCT?CCAAGTGGGTTCAA- -TGTTT

TAT.CAGCCTGTATACCTCCGTCATAAGCCTACCATGTGAACGTCA-.ACAGTGGGCCCAA- -IGGTT

I tiO
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Appendix 3. Continued

Heleophryne natalensis
Probreviceps species

Hemisus mar oralus
Nesomanlis thomasseti
Lep I odacty lus pen t a dac ty I us

Dendrcbates speciosus
Dendrcbales pumilio
Leptop el t s vemi cu latus
Hy p e ro I i us v i r id i/ awrs

Kassina maculala
Mantella aurantiaca
M ant id ocq lus femoral is
C hi romant is x e rampe I ina
Philautus pete$i
Anhroleptis variablis
Arthroleptis specics

Cardioglossa grucilis
As tyl os t e mus d iadefi atu s

Scotobleps gabonicus
Tric hoba tr ac hus t o bus t u s

Lept o da c t y I on m e rt ets i
Tomoplema fiarmorata
Tomoplema tondyi
Anhydrophryne rattrayi
Art h ro I ept el I a I an ddrcs i a
Art hro I ept el I a I i gh tfoot i
Poynlonia psludicola
Cacosternum capense
C a cos ternum n amaque n se

Cacos te rnum nanum po n'um
Cacoslernum boettgeri
Mi c ro b at rac h e I I o c ape n s is
P hryno batrachus nalal ens is
Phryn o ba truc hus dc rido ides
P hryno batac hus c ric o gaster
D imo rp h o gnat hus aficanus
Phrynodon sandersoni
P h ry no ba trachus auri t us

Arlh rol eptides martie ns seni
Pelropedetes parkeri
Pet/o ped e t es cf . parkeri
Petropedetes ca eroniensis
Pty c hadena c h rys ogas t e r
Ptychadena anchiete
Hildebrandtia ornata
,4mnirana alholablis
Hydrop hy lox galame ns is
Afrana luscigulq
Afrana angolensis
Stongtlopus grayii
Pantherana pipiens
Pruicephalus adspe$us
Conraua crassipes

Conraua goliath
Hopl o bo I rachur occ ipital i s
Euph ly c t i s cyonop hl yc t is
Lirnnonectes blythii
Naanorana pleskei
Phrynoglossus laevis
Nannophrys ceylonensis

Amolops ricketli

2o'7 2L2 2L7 222 221 232 237 242 24? 252 25'/ 262 261 212

rttrllllllllll
....CCTT'ITCCAATACGTCAGGTCAAGGTGCAGCACATG-AAGTGGA.AAGA.AATGGGCTACACTCTCT

...TCAyTCACCCCAACGTCAGGTCAAGGTGCAGCCCACA-AAGCAGTTCGAAATGGGCTACAATTTCT

- - - TATTACGCCATTATGTCAC,GTCAAGGTGCAGCCAATA - TAGCASCA - GAGATGGCCTACAGTTTCT

-. -. CCCCACCAATACGTCAGCTCAAGGTGCAGCATATG-TCGTGGGCAGAAAIGGGCTACACTCCCT

-. - -AATACGCCAATACCTCAGGTCAAGGTGCAGCTAAIG.AAATGGGAAGAGATCGGCTACACTCTCT

-.. - TATICAACCACACGTCAGGTCAAGGTGCGACACA?G - AGATGCAAAGAGATGGGCTACACTCT - T

-..'AATTCAACTACACGTCAGGTCAAGGTGCAACATATG-TAATGGGAAGAGATGGGCIACACTCTCT

- - - -TATCCACCAA.AACGTCAGGTCAAGGTGCAGCTTACG.AAGTGGCAAGAAATGGGCTACAATTTCT

AATAC-ATIACCAAAACGTCAGCTCAAAGTGCAGCCTACA-AAAAGGGAAGAAATGGGCTACAATTTCT

AATA.. -.TACCCACACGTCAGGTCAAAGTGCAGCCGACA-AAGTGGCAAGAAATGGGCTACAATTTCT

- - - -CCCCCATCAA?ACGTCAGGTCAAGGTGCAGCCAATG-TAATOGAAAGTAATGGGCTACAATTTCT

CC- CAATACCCCAATACGTCAGGTCAAGGTGCAGCCCATA-AAA"GGGAAGCAATGGGC"ACAATTTCT

- - - CCACACGCCACAATGGCAGGTCAAGGTGCACCTCACA.A.A.GTC,GAAGA-GATGAGCTACAATTTCT

- - - CCAAACACTATAACGTCAGGTCAAGGTGCAGCTTATA.A.AATGCAAAGTAATGGGCTACAATTTCT
... -ACCACACCAATACGTCAGGTCAAGGTGCAACCCACA.AAGTGGTAAGAAATGGGCTACACT'TTCT

- - - -CCTACATCAACACGTCAGGTCAAGGTGCAGCCTACA.AAGTGGAAAGAAAIGGGCTACAATTTCT

- - - -ACTACACCAACACGTCAGGTCAAGGTGCAACCTATG.AACTGGAAAGAAAT'GGGCTACAATT?CT

-. - -ATTACACCTACACGTCAGGTCAACGTGCAGCTCACG.AAGTGGTGTGAAATGGGC'TACAAT"TCT

-. - -TCTTCACCAATACGTCAGGTCAAGGTGCAACfTATA-GAGTGGCAAGTAATGGGCTACAATTTCT

- - - -ATTACNCCCAChCMCGGGTCAAGGTGC}NCCTACA-AAATGGTNAGAAATGGGCTACAATTTCT

- - - -CCCACGCCAACACGTCAGGTCAAGGTGCAGCCAACA.AAGI]GCAGAGAAATGGGCTACAAT'I'TCT

- - - -CTC?CACCAACACGTCAGGTCAAGGTGCAGCICATG.A.AATGCGAAGCAATCCGCTACAATTTCT

-. - -CTC?CACCAATACGTCAGGTCAAGGTGCAGCTCATG-AAATGGGAAGCAATGGGCTACAATTTCT

- - - - - CCACATCAATACGTCAGGTCAAGGTGCAGCTCACG. CAATGGAAAGCAATGGGC"ACAATTTCT

- - - -CACCCACC'-ACACGTCAC.GTCAAGGTGCAGCTTATA-AAATGGAAAGCAATGGGCTACAATTTCT

- - - -CACCCACCAGCACGTCAGGTCAAGGTGCAGCTCATA.A.AATGCAAAGCAATGGGCTACAATTTCT
. -. -ACTTCACCAACACGTCAGGTCAAGGTGCAACCTATA-AAATGGGAAGTAATGGGCTACAA?TICT
.. -.CATTCACCCGCACGTCAGGTCAAGGTGCAACTTATA-AAATGGAAAGC3ATGGGCTACAATIICT
. -. -TATTCACCAACACGTCAGGTCAAGGTGCAACTCATA.A.AATGCAAAGCAATGGGCTACAATTTCT
....TATTCACCAACACGTCAGGTCAAGCTGCAACTTATA.AAATGGGAAGTAATC{iGCTACAATT"CT

..--CGTACACCAACACGTCAGGTC}AGGTGCAACTTATA-MATGGGAAGTAATGGGCTACAATTTCT

- - - -TTTTCACCAATACGTCAGGTCAAGGTGCAACTAATA.MAGGGGAAGCAATGGGCTACAATTTCT

T- - - -CCCCGCACATACGTCAGGTCAGGGTGCAGCTTATG-GAGCGGAAGGCCATGGGCTACAATT'TCT

T- - - -CCCCGCACTTACGTCAGGTCAGGGTGCAGCTTATG-GAGCGGGAAGCGATGGGCTACAATTACT

T-----ATTCCCAACACGTCAGGTCAAGGTGCICCTTATG-AAACGCAGTGAGATGCGCTACAATTTCT

- - - -GCTACCCTCATACGTCAGGTCAAGGTGCAGCTTATG-AAGTCGCGTGAGATCcGCTACAGTTTCT

-. - - CACICACCAATACGTCAGGTCAAGoTGCAGCCTATG. AAGTGG?A - GTGATOGGCTACAATTCCT

T. -CACTTCCCCCCCACGTCAGGTCAAGGTGTAGCCTATG-AAGAGGTGTTAGATGGGCTACAATCTCT
....TATACACCAGCACGTCAGCTCAAGGTGCAACTTATA.AAATGGCAAGTAATGGGCTACAATTTCT

.. - -TTTTCGCCAATACGTCAGGTCAAGGTGCAGCCCATG-AAGTGGCAAGCAATGGGCTACAATTTCT

- - - - ATTCCGTCAACACGTCAGGTCAAGGTGCAGCTTACG - GAATGGGA - GAGATGGGC"ACAATTTCT
... -TTICCGTCAGTACGTCAGGTCAAGGTGCAGCCCATA.AAGTGCCAAGCAATGGGCTACAATTTCT

C- - AGTTTAACCAGTACGTCAGGTCAAGGTGCAGCCTATG - AGATGGGA - GAGGTGGGCTACAATTTCT

C- - -GTTTCACCAGTACGTCAGGTCAAGGTGCAGCCTATG-AGAITGGGAAAGGCTGGGC"TACAATTTCT

A-. -GCCTAATAAATACGTCAGCTCAAGGTGCAGCCTATG-AGATGGAATGAGATGGGCTACAAI"ITCT

-------CCATCAACACGICAGGTCAAGGTGCAGCTTACG-GAATGG.AAGAGATGGGCTACAATTTCT
...'---TCATCAATACGTCAGGTCAAGCTGCAACTCACG.GACTGGTAAGTAATGGGCTACAGTTTCT

- -. -CTTTCGCCA.ATACGTCAGCTCAAGGTGCAGCTCATA-AAATGGGAAGCGATGGGCTACAATTTC?
. -. -CTTCCACCAACACGTCAGGTCAAGGTGCAGCTCATG.A.AATGGAAAGCAATGGGCTACAATTTCT
....CTTTCGCCAATACGTCAGGTCIAGGTGCAGCTCATA.A}ATGGGAAGCGATGGGCTACAATTTCT

AT-AATTACATCAATACGTCAGGTCAAGGTGCAGCTTAAG.AAATGGGAAGCAATTGGCTACAAITICT

- - - - CCTCCACCAATACGTCAGGTCAAGGTGCAGCTTATG. AAATGGAAAGCAATGGGCTACAATTTCT
... - -CCCCGCCAACACGTCAGGTCAAOCTGCAGCTTATG.AAATGGCAAGCAATGGGCTACAATTTCT

-. - - -CCCCGCCAACACGTCACGTCAAGGIECAGCTTATG-AAATGGCAAGCAA?GGGCTACAATTTC?

T- - -TA6CCACCAOCACGTCAGGTCAAGGTGCAGCCAATGAAAGAGGTAAGCAATGGGCIAC}ATTTCT

-. - -TTTTTATCAATACGTCAGGTCAAGGTGCAGCCTATA.GGGTGCCAAGCAATGGGCTACAATTTCT

-----qTTCGCCAATACGTCAGGTCAAGGTGCAACTTATA-ATAGGGGAAGTAATGGGSTACAAI'TTCT

A- -TAAAACACCAATACGTCAGGTCAAGGTGCAGCTCATG-GGGTGGTAAGCAA?GGGCTACAAI'TTCT

-. - -.ATACATAAACACGTCAGGTCAAGGTGCAGCA?AAG-AAGTGGC.TGAGATGGGCTACAATTTCT

T- - -ATTACACCAGTACGTCAGGTCAAGGTGCAGCCCATG.GTGAGGTAAGC]IATGGGCTACAATTTCT

- - -TGTATAACCA.AAATGCCAGGTCAAGGTGCAGCTCACG-GAATGGTAAGTAATGGGCTACAATTTCT
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Appendix 3, Continued

Heleophryne natalensis
Probreviceps species
Hemisus marmoratus
Nes o rna n tit t homas s et i
Lept odac ty l s pentadac t, lus
Dendrobates speciosls
Dendrobates pumilio
Lepto pe I is v em i cu latus
Hy p e ro I iu s v i r i d iJl aws
Kasstna fiaculata
Manlella aurunlilca
Mantidactt*lusIerfi oralis
C h iroma n t is xe rampe I ina
Philourus pelersi
Arth rol eptis vari q bl i s

Arthroleptis species
Cdrdioglossa grqcilis
Asty I osternus di odema lus
Scotobleps gabonicus
Tric ho batrac hus robus tus
Leptodoctylon merle\si
Tomoplerna marmoruta
Tomoplerna tandyi
Anhydrophryne rattrayi
Art h ro I epte I I a I andd ros i a
A hroIepte|Ia lightfooti
Poyntonia paludicola
Cacosternum capense
Cacos te rnum n a m aque ns e
Cac osl e rnum nonu m pa rvum
Cacosternum boettgeri
Mi cro ba t rac he I la ca pens i s

P hrynobatrac hru nata lens i s
P hryno bat rac hus acridoides
P hry nob atrac hus c ricogas te r
D im o rp h o g, a t hu s alr i c a n u s

Phrynodon sandersoni
P hrynoba tl ac hus auri t us

Afl hrol ep t ides ma rti ens sen i
Petropedetes parkeri
Petlo ped el es cf . parker i
Pe t ropedetes cqme ro n i en s is
Pty c hade na c h rys o gas I er
Ptychadena anchiele
Hildebrandtia ornata
Amnirana albolsbris
Hy d ro p hy I an go I ame n s i s

Afrana lwcigula
Afrona afigole sis

Strong/lopus gruyii
Pantherana pipiens
Pyxi cep ha lus adspersus
Conraua crassipes
Conraua goliath
Hopl o bat rac hu s occi pi I a I is
Eup hlyctis cyanoph ly c tis
Limhonecles blythii
Nannorana pleskei
Phrynoglossrs laevis
Nannophry-sceylonensis
Amolops ickelti

2'16 2Al 2A6 291 295 301 305 311 316 321 325 331 336 34r
rlltllllllllll

AACCT' .AGAAAACA- CGAAAGA-.. . CIGCC - - TGAAACACCAGTCT - -GAAGGCGGAT?TAGTAGT

ATA?T- - AGAACAAA - CGAAAGG - - - - CCAC- -ATGAAA- TCTAGCCA- TGAAGGCGGAT?TAGTAGT

ATAAT - - AGAACATA - CAGATGGATATCCA. - -ATGAAA- - - CAGACC. AGAAGGCGGATTAAGAANT

CACAACCAGGAA.AAA. CAAAAGA- . -CCTAG- - -AGAAA- CAAAGTCA- - AAAGGCGGATTTAGTAGT

ATMA - TAOAAA.AAA - CCAAAGA - - - - CCACTTATGAAA - CCTGGTCA - - GAAGGAGGATTTAGCAGT

ATCTT. -AGAGAATA- CGAAAGA- - - .CTAATTATGAAA-TCTAGTCA- -GCAGGCGGATTTAGAACT

AACTT- -AGAATATA - CGAAAGA- - - - CTACTTATGAAA - TCTAGTCA - TAAAGGTGGAT?TAGAAGT

AAACT - .AGAACAAA. CGAA.AAG. 'ATCTGC - -ATGAAA - CACAGTCA. TGAACGCGGATTTAGTAGT

AATAA-.AGAACACA- CGAAITT- - -.AACTAATTGAAA-ACTACT.A. TGAAGGCGGATI'TAGAAGT

AACTT. TAGAACATA. CGAAAAA. -..CCAC- - ATGAAA - ACTGGTCA. CGAAGGCGGATTTAGCAGT

ATAAT - - AGAACAAA - CGAAACA- - - -CTCC. - ATCAAA - AACAGTCA. TGAAGGCGGATTTAGTAGT

AAAA?' .AGAACAAA.CATAAAA- - -.CTAC- - ATG]\AA. CATAGTCA - TAAAGGCGGATTTAGCAGT

AAATT- -AGAACATA- CGAAACA- - - -TTAT- - ATGAAA - CATAATCA - TGAGGGTGGATTTAGTAGT

AGTCT- -AGAACAAA- CGAATTA- - - - CTAC "ATGAAA - CACAGTCA. TGAAGGCGGAT?TAGCAGT

AATTT. -AGAAAATA-CGAATAG.' .TCAT--ATGAAA-AATGACAA-TGAAGGCGGATTTAGTAGT

AATCT - - AGAACACA - CGGATAG - - - - TCA:I- - ATGAAA - AATGACAA - TGAAGGAGGATTTAGAAGT

AA?TA - TAGAACAAA. CGAAA.AA - -.ATTAT- - ATGAAA - AATAATTA - TG,AAGGCGGATTTAGTAGT

ATAATTTAGAACACA- CGAAA- G - - - - ACCCC. ATGAAA - ATAAGTCA. TGAAGOCCGAT?TAGTAGT

ATAGT- -AGAACACA- CGAA.AAG- - - -ACAC- -ATGAAA -ACATG:ICT - TGAAGGCGGATTTAGTAGT

ACCAC- - AAAACATA - CAJlAfuIA- - - -CCCT- -ATGA.AA- CTAAATCA - TGAAGGAGGATTTAGTANT

GCCAC..AGAACACA-CGAAAGA.' -.CCCA-.ATGAAA-ACCAGTCA.CGAAGGCGGATMAGCAGT
AATGC - - AGAACAAA - CGAAGGA - - -.CTAT- -ATGAAA. CACAGTCA- CGAAGGCGGATTTAGTAGT

CATCiC - .AGAACAAA- CGAAAGA - - - - CTAC - - ATGAAA - CACAGTCA - TGAAGGCGGATTTAGCAGT

AACAT- -AGAACCTA - CGAA.AAA - - - - CTGT '. ATGAAA - ?ATAGTTA. TGAAGGCGGAT'T?AGTAGT

AACAT- -AGAATAAA-CGAAAAA- - - -CTGT .ATGAAA-CACAGTAA-TGAAGGCGGAT?TAGTAGT

AGTAT- -AGAATAAA- CGAAAAA- - - -CTGT- -ATGAAA- CACAGTAA - TGAAGGCGGATTTAGTAGT

AACTT- - AGAACAAA- CGAAAAA- - - - CTGC- -ATGAAA-AACAGTTA- TGAAGGCGGATTIAGTAGT

AATGT - - AGAACAAA. CGAAAAA- - - -CTGC- -ATGAAA. CACAGTTA - TGAACGCGGATTTAGTAGT

AAIGT - - AGAACAAA. CGA.AAAA - - - -CTGC- -ATCAAA. CACAGTTA - TGAAGGCCGATTTAGTAGT

AACST- -AGAACAAA-CGAAGAA- - - -CTGT- - ATGAAA. CACAGCTA - TGAAGGCGGATTTAGTAGT

AACCT- -AGAACA\A - CGAAAAA - - - -CTGC- - ATGAAA- CACAGTT - - TGAAGGCGGATTTAGTAG?

AATTT-.AGAACACA.CGAAAAA- -. -CTGC- - ATGAAA' CACAGTTA - - GAAGGCGGATTTAGCAGT

AACAT-.AGAACATAACGGAAAA-...CC?A-.ATGAAA-CCCAGATATTGAAGGTGGATI'TAGCAGT
AACAT- -AGAACATAACGGAAAA- - - - CTAA- - ATGAAA. CCCAGTTATTGAAGGTGGATTTAGCAGT

ATCAT - - AGAACATA. CGAAAAG - - - -ATAA- -ATGAAA- CTCATCTA-TGAACGTGGATTTAGTAoT

--GTT.CAAAGCACA.CAGA.AAA-.ACCTA-AA?GAAA-CTCAACTA.TGAACGAGGATT?AGAAGT

AACCT..AGCACAA.A,.CGGA.AAG-...CTGC. - A?GAAA- CACAG _ CA. TAAAGGTGGATTTAGTAGT

ACCAT..AGAACAAA.CGAA.AAG. .TCAA. -ATCAAA-ATTAACTA.TGAAGGTGGATTTAGCAGT

AATTT''AGAACAAA. CGAACAA. - . CTGC. -ATGAAA - CACAGTT. . TGAAGCCGCAATTAGTAGT

AACCT-.AGAACAAA- CGGATGA- - -ACTGT.AATGAAA- - - CAGTTT -AGAAGGAGGATTTAGTAGT

AATTT-.AGAACAAA-CGAAATA-...CTAT- -GTGAAATCATAGTCACTGAAGGTGGATTTAGTAGT

AATTT- -AGAACAAA-CGGATAA---ACTGT ATGAAA. -CCAGTT?-AGAAGGCGGATTTAGTAGT

}ATCT..AGAACAAA- CGAACTA- - - - CTGC- .ATGA.A.AACACAGT-A - TGAAGGAGGATTTACTAGT

ATAAT- -AGAACACA- CGAAACC - - - -CTGC- - ATGAAAACCCAGAAA - TGAAGGTGGATTTAGTAGT

AGA'I-'I-.AG}ACATA.CGGAAAC...CTAT--ATGAAG-TATAGTTA.TGAAGGTGGATTTAGTAGT

AAATT.. AGAACAAA. CGAAATA - - - - CTAT' .CTGAAATCA?AGTAACTGAAGGTGGATTTAGTAGT

AGACT - - AGAAC}AA - CGAAAGA - - - - CATT- -GTGAAA- CATAATCA - AGAAGGCGGATTTACTAGT

AAGTT- -AGAACAAA - CGAAAGA - - - -CTGC- - ATGAAA. CACAGTCA - TGAAGGCGGATTTAGTAGT

AACAT- -AGAACAAA- CGAAAGA'- - - CTGT..ATGAAA- CACAATCA- TGAAGGTGGATTTAGTAGT

AAGTT- -AGAACAAA- -GA. - - - - - - -CTGC. ATGAAA-CACAGTCA-TGAAGGCGGATI"TAGTAGT

AATAT - - AGAACAA- - CGAAAGG - - - - CTAT- - GTGAAATCA?AGCAG - CGAAGGTGGATTTAGTAGT

AACTT - . AGAACATA- CCAAACG - - -.CTGC..ATGAAA- CACAGCTA - CAAAGGCGGA?TTAGTAGT

AAC'TT-.AGAACIAJ\.CGGAAGA- '.CTAC- - ATGAAA- CACAGTCG. 
"GAAGCCGGATTTAGTAGTAACTT .AGAACAAA_CGGAAGA' --.CTAC..ATGAAA-CACAGTCG.TGAAGGCGGATTTAGTAGT

AATCT- -AGAACATA- CGAACTA- - - -CTGC- -A?G]I3}ACACAGTCA - TGAAGGAGGATTTAGTAGT

AACCT-.AGAACATA- CGAA6TA- -..CTGC- - ATGAAA - CACAGTCA. TGAAGGAGGATTTAGTAGT

AACAT -.AGAACACA. CGAAACA-.. -CTGC- -ATGAAA-TACAGTTA.TGAAGCCGGATTTAGTAGT

AATCT - - AGAACAAA - CGAAACA - - - -CTGT- -ATGAGA. CTCAGTTA-T-AAGGCGGATTTAGTAGT

AGCTT- - AGAACACA- CGAAATG - - - - CTGA- -ATGAAA- C}CGGGCA- IGAAGGAGGATCTAGTAGT

ATATT- -AGAACAAA-CGAAATA- -- -CTGC -ATGAAA.TACAGTCA-TGAAGGAGGATCTAGTAGT

AATCT- - AGAACAAA. CGGA.AAG - - - -CTAT_ - GTGAAATCACACCC - - TAAAGGTGGATTTAGTAGT

10'')
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Appendix 3. Continued

Heleop h rt'ne na ta lensis

Probrcviceps speaies

Hemisus marmorotus
Nesofiantis thomasseti
Leptod acty lus pe nl adacty lus

Dendrobotes speciosus
Dendrobates pumilio
Lep t ope I is veruicu I atus

Hy pe ro I ius vi r i d ill a.w s

Kassina maculata
Mantella aurantiaca
M an t i d acty I us le m ora I i s

Chiroman, i s xeramp e I i no
Philaurus petersi
Aahroleptis variablis
Arthrcleptis species

Cardioglossa gracilis
A s ty I o s t e rnus d ia d ern al us

Scotobleps gabonicus
Tic ho bat rac hus ro bus tus
Leptodaclylon erlensi
To opterna marmorala
Tomoptema tandyi
Anhydrophryne rattrayi
Arthro I epte I I a I anddros ia
A hroIepte|Io |ightfooIi
Poyatonio paludicola
Cacostemum capense
Cacos lernum namaque n se

Cacoslernum nonum parwm
Cacoslernum boetlgeri
M i crobatrac he I la capens is
Ph ryno bat rac hus nal a le ns i s
P hry no batruc hus acrido ides
P hryno ba lrachus c ico gas te r
D i m o r p h o gna t hu s afr i c a nus
Phrynodon sandersoni
P hrynobalrachus auri tus
A rt hro leptides martie nss e ni
Petlopedetes pa*eri
Petroped et es cf - parkeri
Petropedetes cameroniens is
Ptyc ha dena c h rys ogatter
Ptychadena anchiele
Hildebrandtia omato
Amnirana albolabris
Hydrophy I ax ga la mens i s
Afrana fuscigulo
Afrana angolensis
Strongtlopus grayii
Pantherana pipiens
Pyicephalus adspersus
Conrauo crassipes

Conrauq goliath
Hop I o bat ruc hus occi pi t a I is
Euphlr-clisqanophlyclis
Limnonectes blythii
Nannorana pleskei
Phrynoglosrus laevis
Nannophrysccy*lonensis
Anolops ricketti

34s 350 355 360 365 370 375 380 385
tlttttll

AAAAAGAAACAATGAGAGTTCTTTTTAACTC - GCCCCTGCGGTGTGT

AAAnAGAAAA- TAGAGAGTTCTTTTTAA?AA - GGCACTGGGACATGT

AAAAAGAAM - T-'I,AAiATTCCTTTTTAATTA. GGTCCGTTTAGCCGT

AAAAAGAAAA - CAGAGTGTTC?TTTIAACTC - GGCC SIGGGACACGT

AAAAAGAoAC.A?.AGTCCTCITTTTAACCCGGGAACTGCCGTGTG ?

A.AAATGGAAC. CAGAGAGTCCCTTTGAACAC.CCCAC? ? ? 2 ? ? ? ? ? ?

A.AAACGGAAC - AAGAGAGTCCTTTTTAACAT - C,G C'? ? ??????????
AAAAAGAAAA- TAOAGTGTTCTTTTTAACCG - AGCACTGGNTACCG?

AAAACGAAAA- CAAAGTCTTCGTTTTAACAA - TGCTCTGGGACGCGT

AAGGGGAT}A.TAGAGTGTnCCCCTTAAATA TGCCCTGCGACGTGT

AAAAGGGGAA- TAGAGAGCCCCTTTTAACA- - GGCCCTGGGACGTGT

AAAAGAAGAA - TAGCAAGCT?CTTTTAACAG. GGCCCTGGCACGTGT

AAGTGGGC}A. TAGAGAGCCCCACTTAACTC - GGCCCTGGGACGT6T

AAACGGCAAA- TAAAGAGCCCCGTTTAATCT-G6CCCTGGGACGTGT

AAGGGGCAAA - TAGAGCGTCCCCCTTAACCC.AGCAATGAGACG"GT

AAGGGGCAAA - TAGAGTGTCCCCnnnTnC - -.ACCAAT- -CAC-TAT
AAGGGGCAAA. TAAAGTGTTCCCCTTAATTC - GGCACTGGGAC - TGT

AAAAAGGAAA - TACAGTGT - CTTTTTAATCC. GCCACTGGCACGCGT

AAAGGGGAAA- TACIAGTGTCCCCTTTAACCC- GOCACTGGGACGTGT

AAAAAGGAAA - TAnATAI1TCCTTTTTAACCC - GGCACTGGGACnCnT

AAGAAGAAAA- CAAAGTGT - CTCTDT? ? ???.GGC??TG?? ??? ?GT

AAAAAGAAAA- TAOTGTGTTCTTTTTAATTA - GGCACTGGGACGCGT

AAAAACAAAA- AAGTGTGTTCTTTTTAACTA - GGCACTCGGACGCGT

AAAAAGAA.AA_ CAGTATGTTC?TITTAACCC - GGCACTGGGACGCGT

AAAAAGAAAA _ TAGTGTGTTCTTTTTAATCA - GGCTCTGGGACGCGT

AAAAAGAAAA - TAGTGTGT'ICI'TTTTAATCA - GGCTCTGGCACGCST

AAAAGGAGAA- CAGCGTGCTCTTTTTAACCC. GCCACTGGCACGTG?

AAAAAGAAAT-CAGCGTGTTCTTTTTAACTA GGCACTGGGACGTGT

AAAAAGAAAT- CAGCGTGTTCTTTTTAACTA - GACAC? 2 ? ??? ????
AAS.AGAAAA. CAGAGTGTTCTTTTTAACCT - GGCACTGGGACGNGT

AAAAAGA.A.AA - CAGCGTGTTCTTTMAACTA - GGCACTGGOACGTG ?

AAAAAGAA.AA- CACCATGTTCTATTAAACTA- GGCACTGGCACGTGT

AAAAAGACAA- TAGAGT - - - CTTTTTAACAA - GCCACTGGGACGTGT

AAAAAGACA-. TAGAGTAGTCTTTTTA.ACAA- GGCACTGGGACGTGT

AAAAAGAAAG - TAGAATATTCTTTTTAATTTAGGCCCTGGA. CGTGT

AAAAGGAA.AA- TAGAGTGTTCTTTTTAATTA - GGCACTGGGACGTGT

AAAAAGAGAC-CAGTGTG:|TTTTTT'IAATAC-GGCCCTGGGACG GT

AAAAGGAGAA - TAAAACTCCCCTTTTAACTC - GCCACTAGGAC ?TG ?

AAAAAGAACCC- ?? ??? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2 ? ? ? ? ? ? ? ? ?

AAAAAGAAAACATAAGTGTTCTTTTTAATTT - GGCACTGGGACGTGT

AAAAAGAAAA- TAGAGACTTCTTTTTAACCn - GGC.ICTCjG? ?2 ? ? ? ?

AAAAAGGAAG - TAGTG- . -. C?TTTTAATTC- GGCACTGGGACGTGT

A.A.A.AAGAAAT - CAGCGAGTTCTTTITAACAT - GGCCCTGGGGCGTGT

AAAAAGAAAA- TAGAGTGTTC?TIIMAATGA GCCGCTGGCOCGAGT

AAAAAGAACC. CCGCG? ??? ? ?.TnTA- CTG-GC2 ? ? ? ?2 ? ? ? ? ? ? ?

AAAAAGAAAA-TAGAGAGTTCTTTTTAACCC GGCTCTGGCACGTGT

]\JI'\'\AGAAAA-TAGAGAGTTCTTMTAACTA GGCACTGGGAC????

AAAAAGAAAA - TAGTGTGTICTI'ITTAACAC' GGCACTGCGACGTGT

AAGAAGAAAT-CAGAGAGTAATG-nTAACAC GGCACT-GCTAT?? ?

? ?? ? ?? ? ?'? ? ?? ? ? ? ?2 ? ?? ? ?2 ??? ? ?? ? ?? ? ?? ? ?? ?? ? ? ? ?? ? ?

AAAAAGAAAA- TAGAGTGI'IC?TTTAAACCC. GGCTCTGGCA?GCGT

AAAAAGAAAA- TAGCATGTIC? ? ?? ? ? ? ? ?? ? ?? ? ?? ???? ??? ??2
AAAA-GGGAA-CAGAGTGA C? ? ??2 ? ? ? ? ? ?? ? ? ?? ??? ? ?2 ? ? ? ?

AAAA.GGGAA- CAGAG'TGTCC? ?? ?? ? ?? ? ? ? ? ? ? ? ? ? ? ? ? ?? ? ? ? ?

AA.AAAGAAAT - CAGCGAGTTCTTTITAACAT - GGCCCTGGGGC ? ? ? ?

AAAAAGAAAA - TAGCGTGTTC?TTTTAACGC. GGCCC'TCT,GACGTGT

AAAAAGA? ? ??? ? ? ?????2???????????2?????????????? ?

AAAAAGAAAAGTAGCGTATTCTTTTTAACIA CCCCCTGGGACGTGT

AAAAAGA???????????? ? ?? ?.'') ? ? ? ?.' ? ? ? ? ? ?? ? ?? ? ? ? ? ? ??

AAAGAGAAAA. TAGCGAGTTCTTTTTAATGC - GGCCCTCGGACATGT

AAAAAGAAAA- TAGAGTGTTCTTTTTAACCC-GGCTCTGGGACACGT

r83
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Appendix 4. Multiple sequence alignmentofthepartial 163 rDNA sequences.

Heleophryne purcelli
Ptobreviceps species
Neso antis thomasseti

Leptodactyluspenladacu*lus
D entlrobates s pec ios us

Dendrobates pumilio
Colostethus pratti
Leptopel is vermi cul atus

Hy p e ro I i us v i i d iJl avu s

Kassina sefiegalensis
Mantella auranliaca
M a n t ldac tl lu s Iemor al is
Chiro a lis xerampelina
Philautus pelersi
A rt hrol ep ti s eari ab I is

Afi hrol ep ti s ado Afi de r i c i
Ca ioglossa gracilis
Nyclibates corrugatus
As lyl os temlls diadematus
Scotobleps gabonicus
Tic ho hdtac hus ro bus hts

Leptodac q' lo n me r lens i
Tomopterna marmorata
Tomoptefia tafidyi
Anhydrophryne rattrayi
Arthrc leptel la I a nd dros ia
Arthro lepte I lq I ightfoo t i
Poyntonia pdludicola
Cacosternum capense

Cacos te rnu m namaq ue ns e

Caco s ternu m nanum p atau
Cacostemum boellgeri
Mi c rob at rachel I a capens is
P hryfi o batr achus nata I ens is
Phry oba|rachus acridoides
P hrynobatr ac hus cricogas t er
D i m o rp h o gn a t hus afr i c a N.$
Nata lo batachus bo ne ber gi
Phrynodon sahdersofii
P hrynobat rac hus auritus
P hryno batrac hus b elJt i i
Ar1 hrc lept ides martiens s e i
Petropedetes parkeri
Petropedetes ca ercniensis
Pttc had e na c hrys o gaster
Ptychadena anchiete
Hildebrd dlia omato
Amnirana albolabris
Hydrop hy lat galame ns is
Afrana fuscigula
Afrana angolensis
Pyx ic ep ha lus adspersu s

Aubia subsigillata
Cowaua crassipes
Conraua robusla
Hoplo batra c hus occipi ta lt s

E up hly ct is cy ano p h lyctis
Limnonectes blylhii
Phrynoglossus laevis
Nahnophrys ceylonensis
Plalvmantis vitiehsis

0 510 Is 20 25 30 35 40 45 50 55 50 65

lrllllllllll
TGACC -A- CAAGTTTTTGGGTGGGGCGACCACGGAGAACAACTAAACCTGCGAGATGTATAGA GTA-

TGTCT C-TTGGTTTTACCTTGGGGTCACCACGGAGCACAAAAACACCTCCGAGATGAATGGC-GCT

TACAT-A TTCATC?TCGGTTGGGGTGACCACGGAGAAA.LACAAACC CTCCACGACA.AACAAG - CCT -
TGATT-T- CTAGTTTTAGGTIIGGGGTGACCACGGAGKAAA}ACCANCCTCCGCAATGAACAGG G.C-

TAATT- T- CTAGTTTTAGGTTGGGGTGACCACGGAGTAAAAACTAACCTCCACGCTGAAAGAA- TCC-

TAATT T'CTAGTTTTAGGTTGGGGTGACCACGGAGTAAAAACTAACCTCCACGCTGA-AAGAA-TCC

TTATT T-CTAATTTTAGGTTGGGGCOACCACGGAGCAAAATTAAACCTCCACGACGAAGGAG-ACT-

TGACG-G GTAGTTTTCGGTTGGGGTGACCGCGGAGTAAAACAIIACCTCCACAATGAATGTA- -AT-

TGTTT-G-TTAGCTTTCGGTTGCGGTGACCGCGGAGTATAATATATCCTCCACGACGAATAGG-CCT-

TCTAT- G -ATGGTTTTTGGCTGGGGTGGCCCTGGAGTAAAATAAACCCTCCAGACTGAATGAT -TTA-
TGCAT- TCTTGGTTTTAGGTTGGGGTGACCGCGGAGCACAATACAGCCTCCACGATGAACGGG ATT -

TATAT-ACTTGGTTTTAGGTTGC,GGCGACCACGGAGTAAAACCAAACCTCCATGATGTACGGA-ACA

TGCAT-A-AAAGTTTTGGGTTGGGGTGACCGCGGAGCAAAAATTAACCTCCACAACGAA.AAGA ATT-

TGCTT - A- ACAGTCTTAGATTGGGGCGATCGCGGAGTAAAAATTAACCTC CATGACGAA.AAGA-ACT -

TAATT -A- TTAATTTTAC'GTTGGC€TGACCACC,GAGCACAACASAACCTCCACAATGAAAAGG - CCT

TAATT -A'TTAATTTTAGGTTGGGGCGACCACGGAGTAAAACAAAAC CTCCACAATGAAAGGG- CCT -

TGACT-G-TTGACTTTCGGTTGGGGTGACCACGGAGTA}AATA}AACCTCCACAATGAATGGG- CT-

GTACT A-T?AGTTTTCGGTTGGGGTGACCACGGAGCAAAGCACAACCTCCATGATGAACGGA'. - - -
TGACT A- CTAGTTTTTGGTTGGGGTGACCGCGGAGTAAAACTTAACCTCCAC.AATGAACGGA-ATT

TAATT-A CTAGTTTTCGGTTGGGGCAACCACGGAGTAAAGTAAAACCTCCGCGATGTATAGA' CCT-

TGACT-A- CTAGTTTTCGGTTGGGGTGACCACGGAGTAAAACACLqCCTCCATAATGAACGGA ACT-

TGACT . A. CTTG?TT?TGGTTGGGGTGACCGCGGAGCAAAACACAACCTCCAC:qATGAACGGG'ACT -

TGTCT-G-CTAGCTTTAGGTTGGGGTGACCGCGGAGTATAACACAACCTCCACGACGAACAGG CCT-

TGTTT-G-TTAGCTTTAGGTTGGGGTGACCGCGGGGTATAATATAACCCCCACGACGAATAGG- CCT'

TGTTC- G - TTAGCTTTAGGTTGC,GGTGACCGCGGAGTATAATTAAACCTCCATAACGAACGGG -ATT'
TGTCT - G -TTAGCTTTAGGTTGGGGTGACCGCGGAGTATAATATAACCTCCACGACTGACGGG ACT -

TGTCT G. TTAGCTTTAGGTTGGGGTGACCGCGGAGTACAATATAGCCTCCACGACTAACGGG-ACT'

TGqTT-G-TTAGCTTTCGGTTGGGGTGACCGCC,GAGCACAAACAAACCTCCACGACGAACGGG-TTA

TGATT-G-TTAGCTTTAC,GTTGGGGTGACCGCGGAGTACAATACAGCCTCCACGACGAACGGG-CTTC

TGATT-G-TTAGCTTTAGGTTGGGGTGACCGCGGAGTACAACACAACCTCCACGACGAACGGG-CTTC

TGATT -A - TTAGCTTTAGGTTGGC,GTGACCGCGGAGTAAAATGTAACCTCCACGACGAATGGG - CT:TC

TGATT-G- TTAGCTTTAGGTTGGOGTGACCGCGGAGTATAACATAACCTCCACGACGAATGGG-ATTC

TGATT-G TTAGCTTTAGGTTGGGGTGACCGCGGAGTAC3ACAAAGCCTCCACGCTGAACGGG CCTT

TGTTA-A. CTAGCTTTTGGATGGGGCATCCGAGGAGTACAATCTLCCCTCCCTGACAA' - - - -'' -
TGTTA_A.CTAGCTTTTGGATGGGGCATCCAAGCAGTATAATCTAACCTCCCTGACAA' - - - - - _

TGTTA-G.CTAGTTTTTGGCTGGGGCATCCGAGGAGT'ATAACATAACCTCCCTGATAAAC- - -' - -

TGTTA-C CTA CTTTTGGCTGGGGCA?CCAGGGAGTATAACGCAACCTCCTTGACAAA- - - -
TGTAA-G-TTAGTTTTAGGTTGGGGTGACCGCGGAGAATAATAAAACCTCCATAACGAACGGG----C

TGTAT G.TTAGTTTTAGGTTGGGGCGACCACGGAGAACAATTAAACCTCCACAATGAACGG' -TAA

TGTTA-G-CTAGTTTTTGGCTGGGGCATCCAAGGAGTATAATAGATCCTCCCTGATAAAC - - - - - -'
TGTTT-G TTAGCTTTAGGTTGGGGTGACC6CGGAGAATAACATAACCTCCACGACAAACGGGACTAA

TGCCC -G - CTGGCTTTAGGTTGGGGCGACCACGAAGTACAATACAACCTTCATGACAqATGGA-ATT

TGTTT -A- C - CACTTTAGGTTGGGGCGACCACGAAGTATATTAAAACCTTCACGATAAAAGGA-GCC -

TGCTT G'C CACTTTAC,GCTGGGGCGACCACGAAGTATACTAAAACCTTCATGA']]AGACGGA'ATT-
'IAA''I-A TTAATTT'IAC,GTTGGGGTGACCACGGAGAATAGCTTAACCTCCGCAATGAAAAGA AA-

TATCT-A-TTAGTTTTGGGTTGGGGTGACCGCGGAGAACAGCCTAACCTCCGCAATGAAAAGA'AT-

TATCT-A-TTAGTTTTGGGC?GGGGTGACCGCGGAGTAAAACCCAACCTCCGTAATGAATAGA- TT'
TGAGT A-CAAGTTTTAGGTTGGGGAAACCGCGGAGAACAACIAAACCTCCACGACAAACGGC'CCT-

TGAAT. T- TTAGCTTTAGGTTC,GGGGGACCGCGGAGTAAAAATTAACCTCCACGACAAACGGG- - C

TGTTT - G. TTAGCTTTAGGTTC6GGTGACCGCGGAGTATAATAAAACCTCCACGACAAACGGG'TTT -

TGTTT- G- TCAGCTTTAGGTTGGGGTGACCGCGGAGTATAATTTAACCTCCACGACGAAACGG - CAT -

TGCTT A.TTGGCTTTGGGTTGGGGTGACCGCGGAGTACAATATAACCTCCACGATGTL\AGG -ATT-

TATAT-A-TTAG-TTTGGGTTGGGGA-ACCGNGGAA AAAA-TTAACCTCCACGACAAATAGC NAA-

TGCCC-G-TTGGTTTTAGGTTGGGGTGACCGCGGAGAATAACTTAACCTCCACAATGAATGG'ACTA

TGTTT- G TTGGTTTTAGGTTGGGGTGACCGCGGAGTATAATTTAACCTCCACGACGAACGGG'ACT-

TGTCC -A TTGGTTTTAGGTTGC6GTGACCGCGGAGTATAATTGACCCTCCACGATGAATGGG-GCT -

TGTTA-G TTGGTTTTAC,GTTGGGGTGACCGCGGAGTACAAACCACCCTCCACGACGAATGGG-CCT-

TATCT - T- TTGGTTTTGGGTTGGGGTGACCACGGAGTAAAATAAAACCTCCCTGACGA?AATCTACT -

TGTTCTG - TTAGTTTTGGGTTGGGGCGACCGCGGAGTAASATAAAACCC CCACGACGAAAGGA- ACT -

TGTCT-G TTGGTTTTAGGTTGGGGTGACCGCGGAGTAAAACCTAACCTCCACGACGAATGGC-ACT-

TGCCT C- TTAGTCTTCGGTTGGGGCGACCACC]GAGCAAAAAT'CAACCTCCATGATGAATGAA- CAT'
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Appendix 4. Continued

Heleophryne purcelli
Probreviceps specles

Neso onris thomasseti

Leptod acty lus pe ntadacty lus
Dendrobales speciosus

Dendrobates pumilio
Colostethus prqtti
Lep I ope I is venn icu I atus
Hypero I ius v i r idifl avus
Kassina senegalefisis

Mantella aurantiaca
Mantidacry"luslemoralis
C hiromant is xerumpe I ina
Philautus pelersi
Arthrcleptis variablis
Art hrc lept is ado $frideri c i
Ca ioglossa gracilis
Nyctibales cotugatus
As ryl os I ernus d iode matus
Scorobleps gabonicus
Tic ho bat rac hus ro bu s tw
Leptodacty lon tuertens i
Tottopterna marmorala
Torrloplerna tondJi
An hy d ro p h ryn e r a tl ray i
Afl h ro lep I e I la la ndd ro s ia
An hrcl ep t e I I q lightfoot i
Poyntonia paludicola
Cacosleruum cape se
cocos tern u n na maque ns e

cacoslemum nanum parwn
Cacosternum boettgeri
Micrc ba tra c hel la cap ehs is
Phrynobatrachus atalensis
P hrynobatrac hus acridoi de$

P hrynobqt rac hus cicogas te t
D im o rp h o g n a t hus alri c a n u s

Nat a I o ba I rachui bonebe rgi
Phrynodon sandersoni
Phry obalrschus auritus
P h ryt o bo t r a c h us kr ellt i i
A hroleptides arIiensseni
Penopedeles parkei
Petropede les cameron iefi s is
Ptyc had ena c hrys ogas ter
Ptychadena anchiele
Hildebrandtia or\ota
Amnirarla albolabis
Hydrophyl ax gal amens is
Afrana fuscigula
Afrana angolensis
Pyxic ep halus adspersus
Aubria subsigillata
Conraua crassipes
Conraua robusta
Hoplo ba I rsc hus occipital i s

Euph ly c t i s cyano p hlyct is
Limnonectes blythii
Phryhoglossus laevis
Nannophrys ceylonensis
Platr*mantisvitiensis

59 '14 '79 84 89 94 99 104 109 114 LL9 124 \29 134

tttrlllllllll
-TTACCC"IAAGCCAAAAGCCACCGCTTTA-AGCATCAACACCI'TGACATACAITGACCCATT-T- - - -

AACC-CC"TTATCTAAGAGCTACCTC?CTA-AGAATTAG?ATTCTAACATAIIATGATCCGAT------
-------------AAACAC-ACAACTTA.AAAGCA.CCAATAATTT--AACACTTGACCCAATTAC---
TCnTCCnTTACnCAAGGGCCTCAACCCTA -AGnATCCATAGnnTGTnATCAATTGATnCAAI - AA _ _ _

TACGTTCTTAATTTAAAGTCACAACTTAA-AATATCAATACATTGACTTCCATTGACCCAAT- - - - - -
TACGflCT'TAATTTAAAGTCACAACTTAA AACATCAACACATTGACTTCCATTGACCCAAT- -....
CCTTCTCTTAGC?AAAAGCTACTCCTTTA AGCATCAGCAAAC?GACTICTTTTGACCCAAT- - - - - -
AAAATACTAATAA.AAGAACCACAAT?CTA - ATAATCAAAAAATTGACATAT. ATGACCCAAACAC - - -
AAAACCTTAATCCAAGAGCCACTGCTCTA.AGAATCATAA.AATTGACGTA.AAATGATCCGATT-----

AAA - CCCTAATCTAAGAATTACAATTCAA - AGAATCAATACTTTGACATAA. TTGACCCAATA.AG - - -
AC - CCCCTTATCTAAGAGCTACACCTCTA - AGAATTAGCATTCTAACATAAAATGATCCOA - - -....
AC-CTCCTCATCTAAGAGCTACAACTCTA-AGAATTAGCACACTATCATAAAACGACCCAT-------
AA-ATCTTTATC?AAGAACTACCATTCTA-AGAATCAACATATTGACGAACACTGATCCGA- -.. -. -
AG-ATCTTTATCCAAGACCCACTACTCTA-AGAATTAGAACACTAACGTNINNTGACCCGA-------
AACCCCCTTATTCAAGAACAACtrATTCTA-ACAATCAACATATTGACATACGTTGACCCAA.. -...A
ATT-CCCTA-ATCCAAGAACAACAACICTA'AIAATCAACACATTGACATAACTTGACCCAA------A

AAACCCCTAATTIAAGAATTACACC?CTA.AAAATCAAGACATTGACATTTATTGACCCAA------A
TAACACCTTATTCAAGAGAGACATCTCGA_AACATCAAAACT"ITGACATAACTTGACCCAAT.. - -.7
AAATTCCTAACTCIAGACCTACACC?CAA-AAAATTAA.AACAT'IAACATAACMGACCCAA---...7
TATATCTTTAT?IAAGAACTACACCTCTA.AAAATCAATATATTGACATAAATTGACCTAT.-.----
AAACTCCTAACTTAAGAGCTACAACTCAA-AAAATTA.E.AATACTAACACAC-TTGACCCAA----..A
AACTCCCIAATTCAAGACCCACAACTCAA-TAAATCACCATACTGACATAAATTGACCCAAG-. -.. C

AAAACCTTTATCCAAGAGCTACTGCTCTA-AGAATCATAAAATTGACGTAA.AATGATCCGA---....
AAAACCTTTATCCAAGAGCCACTGCTCTA.AGAATCATG]IAATIGACGTAAAATGATCCGA-------
AAACCCITTATCTAAGAGCCACCACTCTA.AGAATCATTAAATTGACGTAAAGTGATCCGA-------

AA-CCCCTTATCCAAGAGCCACTGCTCTA-AGAATCATTAATITGATGTAAAATGATCCGT-------

AA-CCCCTTATCCAAGAGCCACTGCTCTA-AGAATCATTAATTTGATGTA.AAATGATCCGA-. - -.. -
AA-CCCCTAATCCAAGAGCCACTGCTCTA AGAATCATTAAACTGACGCAAAAAGATCCGA-.. - - - -
GA-CCCCTTATCTAAGAGCCACTGCTCTA-AGAATCATAAAATTGACG.A.AAATGATCCGA_. . -. ..
AA. CCCCTTATCCAAGAGCCACIGCTCTA -AGAATCATAAAET'TGACG - ACAATGATCCGA - - ... ..
AACCCCCTTATCCAAGAGCCACTGC?CTA-AGAATCATTAAATIGACGAAAAATGATCCGA-------
AA-CCCCTTATCCAAGAGCCAC"TGCTCTA-AGAATCATTAAATTGACGAAATATOATCCGA- _.... -
AA- - CCCT:TATCTAAGAGCTACTGCTCTA- AGAATCACTAAACTGACGCAAAATGATCCGA - -....'
- - - - - - CTTATCTCAGAGCTACTACTCTA AGAAACAGTAAACTGATGTAATATGACCCGA- -.. ..'
.-...-CTTATCTCAGAGCTACTACTCTA-AG]\AACAGCAAACTGACGTAATATGACCCGA----..-
.--....--ATCTTAGAACTACAATTCCA-AGAAACAGAAAACTGACGTAACGTGACCCGA---....

---....TCATCT"AGAACTACTATTCCA-AGAAACAGCAAACTGAAGTAATGTGACCCGA_......
ACAGTCCTAATCCAAGAGCAACTCCTCIA-AGAATCAACAAATTGACGCAATATGATCCGA- - -.. -.
ACA-CCCTAATCCAAGAGCTACCGCTCTA-AGAATCAATAAGITGACACTACATGACCCGAT-----A
.. - -...ATCTAAGGGCGACMCCCTA-TGAGACAGCAAACTGACCTAA.AATGATCCGA- - -.CCC

A- --CCCTTATCTATGAGCCACTGCTCTA AGAATCATTAAATTGATGTAAAATGATCCGA-.. - - - -
TT-TTCCTTATCTTAGAGCTACCACTCCA-AGAATTAATAACTTAATGTAATATGATCCGAT. - - - -T
TG.CTCCTAATC?ATGAACTACCCCTCTA-AGAATCACAACCCCGATATAAAATGATCCGAT-....G
TT. CTCCTTATCCATGAGCTACCCCTCTA - AGAATCAGCACACTGATATAAAATGACCCGAT - - ...7
AATACCTTTATCTATGAGCAACACC?CTA-AGAATTAATAAATTAACATATAATGATCCGAT-CTCAC

AATATCCTAATCTAAGAC,GGACACCTCTA-AGAATTAATAAATTAACATATGATGATCCAAT-ACTTA

AACACCTTAATCTAAGAATTACACTTCTA-AGAATTAATAAATTAACATAAAATGATCCAAT-A- -AA
AA. GTCCT?ATCTACGAGCCACAGCTC"TA - AGAATCAGCATAETGATGITT. ATGACCCGAT - ACT - -
AACGCCSITATCCACGAATTACAACTCCA-AGAATCAGAATACTGATGTTAATTGACCCATT-T- - - -
SIAACCCTAATCCAAGAGCCACAGCTCTA'AGAATCATTAATTTGATGTTTAATGATCCGAT------
AAAACCCTTATCCAAGAGCCACTGCTCTA.AGAATCATTAAATTGACGTACAATGATCCAAT--.---

TC-CCCCTTATCTAAGAACAACAGTTCGA-AGAACCTTA.AAAATGTCATAAAATGATCCGA-------
A- - Gs CTTTATCTATGAACCACAATTCTA -AGAATCAATAAACTGATGTTTAATGATCCAAT - - - - - -
AC-ATCCTAATCCA]{GAACAACACCTCCA AGAA?CAACAACTTGACATAAAATGATCCGA-.. - - - -
AT-GCCCTAATCCAAGAGCAACCACTCTA.AGAATCA,}\A,}IATTTGATGTAAAATGATCCGA-------

ACCCCCCTAACCCAAGAGCCACTCCTCTA-AGAATCAATAAATTGACATAAAATGATCCAAT.. -.. -
AC-CCCCTTACCCAAGAATTACACCTCTA.AGGATTAACACATTAACGTAAAATGATCCAAA-.----

AA- -CTTAAATACAAGAGCC}CTGC?CTA-AGAATCAAAAATTTGACGTAATATGATCCGG-. .....
AAA-CCCTTATC-AAGAACA-CATCTCTA AGAATCAACAATATGACGC-CTATGACCCGA... - - - -
ACCCCTCTTATCCAAGAGCCACTTCTCTA-CGAATCAACAATTTGACGTTAAATGATCCAA-..-.-C
TT----CT"IATCCAAGAGATACATCTCAA-AGAAACAGAACACTGACAT--TCTGATCCGAA------
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Appendix 4. Continued

Heleophryne purcelli
Probreiceps species
Nesofiontis thomasseti

Leptodacty lus pe nt adacty lus

Dendrobdtes speciosus
Dendrobates pumilio
Colotlelhus pratti
Leptopel i s verm i cu latus
Hyperolius viidflavus
Kassina senegalensis
Mantella aurantiaca
Mantidacty lus femoralis
Chiror anlit xeraupelina
Philautus petersi
Arthroleplis variablis
Arth/ol ept is o dolJifride ic i
Cardioglosso gracilis
Nyctibates corrugatus
Asty los t ernus d i adematus
Scotobleps gabonicus
Tichobatrac hus ro bus lus
Leptodactylon fi ert ensi
Tomopterna marrnorala
To optema tandyi
Anhydrophryne rattrayi
Art hr o I epte I I a I anddros ia
Arthro I epte I la lightfooti
Poyntonia paludicola
Cacosternum capense
C acos ternu m n o maquen se

Cacosternum nanum parvum
Cacos lernuil boe ! t ge r i
Microba t ac he ll a capexsi s
P h rynobat rachu s nata le ns i s
Phrynobatrachus acidoides
Phrynobat rachus cricogaster
D i mo rp h o gn a t h u s ali c a nus
Nat alobal roc hw bone bergi
Phrynodon sandersoni
P hrynobatrachui auritus
P h ry no b a t r ac h us krefft i i
Arl hro I epl ide s marI iensseni
Petropedetes parkeri
Petopede tes cameroni ehs is
P tychadena chrys ogas ter
Plychadena anchiete
Hildebrandtia ornata
Amnirana albolabris
Hyd rophyl ax gal amensis
Aftana fiiscigula
Alrana angolensis
Pytic ephalus adspe rsus

Aubia subsigillata
Conraua crassipes
Conraua robusla
H opl o batrachu s occi p i lal is
Eup huctis cyonoph lyc li s
Li onectes blythii
Phrynoglossus laevis
Nannophrys ceylonensis
P I atymantis,r it ie ns is
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138 143 l.4B 153 158 163lrttrl
. - AITGACCAACGAACC}AGTTACCCTGG

- TTTCGATCAACGAACCAAGTTACCCTGC

- ATNTGCNCAATGAANCAAGATACCCTAG

TACTTGATCAACGAACCAAGTTACCCTAG

TACTTGATCAACGAACCAAGTTACCCTAG

. . - TTGATCAATGAACCAAG?TACCCTGG

- -TTCGATCAACGAACCAAGTTACCCTGG

- - . T'IGATCAACGAACCAAGTTACCCIAG

CAATCGATCAACGAACCAAG?TACCCTGG

TAnnnGATCAACGAACCAAG?TACCCTGG

TAATCGATCAATGGACCAAGTTACCCTGG

CAAACGATCAACGAACC}AGTTACCCTGG

TTTTTGATCAATGAACCAAGITACTCTGG

TCTTTGATCAATGAACCAAGTTACTCTGG

CTTT?GATCAATGAACCAAGTTACCCTGG

TCATTGATCAACGAACCAAGTTACCCTGG

TA - TTGATCAATGAACCOAGTTACCCAGG

CCATTGAACAATGAACCTAGTTACCCTGG

CTTTCGATCAACGGACCAAGTTACCCTGC

TTTTCGATCAACGAACCAAGTTACCCTC,G

TIATCGATCAACGAACCAAGTTACCCTGG

TTTTTGATCAACCGACCAAGTTACCCIEG

TCT'ICGATCAACGAACCAAGTIACCCTGG

TCTTCGATCAACGAACCAAGT'IACCCTGG

TC?TCGATCAACGAACCA.AGTTACCCTGG

TCTTCCATCAACGGACC,i\AGTTACCCTGG

TTATCGATCAACGAACCAAGTTACCCTGG

CAATCGATCAACGAACCAAGTTACCqTGG

?AA?CGATCAACGAACCAAGTTACCCTGG

TAATCGATCAACGAACCAAGT?ACCCTGG

CAATCGATCAATGAACCAAGTTACCCTC,G

AACICGATCAACGAACCAAGTTACCCTGG

T'ITTTGATCAACGAACCAAGTTACCCTGG

TATTCGATCAACSGACCAAGTTACCCTGG

TAATCGATCIACGAACCAAGTTACCCTGG

TAATCGATCAACGAACTAAGMACCCTGG
. GCTCGATCAATGAACCAAGT'IACCCTGG

TATTTGATCAATGAACCAAGTTACCCTGG

TATTTGATCAACGAACCSAGTTACCCTGG

- ATTCGACTAACGAACCAAGTTACCCTGG

TAT - - GATCAACGAACCAAGTTACCCTGG

C - TTCGATCAACGGACCAAGTTACCCTGG
. TTTTGATCAACGAACCAAGTTACCCTGG

CCCTCGATCAACGAACCAAGTTACCCTAG

?T?TCGA?CAACGAACCAAG??ACCCTGG

TATTTGATCAACGAACCAAGTTACCCTGG

CAACCGATCAACGAACCAACTTACCCTGG

TTCTTGATCAACGAACCAAG?TACCCTGG

CT?TCGATCAACGAAACAAGCTACCCTGG
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Appendix 5. Sankoff-style stepmatrices used in analyses employing direct optimization. Names

of matrices reler to the costs ofgaps: transversions: transitions.

l- L4L1

t-1014

14

L2028

44LL1

01

01011

01114
10114

11104
44440

02L28
202L8

2:I208
88880

01011
r0101

011L2
10112

10101
t1110

01012
10102

10102
22220

01014
10104

l-0104
44440

2

01111
101"11

11101
11r10

UZLZZ
202L2

21202
22220

04r44
404L4

41404
44440

11102
22220

02L24
20214

2t204
44440

04L48
40418

4L408
88880

1101r

t2L

L2022

14044

2LL

1t0r2

1

:I2024

L2

L4048

1

4
16
15
16
L6

0

4
1
4
0

76

t-

4
0
4
15

4
0

4
I
l5

0
4
1
4
L6

01012

I

2ro

4104

01014
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Appendix 6. Complete command lines to implement direct optimization in POY, and the

ratchet in NONA for the separate morphological data analysis. Detailed explanations can be

found in the documentation for POY, obtainable at ftp.amnh.org/pub/molecular/poy. Words

representing

l) Example from the equatly weighted analysis of molecular data only, invoking the text files

l1l (step matrix), l2s.mol and 16S.mol, which included only taxa represented by molecular

data, not those represented by morphology alone.

To generate the constrain file:
Poy -noleading -norandomizeoutgroup -molecularmatrix lll -maxtrees 2 -iackboot -
random 25 -seed -l -nospr -notbr l2s.mol l6s.mol > ml ll.out

Outfle converted to a HENNIGS6-style 50% maiority-rule constrain file in the program

JACK2HEN.ere using the commands:
Jack2hen 50 <mlll.out> mlll.con

Final analysis using the constain file:
Poy -ratchettbr 20 -ratchetpercent 50 -ratchetseveriB'- 3 -ratchettrees 2 -trailinggap I -
noleading -molecularmatrix 111 -multibuild 20 -oneasis -maxtrees 20 -quick -fitchtrees
-indices -seed -1 -slop 2 -checkslop 5 l2s.mol l6s.mol -constrain mlll.con > mlll.tre

Treefile converted to a HENNIGS6-style group inclusion matr* (GIM) of the strict consensus

tree in JACK2HEN using the commands:
Jack2hen 100 <ml l l.tre> mll l.ss

Standard HENNIGS6 commands added to generate lreefiles and calculate lenglhs

2) Example from the equally-weighted analysis of molecular and morphological data

simultaneously, invoking the files I I I (step matrix), l2S, 165 (including both taxa represented

by molecular data and blank names for taxa present in the morphological matrix but lacking

molecular data) and Mor (morphology in HENNIG86 format), weighing morphology equal to

the change cost (mC).

To generate the constrain file:
Poy -noleading -norandomizeoutgroup -molecularmatrix l1l -maxtrees 2 -jackboot -
random 25 -seed -l -nospr -notbr l2s l6s -weight I mor > tl llmc.out

Convened to a HENNIGS6-style constrain fle in the program JACK2HEN.exe with the

commands:
Jack2hen 50 <tl l l mC.out> tlllmC.con

Final analysis using the constrain file:
Poy -ratchettbr 20 -ratchetpercent 50 -ratchetseverity 3 -ratchettrees 2 -trailinggap I -
noleading -molecularmatrix I I I -muttibuild 20 -oneasis -maxtrees 20 -quick -Iitchtrees
-indices -seed -l -slop 2 -checkslop 5l2s 16s -weight 1 mor -constrain tlllmC.con >

tlllmC.tre

To calculate branch supporl values:
The command -bremer inserted into the original analysis commands, and re-running the

original analysis using the consensus ofthe results as a constrain file.

commands written in batch files are in boldface.

188

https://etd.uwc.ac.za



3) NONA commands:

The ratchet was implemented in NONA v.2.0 (Goloboff 1997), using the full command
sequence h10000; h/1000; mult*100; nix=50; h/3; nix[10; nix-I0;50 20; max*;. The
commands operate as follows: h10000; h/1000; mult*100; (holding 10000 trees in memory,
hold 1000 starting trees in memory, perform tree bisection-reconnection branch swapping
(Sofford 1993) implementing 100 random addition replicates); nix:50; h/3; nix[10; nix-10;
50 20; implement the ratchet, with the 'strength' or factor of the ratchet (i.e. proportion of
the characters reweighed) set to 500/0 by the command nix=50;). Three starting trees were
held in memory at each iteration (command hold/3;, or h/3;). Every l0 iterations, one of the

best trees located at that stage in the search was randomly selected for continued swapping
(command nix[10;). Subtree-pruning-regrafting (SPR) branch-swapping was applied in the
first l0 iterations, followed by TBR branch swapping in the remaining 40 (command nix -
l0r. Fifty initial iterations of the ratchet (command nix 50;) were conducted. When these
initial iterations were completed, a further 20 iterations were conducted (command nix 50

20;). Finally, the command max* was used to initiate branch-swapping using tree bisection-
reconnection.

4) Brief explanation ofPOY commands used in this analysis:

-checkslop n: by adding an extra tbr branch swapping round, checks all cladograms that are

within z tenths of a percent ofthe current minimum value.
-constrrin x: constrain the search to conform to the characters specified in the file ;r

(HENNIGS6 format).
-fitchtrees: ensures that the trees kept in buffer are a random subset ofthose that would have

been kept if the tree buffer were larger.
-goloboff ck: sets implied weighting rersr Goloboff (1993), with mode of weight specified

as ck, as in original paper.
-jackboot: performs Farris's parsimony jackknifing procedure with 'random n' replicates or

'multbuild n ' replicates.
-kfactor z: sets the t value of Goloboff (1993) to n for implied weighting.
-maxtrees rr: sets the number oltrees held in the buffer to n.
-molecularmatrix r: calls on the step matrix whose name is n.
-molecularmatrix x: reads matrix x for molecular character transformation costs among

molecular character states-

-multibuild z: uses n random addition sequence builds (no swapping) to be performed
-multiplier z: sets weights multiplier to n for implied weighting.
-noleading: does not count leading and trailing gaps.
-norandomizeoutgroup: does not allow the randomising of the outgroup in 'random' and

'multbuild'.
-nospr: 'spr' branch swapping suppressed.
-notbr: 'tbr' branch swapping suppressed.
-oneasis: when using -multibuild or -random the addition sequence will follow that ofthe

first data file for the first replicate.
-quick: do not swap on minimal length trees during branch swapping.
-random fl: causes n random addition sequence searches (build through swapping) to be

performed.
-ratchetpercent ,r: sets the percentage ofcharacters to be reweighed in each ratchet run to,,

-ratchets€verity nt: weight multiplier for reweighed characters.
-ratchettbr fl: institutes ,? iterations ofthe parsimony ratchet.
-ratchettrees z: number oftrees saved during ratchet iterations.
-seed 1: sets seed for pseudorandom number generation using system clock time in seconds.
-slop n: check all cladogram lenglhs rvhich are within ,l tenths of a percent of the current

minimum value.
-trailinggap n: sets both leading and trailing gap weight to n.
-weight n.r: succeeding input files (named x) receive a weight ofz.
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Sooglorsida€

[rannophryne ninitalis

Den.lrobotes spdiosus
Laptopelk wrnbulatus

IDp e r ol i as vi r i d itt d' a s

He,,isus amorotus
Mantella aurdntla.o
tI a nt ido ci, I u s t B o.ol i s

,1 11 h ml e pt i s e a r ia b i I i s
Asli N te. n us d i a d e n at us

Ntctibttes corrugatrs
Scotobleps gaboaicut
Tric hobotach us tobu rtus

Phry hoa&ntis b{as. iztus

Batroc htlodes vrtcbrul b
\'atalobatruchusborcbergi

Phrydodoa tandersoni
Phrynohatrsehus krcllii

Ph,!-noha,rach$dendrcbatts
Phrt nobatt.chus v.rsico|ot
Dinorp hoqnath as Oi.anu s

Phrr nobatmchu s .rl cog o e t
Phrlnobatuc h u s pl ica aks

Tonoptcrne amorctus

Erkaba'achus bale.Nis
Poratonia paludicold

Adhtol.pr.llo he*iki
Anhtdtopholte ra ruli
A d h ru I e p t. I I a I is h tfoo t i
Arrhmleptellaldn rosia

Mic rubat 
"c 

hdla eapensis

Nothophryde boarlleti
Caeostenun boedgei
Cocosteraun nanun paou
Cacostemun @pcnt.
Cocoste un nfiaqucnse

\Mnopho. cElonensb

Ctiroa6tis x..@pelina

Penopedeks coneronen s is

Peiopedetes pa*e
Anhrcleptides artiensscdi

Pea.opedetes Netoni

Adnn@a olbolebris
Hrdtophrla, sald.dsis

Eihlebma.l ie omato
Pt 'chadena enchietac

E utthbc tis cran ophllctit
Hoplobafu c hus occ ipital is

Appendix 7.t. Strict consensus
of 8 trees of length 3347
obtained by analysis under
parameter set I 10.

Prnc?phalus edsp.dus

Phrynogtosas loeris
Dbcod.t.s baloniJomk

190

Phry-nobatachutacridoides
Ph.!^nobot.dchusnatal.nsis
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Sooglossidar

Ph rr aonsn tis bilosciotu s

H.nbus drnoratus
IIrp e r o I i a s t i r i d itl d | 6

AnhMl.p,is va abitis
L.ptorylis eeni.ulatus

Scotoblers sobonicu(

Asr'loste ur.liadenaaus
l\lctiba..r cotugdtus
Tric h o b o t ru c h t s ro bu st a s

Yantidacqlusle otutis

Chi.o anns xeronpetina

fonoptena narnorutls

a aioc hllodes'enebml is
l\atal obdttuc hus bon ebcryi

Ph.!tobotrch6 kt.liii

Phrynodot sanderconi
Dlnorp hogn oth at alrict u s

P h ry n o ba t tuc h ts .1 e a d ro bates

Phtynobatruch ss tc6i col ot

^ 
tt h rc I e p a. I I e I i g h fo o,i

Atthrolepa.lla lodd,l.o sia

A hruleptello hewltti
Anhldtophryne radru!i

Ph ry nobzt.rc hus.ricogost.t
Phry nobatruc h as pl icat us

P h rf n o blrec h u s a oidoi d e s

Pho notu.ac h us notaiensk

E dcabota. hu s b.l e.nsis
Porntonio pahdicole
M i.robornch ell a capen s h

lfothophryn. brcadle|i
Coc6,.rnud bo.ngeti
Cacost rna danu^ panun
Cacostenu,t copensc

Cacosternu na aquense

Pet rup 41... s c a n e rcn e n s i,
P.rrop..lc,cs pa.*8i
A rt h rulc pt id.s tn anic n s s e n i
Petroped.tes a.b,,oni

Pyr i c e phal us ads p, rs u s

Phrynoslossus laetis
D is c o d e I es b ulo a ilo m i s

Appendix 7.2. Single most
parsimonious tree of length
5l l3 obtained by analysis
under parameter set I I l.

llil.lebtudtio onata

E up hlf ct is ., a n o p h lrrtit
E o p lob otac h us o c. ipi tol i s

Nannophrrs ceylone$it
Anniraaa elbotabis
Hrdrophio, galandsis

191

Mamophryn. tin aris

D.ndtubatcs sp.ciosus

PDchedelo anchi.to.
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Phryno entis bilosciotus
Brevicipilhre
E.disux 6anoralus

Leptopelk vt i.ula,us

Mantuphryne t,iaitatis

Dendrobate. spaiosus

HrpenliLs eitidil.vus

Athrol.pt* tatidbilb

R at... hJ l ode s v n.b r o I t

Scorobleps Eobonicus
Nlctibates co ugatus

P.nop4letes nalotot

,4st,loste rnus d]a,lena,ls
Tric hobalnch 

^ 
robustu s

To,nopteno ^@otutrs

ll atal o b anae h ! s b o n e b e ry i
Phryrcbatrochts Lt4ltii

Phry nobotrac L us d en.lrubat es

Ph tf dobatruch us re $i.olor
Phrynodon san.leBoai

Di orphopnathus ofn.an us

Ph rynobotrueh u s cticogast.t
Ph.y aob.tae h us pl I cotu s

P hry nobat dch us ac ridoid es

Phrynobatrach us n dtalens is

Adh.oleNella h.*itti
Anhfdtuphryne nttayi
A n h r o I e pte U d li g hio o t i
Ar1 hro I ep t.ll a lo ndd.os ia

D is c od. t e s b ulo d ilo r m i s

C hi.onantb xe.edp.lin o

Porntonio paldicola
Ericab.!.dc h u s bal een t ie

Nothophane bru..a.ri
M ic rcbarruchell d cat ,sis

Cacost.rnud b@dEei
Ca@n.rdud nanun pa ud
Cacosternun capense

Cacosterdad nMoqucns.

M a n t id actr I u s Je n oru I is

Pctrupcd.,.s cem cron e n sis

Petrup4lztes pot*..i
Atthruleptides n ddi.nsscn i
Perftped.,.s neetoni

Euphltctis cya ophllcth
H oplobatruch$ occipital is

Appendix 7,3. Strict consensus
of 2 trees of length 8178
obtained by analysis und€r
parameter set 121.

Anat@d olbolabris
H!,trop hlax satanetsis

Hillehtdndtia omata

Pyxic.pholus adspenus

Prychadena anchieta.

t92

N@nophtt ceionensis
PhryNgloss8 laevk
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Sooglossid.e

trtrdnophryr. tinito.is

Dcndmbat s stcciosus

AsO lostern us.lio.lenar6
Scotobleps eabo,ticus

Phry no aatis hifssciatus

A.thtol.ptis wiobilis
Iepropclis tcniculans

Hrpcrotias eninil@ls

BreYicipilitr..
Hetnisus narnomtus
Ratathllodes venebrulk

fu ic hoboooch u s rob ustus

Natalo bat rac h us bot eberg i
Phrynodon son.lersoli

Ph rrao bot ru. hu s k.eflti i

D id orph oR rut h ur altic.n u s

Pha tubthdc h us den.ltubate!
P hlt no b a t ru c h us t'. ft le o I o t

Phrynotutn hus cticogastet
Phrynobatmchus pllcuus
Phrynobetrochus ac doid.s
Phrynobotnc h vs tutalea sb

Tonopte d amorutus

E ri.ablrruc h u s b a l. c n s b
Porntonia poludiflla

Atth@l.p,.Uo hc*ini
Adhfdruphrrne ranratt
Arthrolept. c liShioon
,l n h rol e pt.l l. I a ndd tus i a

Nothophrrne b.oadl.ti
|Iiercbaruchela copei s i!

Cocost.mrn bo.rtgci
Co.os,.rnuit nsnw padtd
Cacosranui ccp.nse
Cocostc.nun nenoqa.B.

Petrcpedetes atator
Petropaletes cad e.o h eN i t
Petrupaletes pa.*eri
Atth.oleptides n a.tie n lsen i
P.tropdletes nefioni

Chitunantis xerunpelina

Mantello ouruntiaca
Montidactylusle orulh

Discod.Ies bulonifor is

Hiklebrut.hio o.dstut

An,hano albolabris
Htdrcpnlhx Eahne$is

Appendix 7.4. Strict consensus
of 4 tr€es of lengh 14543

obtained by analysis under
parameter set l4l.

Nannophrys c.rlona$is
E up hlr cl k .r' a n oph l r.ti t
Hoplobot.ach's o.cip olit

Pyri caphal 
"s 

adspcts us

Prchadeno .nehi.tae

Phrydoglossus laeais
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Ny.lihdtes conugdtw
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Sooglossidle

,Ion@phrr$c ninito.i\

Dendmhares spcciosus

PhryaonMtis bif$ciotts
areliclpirin.e
Henisus natnoratts

Mannda.4tus fenofttis
NaaMphrys ceionensis

B atruc htlodes t.no b ru li s

P a ru p edet. s c afl r e rc n e nr i s

P.topedeaes pa*eri
A dhtoLptid es d alienss eni
Pe.npedeaes n.wtoni

Clionanti! x.nnpelina

Annltu"d albolabis
Hrdmphrlu Sola e,sk

Hildebru htu omara
Prfchadena anchieta.

Phrynoslossas loetit
Hopto bat tuc h us oc. ip ital i t

E up h l! c t i s c! a n op h It ct is

Pyxicephdus odspeAut

Dh.oneks bulonihmis

ldhrubpnr },tiabilis
L.ptop.l ls tcrn ictlotu s

Hr p ? to I i u s e i r id il d e u s

N)'clibates conugatas
A s tt l os tc r a u s d i a d6 ota s

Sco,obleps tabonicu
Trichobetoch as rcbrstus

^ 
tt.loba.rac l,x! bo ae bc.ti

Phrynodon sond.rsoni
P h t, do b o tlae h tt t rcll i i

P h, !- noba h a c h us d e n d.ob a te s

Ptryaoborrach as v dicolo,
Ph ry no bat r a c h u s E t i d o ide s

Phrynobotrqch us natalen s is

Plrydobdrac h us pl icatrs

To,nopt.ne namoratus

Atthrulep.ella hdini
Anh!.ltophry& rutiali
Ath tol.prelh I i8 h tfooti
Adhrolepte olanddrcsia

Appendix 7.5. Strict consensus

of 4 trees of len$h 3507

obtained by analysis under
parameter set 210c.

Pontonia ?aludi.oh
E ticabaaro.hus balee a si s

icrcbetruch. d capcnsi'
Cacoiemurn boc,tgcti

Coconemqd nanud Padud
Cocoslenud capusc
Cacostnud n doquav

194

D in oryh os nath ls ofiicon us

Ph rynobatruch ps.ricoga ster

Nothophrfn. broodleri
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Ttich obotach us tobus,us
Scotobleps gobodicus

A sry losterrus.lit,led atu s

Nlctibates cotrugatus

Leptopelh remieulatss
Hrpe.olius ri.idilaws

ArlhruLptb wriobilit

Petrupede,es cone.onensh
P.tuDaletes pnrkeri
Ar1 h nl e pt a rI. s n o nic n s s € n i
Pe,ropedctes ae$oni

aatochiodes r.n.brati s
Nannoph4s ce on.nsx
PhOaoglossus la.rls

Dbcodeter bufonilomk

Ctionontis xerunpelind

M o n tida c1, I a s f. d o tu I ir

ildebtundtia orhuta
Plwha.leae anchi.ta.

Natal obata ch us bolebe rgi
Phrynodon tan.Ie6oni

atonnophryn. nini.atis

Deadrcbates speciosus

E up h lr c.i. cf o a o p h lf ct i,
Ho p lo bdttu c h u s o cclp it d i s

LJxicephalus adsp.6"s

Phrynoba.o.h us actidoides
Phry nobatrach us natdlens is

Phrynobatruch,ts.Icn.lrcbat s

Ph.f nobot ech ts re 
^icolot

Phrynobatruchat krellii
Phry nobatm.h us c i cog aste t
Phry nobdrra.h us plicatrs

D i6o rphogn at h u s dtico n u s

Tonopterna mdr oratus

/l.th.oLp..llo haini
Anhtdtuphrya. nttruri
A nt ft leptell 4 lightooti
Anhrulepte o lanldrusio

Potatodia poludicola
E ri cabato.h I s ba leen sis

!;ottophryn. btuadlqi
M i$o botra.he a cap. asis

Phry nonantis bilas ciatusAppendix 7.6. Strict consensus
of 2 trees of length 5290
obtained by analysis under
parameter set 210G.

Brevicipiti e

Itcnists nznoratus
Cacosternua bo.ng.i
Cocosternu ^ 

nanu n poDu,n
Cacoste u cdpds.
Cacosae un nanoque le

195

/rnnonaalhohbns
Hrdrophl8 szlanensis
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S@8lossld..

Llurrophryn. hni atis

D.ndrobdtes spcciosus

Phqnona is bifasciatus
Breticipillo.e
H.,Iists notdorutas

ErpercIius fiidilovus

Anhruleptit toiabilis

Scorobleps pbonicus
Nf.ribates cofiugatus

Chiro aatisvrunpelina

Tonop,eml man roratlt

Notolobatac h us bonebergi
Phryno.lon son.le^otti

Phry nobat ch u s,le n,l tubates

Phrymbstt .hN redicolot
P h rr n o b at H c h u s * r ellti i

Phry noba t mc h us pl icatus
P h r! n o bat.ce h ur c r i. oaa s t c t

P h, r- n o bst mc h $ ac.ido i d.t
P h rr n o bat nc h u s n o tu l2 i s i s

Arhtol.pt.lla hotni
Anhfdrcphrfn. .rnn i
A rt h rol ept.l lo I i t h {oo n
Arthrol.pt l|o landdrosla
E r i.dba t.a r h Lt ba I 2. n s I s

Pofntoni! paludicole
lYothophryn. broadl.li

tl icrotutnchella cepe nsit
Cocott.rdun bo.ngoi
Cacost.mua nadu paftun
Cocostcnu, cewns.
Cacostcraun na^aquens.

Petoped.t sco zronensb
Penopaletes pa*eri
A rth tol.prides nadie n ssen i
Petloped.tes neb'todi

IIildebrun.hia onota

Anniruna albolobris
Htdrophtlar 8J,lonensis

Appendix 7.7. Saict consensus
of6 trees of length 5335 obtained
by analysis under parameter set

zlrc.

Ptr.hadem enchietac

Irxicephalus adsp.nls
Uopl o bot neh us o cc ipit ol b

Phonosloss$ la.vb
Euph|tcrb ctarcphllcth

I e, nc h r.l od cs t. de b ra I is

Nannoph's c4'lonensb
D isc on d.t b ulo n ilo fl n ir

196

Leptopelis wmiculatrs

A s|Iostettu s dio.ledotus
Tt ichobatnchus tobustus

Mwtello aurantiaca
Ma n t i la c t! u s fe n o r al i s

Di^ott'hos aoth us.ftico d as
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Sooglossid.e

Mannopt'fa. tinitatis

Dendrcbates speciosus

Nfctihates co ugatus

fich o ba t ra ch us tobustus

P h ry n o,n a h t i! b ifo. c ia t u s

Atthrcleptis vriobilis
Leptopelii vr icrlatus

Hrpenlirs 
'nidilld'us

Bretlcipilinr€
H. krs ramora.us

Asq losten us.liod.not6
Scotobleps $bonicus

Chiroda ir xera petano

t\ionnophrys ceioaensk

Ma atidactr lus fe'no ratis
Rqtrochi o.les v iebral ir

Nstal obatro c h,l., bonebergi
PhOlodot sand.Boni

D k c o d e t e s b ulo n ilo r d i s

Ton opte.n a,n arfi o rat u !

Pcrropct des ce .mncnsit
Pdtup?ncas po*eri
Arthrulcptides .di.nss.ni
Pcrruped.ks ,rd,oni

Ph ryn obottuc hus den d rcba tes

Phrf n obztdc h us ws ic olo.
Ph q'n oha..a c h us ktllt i i

Ph 4'n obatoch q ! pl icatu s

Phr] Nbat ra c h us c.icosaster
Di n oryhopath B! arica n us

Ph rynobat.ach a s o cndoi.les
P h rydobat$ch u s notalen sis

Anhnl.ptcla h.elrd
Ahhrdrophrync .olrqi
A nh rol ept clo I i I h [oori
A ft h, ol. pt.l o I o n dd ro s i a

Po!htoni! paludi.ola
E ieaba tach t t bo lee I si!

Nothophrrne brua.llqa
Mictobanache a Mpensis

Cacone.nan boetgeri
Cacostush hdnum padu
Cocodernan capense

Cacoste un na aquense

Anliruna albolabris
Hrdrophlax edtzn.dsis

Hil.lebrandtia o.dato
Ptychad.n. oncrictac

Phryrcelosss! lo.ris
Appendix 7.8. Strict consensus
of 2 trees of length 7100 obtained
by analysis under parameter set

2 uG.

Pyxicephdlus.dsp..t u s

E uph l!.tis c\'anophDctis
Hoplob ruchusoccipitalis
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Sooglossid.e

Moanophryn riniaatis

Dendnba,es tryctosus
PhDhononti! bil8ciatus

Brericipilinre
Hehilrs .r o.atu|

H r p..o I i u s v i ri d i|t or u s

Arthruleptk wriabilis
Leptopelk v.nicuhrus

Scotobleps gabonitus

lifctlbotes co.rugatus
Astt |os,. n u s dia.l.dotus
T,i.hobdttu hrs robts.t s

Maa,Aec$t6 lenontit
Chircnantk xeronpelim

N aral o b ar ru c h u s bo n 2 b e r g i
Phrynodoa sondenoni

P h ry n oh on d c h ss de n d r ob a t.s
P h ry no botrc h ts I c 6 ic o I o,
Pt, !- no ba,rac h $ * ElFi i

Phryrcbarmchus plicarus

Phrrnobalruc hus c ri.oSoste r
Ditio tphoe n ath us olrico a us

Phrynobat ruc hus ac t i.lo iles
Ph ryNbat ru. hu! notale nsis

Tonoplerat fiamotutus

Anhroleprella hNidi
Anhldrophqne ra,taafi
A n h ro l.p..l la I ig h to o ti
,|nhnlcpre a londdrosic
E n c ob a.r a c h s s bal c. B i s
Porntonit paladicolt
Nothophrln b?oadLri

M icrob otrq. he o.opeisi s
Cacottenun hoekgei
Ca$stenun nontn ponu6
Cacostenun capente

Cacost. u'n Nnaquqs.
P.ttuped.,es nato,or

P., t opqt a.s c a a c mn c n s is

Pd.op..Lr6 porhen
1,1h.ol.prid.s na i.nss.nl
P.tmp.detes aertoni

Hildebrundtia onatt

Aaninna albolabis
Hldmphidx gel6.Bh

Appendix ?.9, Strict consensus

of2 trees of length 8906 obtained

by analysis under parameter set

22tC.

Prychadene anchie,tc

Prx i. e p h al u s a ds p. 11 | s
H oplobaoac hss occ ipnal h

Phqnoglossus tacris
E t p h l, c t i s ct a n o p h l.tr t i s

Bot.dchtlodes t. rt htuI is

li o a no p h tt\ c et'lo N n s i,
Dk odet.s bufotilot^is

198
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Ph rynoh a nrir bil8.iatus
BrevicipitiD.e
Hedisus no.nototas

Mannophr! e tinitatit

Den.lrubates rpeciosB

,lrthtuleptis wiabilis
Lepropelis v t i.alatk

Hr p e / ol i u s' i r i d il.' r s

Nyctibares .ofiugotus
Tt i. ht hatro.has ro b ustus

Asrlo tteraus.l iadenatu s
Scotobleps eaboaicw

R onac hll odes ve debrcl is

Appendix 7.10. Single most
parsimonious tree of length
12371 obtained by analysis
under parameter set 221G.

D is co d e te s b ufo n ifo t n i s

M ont idac tr I u s Je n o ru I i s
r"addophrys ceioneasb

Phr!aoglossus lae'it

C hircMantis xertnpeli aa

Petrupedetes canerun en sb
Petrcpe.tetes nefioni

N oralobat rac hus boneberyi
Phrynodon soadersoni

Adhrolepti.l$ d anieasseaa

Petrupe.letes pzrlei

Phry Mbatrachu s d e a.ltubdtes

Phry nobatruchus tenicolot
Phrr oba,rachus hreltrii

Ph n aobatruc hus aicogastet
Phqnobatru.h6 plicotas

Din o tph oe nath us alrica ta s

Phryhobatu hus acidoides
Phtu nobat rzc h us t.to! e nsis

A.thruleptella h.cini
Athrdtophryne runrui
Adhrcle eaa ligh{ooti
A d h rclept.l la I a a.ldrosio

Polatoiia paludicola
E ic ahat ro. h us ba I e e n s i s

Mioobatrochell a cape n sis

Cocostentuh boengei
ca sternun danun Fnu
Cocosternah capense

Caconernuh nanoqaense

Anaimda a!holabris

H! d r o phi @ sal a,n e 11 s i s

IIi kleb ts d.ltia otna.a
Ptfchodena aachietaz

Euph$ctis cronophlrdk
Hoplob otqc hu s oc.ip italis

P}xiephalus adsp.66

199

Tonopterra ddmorotus

Nothophry"e broodleli
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ItaAnophryne l,initotis

D.rdtobda speciosus

Sooglossidae

Appendix 7,11. Strict consensus

of2 trees of length 15942 obtained
by analysis under parameter set

24tC.

Leptopelis tem iculdtus

T tit hobatruc h us t ob u st u s

Er$rolius eitidilaws

ln h rol.ptis to r i a b i I i s

Asri on..dus di4.l d atu s

Scorobleps gabonieus

Ph rr n o n o n t i s b ifa s c i ot u s

Henisus n$norutus

Manndsctiu! Iemorutis
Batro. hylodes wd ebral i s

Natot obatruch us boaebergi
Phryno.lok sandersoni

Phry noba,ruc h us den.lrcbates
Phrynobatruc h us w t! ic olor
Ph tt hoboia c h us k rcllti i

Ph ryn obatmchu t cricog 6tet
PhryNbatruclus ?licatus

Didotphos dath ut alricon rs
PIO nobatnch us acndoides
Phrynobatrac h u s natele nsis

Tomopte a namoratus

Anhruleprella ha+lni
ADhyd.ophryn. ndnti
A r h rcl e pt e I la I i I h rto o,i
A tt h t o l. pt. It a I e n dd ns ia
E t ic aba! ro c h us bal e. n s i s
Pofn,onio poludicola
Xorhophry,tc bnadlcti

C h i ru a, aa tis xe ran pe I i n a

Cacostcmun boalrg.ri
Cacost..n"n ndnun porfln
Cacost.rnu cap.ns.
C I c o st. n t tn n e n a q t!. ns.

P et o p ede,.s c arn. ro n e n s k
Perrupede,et po*.n
P.topedaes nc toni

A rth rolep. les n adie ,ss.n i

AnniruN albohbtb
E dmphlar Salaneasis

Hildebtundtia o .ta
P$chadem anchiet@

bai..photus "dspen$

Phtyt'oglottas leab
E lphltc1i, cto n oph llc s

It o p t oba, ruc h $ o.. ipbo t b
Ndnophtt, cerlon.nsh

D b c od. t. s b ulo n ilo r d i s
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Nfcribates cor.tgoaus

Perropedetes ttatator

tt ioobotrach ella ca?e nsls
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Ph ryn ono dtis b ila t.iat a s

Brericipllira€
He isus arnorutus

LeNopelk r.miculatus
,p.roius rhdil@us

Atthtolcp,is wfiabilis
!\f cti botes.ot.ugarus

AsUlostc us,lid,lenatus
Scorobleps gabonicas

Trich oba ta c h us robustu s

Sooglossidre

Appendix 7.12, Single most
parsimonious tree of length
22786 obtained by analysis
under parameter set 241C.

Monnophryne ttinitaais

Dendnbates speciosas

Tonopt. a aflnorutas

Anhmleptella hewiti
Anhtd.ophryM radrali
Arthmlelitelld lie h iooti
Arth nleprellq ldrddrosia

Potnoaia Falutlicola
E ricaborruc h u s bale! a sb

Nothophryde broadleti
lli..obattuche a apensk

Ph rynob.iach us pli.otas
Phry Nbatarh ls cncogB,et

D idorphosnath N olrica n us

Cacoste un boettgeti
Cacos.enun runun parvu

Cd.ost. un capense

Cacostemun nonsque se

liotalobotruch us boreberg i
Phryaodoa sandersoti

B. tro chtlod es v aebtal is

Phrynobrtrochts dendrohat s

P h ry n o bolnc h $ t e 6 i c o I o r
Ph ry n o batr ac h u s *r ellii

Ph rynobattuch ts ocndold.s
P h ry a o hanac h $ n sto l. n s it

Pct@pedet$ not4tor
Parcpedaes canetuneBk

Pet.opedetes nefltoni
/ldhtul.ptidcs a'rietsseni
Petrop.d.tes parLe

C hironan tis xer@pel i n a

MontidactllusIe oruIk

E uphltctis cyan ophltctis
H opl o bans e h ur o c c i p i t a I i s

Lr\i c. p h o I u s dd spc rs u s

Hihiebraadtia o lota
P,ychad.ae enchicto.

Stmngioput grarii

Ainir d albolab.is

H)dtophflor Ealo ensb
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Nonnophas cefloneitis

Discodetes hqfoaiIor b

Phrlnoslossus loeris
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Sooglosridre

Msnnophryne t,initat/tr

Den hobotes sp.ciosus
P hr! no6 ontis biIas.ia t us

Breiicipitinre
E mists matuotutus

Leptope lis t..n ic ulatus
Hrperulirc ehidifarw

Anhnlepris eatia,ilis

Chirot'rontis r.r.ndim

Mant idactt I us fe o.dl i s

Nf.tibares conuptus

Ttichobatruc h us tobu$us
An lone.n$ dia.lcna.ls
Scotobl.ps gobonicus

Naanophrrs cetloruntis

Petopedetes nalotor
Pztop.d.r6 canetuD$is
Petop2nc,6 Nrk.n
Atlh.okptd.s adi.Beai
P.top.d.t6 nd|ort
Stronglopus gmrii

,tnnituna albolabnt
Hrdruphlat salanensis

Itildeb..nd.ia omata
PochadcM anchietoe

E up h l! cl is q' a n op h lf a i s
H o p I ob o. n c h a s o c c ip i! a I is

Phryaoglossus lae,/l
Discodetes buhni[omis

Ptricephebs adspe'sus

R aioc hf lod.s e.n brolis

^"a,alobatochutboneberyi
Ph.lnobatachus krcllii
Phrynodon sondersoni

Phtynobatruch us de Nlrubates
Ph.ynobatru ch us e e 

^ 
ieotot

Ph.t-tuba.rachusplicatus
Pl.tnobattuch u s oicogds.er

Dinoryhognet h us oiicsnu s
Phryaobatruch$ acrido les

Ph.! nobatnch$ notalcnsis

Tonopt md ddnontw

Atthtuleptella heoitti
Aahtdtophryne .attruli
Arth rol. pte lla lie h tooti
lrthrole ptello lan.ld tos ia

Appendix 7.13. Stdct consensus

of 4 trees of length 3926 obtained
by analysis under parameter set
410c.

E ricabznach us baleensir
Poytonla p6la.Ii.ola

l\othophryne b.@dleri
Mic robaroc hclla c.pensi!

Cecoste un boetqdn
Ca.os,e un nanrd poavr
Cscolt.rnud capens.

Cac os.. r" u d aa,naquense
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Appendix 7.14. Strict
consensus of 5 trees of
length 9120 obtained
by analysis under
parameter set 410G.

P h A n o n a n ris b if6 c ia t u s

Brericipidn.e
He isus namorutus

Tti.h nhdtru. h u \ t.h u \ t u \
Scotobl.ps gabodicus

Anhruleptis wtiobilis

Leptopzlis tPt iculatus
Hyperclius riridilaeus

Nonnopht$ ceionensis
Pebopedetes ,tatatot

Astlostenrs dlade atus

Nlctibot.t cot gaau!

Penopedetes canercrcnsb
P.rropdetes prrleri
Ath tol.ptides nartienss eni
Pe,ropedetet nelaroni

Chimn@nt xennpelina

Phryaodossus ladis
Discd.t.s bulon[ornis

it a n ti d a c,, fu s le n o.a l h
,lnairanz otbolabris
Hrdrcphtla tIldensij

Hildebrun.ltia ornata
Pt chodena qdchieloe

Prxi.ephalus odspeBls

Banachio.les vnebnlis
Tonopternd damoratus

i"otolobtnachusbol.beryi
PhrtnoAon sande6 i

Mannoph.r\. ttinlrot s

D.nfuobat$ spcclosK

Adhtuleptella he|9itti
AnhJdtophryne ,ad.a!i
At1 h tuIepte o I iI h tfoo ti
,t n h tuleptellz lan ddtosio

Ph.lnobanec h u s d ead mbotes

Ph ryaobar ruc hk!'enicolot
P h ry n o bat ru c h u s I r ell. i i

Ph rt nobat.echu s tl icotus
Ph O,nobotru c h us c ticoga stet

Din o rph os na.h us alti.anu s

Phry nobdtroc h us a c tdoides
Phry tubat rrc h rs notol e n sh

Edcabdtruchus bal.cnsh
Porntonio poladicotu

NothophAne btua.llq'i
.V i c ro ba t ec h cI I o c ape n s Lt

Cacost mun bo.teqi
Cacost.nun Mu^ panra
Cocost nun capense

Cocode ,/n noneqwns.
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E uphlf ct is cladophl! ctis

It opl o b ata c L u s o c. ip i t a I i s
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Appendix 7.15. Single most
parsimonious tree of length
5827 obtained by analysis
under parameter set 4l lC.

E ric abat r ac h a s b z le e N i s
Sooglosddre

Mamophryne trldltatis

D.ndrcbat., sp.ci6ts
lpe.olius ind$orus

Atlh.olcptk wriobilis
Scotobleps Eaboni.as

As tllosten us.liadenatus
f .l c h o bot o c h u s t ob u st u s

Leptopelis rem icu lat us

Nlctibotes coilugatus
Phryno antis bilB.iatus

BftticipitiD.e
He is/s narnorutus

Anh rulefl ides no.tie n sse d i
Pe t tup e.le tes can eronen slt
Ponope.letes pa.Ieri

Tonopterno dado ars

AnhrclePtello hen'ini
lnhldrophryne tuttruyi
A,lhruIepte e lighiooti
An h rcleptella land.hos ia

Po!nroaia polu.Ii.ola
Nothophryne bruadleti

Uicrubatnche a capensis

Nen noph t,s cetl onens is

ildebrandtia omora

Cacotae ,td boedg.ri
Cocott tn aanun panv
Cacost.nud capense

Cacott. tn u n no doquens.

Pqchadena anchietae

Phrynoglossrs laevis

E uphu.tis.Tanoph lrct i s
Hoplobotrac hus occ ipitol it

D is codete' bulon ilord i'

,va n t i d a ct! u s Ie 
", 

o ra I i t

Hylrophrl@ salanensis
.l hirond olbolabtis

P.rropetlete! natotor
P€ttupeletes lertoti

Daic.phalus adsp.tsts
Bctnchio.l6 tr. nebrul it

Montello aurantiaca
Chton.ntis ,etMpelin.

liotalobotruc h us bonebe tti
Phry,1odon send.6oai

P h ry n o b oi ae h u s * r ellt i i

Di o tl'hog hath us ofrican u s

Ph ry aob otr a c h $ d. n d.o bot ca

Ph ry n o bo.r c c I I s tE r\ i co lo t

Ph ry rcbatac h us Uicorystet
Phrynobatruchus plicat$
Phrynobarruch.t. ctidoil.s
P h ty B oha t rac h u s n al a I e nt is
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Appendix 7.16. Single most
parsimonious tree of length
I l05l obtained by analysis
under parameter set 4l lG.

Phrr nonanti s bilasciat u s

Brericlpllhae
He is/,ls namoratus

Arthrokpns Patiobilis
Leptopelis r.n icu lat us

f richobatnch as roba str s

Scotoble?s sabonicus

Ilrp.rours enidilwus

Mantidacqlas lenorulis

Nqnophry!; c.r'lonensk

Astylostenusdiodz atus

Ntcliberes @ruaa,tls

Chift,aantis xerunpelha

Pet p.detes ca z.onensis
Petrupedetes N*,oni

Phrynoglossus laeeis

D tsc o d e t e s b ulo n ilo. n t s

E ! p hlr c tis c y a n o p h l! c tit
H oplobatrachus occipitalis

Adh rol.ptitl.s n oai.n s $en i
Petrcpcde,es pa*eri

Rdttu.hrlodes vedebrulh

Hildeb.oathia ornata

Pyncepholus ddspeBrs

Annlrund olbolab*
Hyhophig ytanensis

Ptychddena anchiete.

Tomopternz mdrnoratus

Porntonio palr,licola
E ticabat.ac h u \ bol een sis

Nothophryte broadl.ti
lV ico bat rac hella cap. nsis

Sooglossidse

Adhroleptelle h.||itti
Anhrdtophtrne radrqi
Anhrole Pte lto lish (ooti
A.t htule ptella landd tus ia

Mannophryn. tinitatis

Dendtubatei spe.iosus

Cacosa.rnu boettgci
Cacost rntn ndnun padun
Cacos@nun capcns.
Cacostmun nanoquenv

liotulobotocl us boneberyi
Phryno.lon sotd.6oni

Phrr nobat,ac h us * tellt ii

Di'nory hog ruth as afri.an u s

Ph rraohatacht t de" drobates

Ph,?do batrach s! tc rsicolo r

Ph O.n obdtEch ts cicogBtet
Phonobdlruchn plicotus
Phrynobatm.hus dc oides

Phrynobarnchus natalen sis
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P.r.opedeaes Mtdtor
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Sooglossld.e

Moanopht!rc ,'i,ritaris

Deadtubatcs sryciosrs

Htpmtiut iridiltzras

Adh.oleptis wriobllk
Sco.obleps gabonicus

Ph4tu dhtis biJo!.iotut

Ist lostenus diade atus

Tt ic hobatEch u s tobu stu s

l\it'ctibatescor gatus

Pefiop.tl.t.s concrcn ntis
P.tott.,letes pa*.ti
Petrupal.tes nebtoli

Breviciphlnre
Henisus ha norutus

Ma,tido.t us le o.alis
AnltuI epnd es 

^ 
o nien s s.ni

Petrupe.letes Mtatot
A niruaaalbolcbns
Htdtophtlox golanensb

Chiruddntis r.ru,aNind

Phqnoglossus laeis
D ir c od e t.s b t lo n ilod i s

I atruc hllo.l es t.n.b.alis
Natal obo t ro c hu s bo n eberyi

Phrytudot sandetsotl
Phryhobotruchus krcfiii

P h ry nobar. ac h u s d. n d m b dt. s

Ph.ynobot chase.nicolor

Phrr obatraehus cricogzstet
Ph ry hoborft ch u s pl icatus
Pho^nobotdchusactitloues
PhO nobano c h us ndtt lcn s i s

A.t h r ol. pt zl I o h 6' i tti
Anhfdtophryne ruttroti
A tt h rul e ? t € I I z I ig h tJo o, i
A tthtuleptella lM d.lro sia

Eti@batra. hus balee asis

Por onio pahdicolo
liothophryra broddl.fi

Miercba,ruche e copensis

Cocosternun boengei
Cacostzriad no, ud panun
Cdcosternan cdpense

Cscost rnun no aqwnse

Tomoptcma monotutus

Hil.lebrun.hia odato

Prxi.cphalus obpfius

Ptrchedeno onchiaae

Nanrcphrrs ce on.nsis
E I p hl ! ct i s cr"' n o p h l!c7 is

H o p lob a n a c h us oc c i p it al i s

206

Lcptop"li' re. ieLtarus

Din orytogae,hus olnca n u s

Appendix 7.17. Single most
parsimonious tree of length
9758 obtained by analysis
under parameter set 421C.
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Sooglossid.e
Ph.rn on o n tas b ilosci a t us

Brevicipltime
He,|hus ,namontus

Tric h obana ! hut tobu rtu s

Scotoblep! gaboaicus

Adhtulep,is vriebilis

Hrperolius eitidilarG

Asryl osrern us dia.le,n ats
Nlctibelcs conugatus

Leptopelis wrdicul@a!

Modnophryn. tinitatis

Dendrcbet.s speciosrs
Ba1 n c h t l od. s v e 11 e b tu l i s

Netolobotac hN boacbe.si
PhryNdon sandetsodi

Phonobattuchus treltrii

Di orphognathus afiicalus

P h ry n o batuc h N d e n dr o bat cs

Phqaoba,tqcht s r. Bicol o.

Phry nobatac h us c ticogo ste t
Phryrobatrac h us tlicatrc
PhD nobatruch us ac tidoi d.s
Ph O nobotoch as n a tal en s is

Todoplcrna ,nano.atus

,|Iitobafi o. het la copeds is

tta idactllasfenorutis
Peatupe.letes natator

Anh rcl.ptid es n.tt l. n ssed i
Pelropedetes neh,toni

C hiroa, antt,eruaryli,'1

Cacoste.nun boarS.n
Crcosternu nanudpanm
Cacost.rnun capenv
Cacone u nanaquedse

P.trcp.d.tcscs eroheAis
P.trow.l.tcs N*.ri

Nannophrys c.ionensis
D is c o d. I e s bulo n ifo r d i s

Ph4.aoaloss6 ldais

Ptric.phalat adsp.du!
E u p h lr d i s cr a n ofu lr c t is

Hopl obot ac h us occ ipito I i s

Appendix 7.1E, Single most
parsimonious tree of length
20259 obtained by analysis
under parameter set 421G. Hild"hrundria o,nata

Adnimnadbolabis
Hrdrcphfla! tdtanensis

Pqchodena anchietae
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Anhrol.pt2lla t idi
A*rdruphryn. ranruri
Aft lrolepte a I ish tloot i
Anhrulepte e larddtosia
Ericabatrec hvs baleer sis

Porttonia paludicol.
liothophryne broodleri
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,vannophrya. 
',lnitorit

D.nd.obaet sp.ciotus
P h ry n o n a tt is b ifo s c io I u s

Brericipilinae
Henkus anorutus

Aortuchtl o des ve debrol it

M arltidac tl us fe n o ml i s

C hitonontis x. raat pelia a

Leptopelis w niculatus
Hrperclius 

'hidilaws

Atth.ol.pti$atiabiih

Nlrtibot.s conuBetus
Ttichobatruc h us robtsttts

Asqiost.mt t dia.le att s
Sco.obleps gabonicus

Nsnnophos c.rron.nsb
Phtyaoglo'sus lacvk

Dkconel.s bulontonnb

An lnl.pt.les nodi.ns s.n i
Petop.d.,6 co,neronzn s is

Pctorydet.s na.ltoni
Andtnna albolobtis
Hrdruphi., $toneasis

Ilillebratuhia otnata
Pt-ctodena affhietae

Prxic.phal6 od'p.tsus
E up hlr.l Lt crs o p h ly.lit
H op lob e ttu c h's occ h i tol i'

P h q,'t o b dt nc h $ l..tl i i
Phrrnodon sandcrconi

N a t alob a, r a c h us bo n e b e ry i

Din orph os, a thu s alr ic anlr

P hO nobot ach us dendrobat?s

Phryrcbattuchus w6icolor

Ph.r-nobatruchuscticoqastet
P h ry n o bat a c h u s p I i catu s

P h ty dob ah ac h us a c r ido i d e s

Ph.-nobatmchasnntalessis
To,noptema arnorutzs

AnhNlept.lla heini
Anhydmplryne ranruti
Anhtul.pte lt a I ig h{ooti
AnhMlrptell a loadtlrosia

Appendix 7.19. Single most
parsimonious tree of length
l'7672 obtained by analysis
under parameter set 441C.

PoJntonio pa|u.licola

E ricaboidch u s ba leensis

Nothophrync brcadlzli
nI ic tobot rachella ca?e nsis

Cocottcrnrn boeng.ri
Cacostcnw n@un pawn
Ceostcnw ca?dsc
Cacoslcmt na aqlansc
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Ph r! nod dn th hif6 ciotu s
Brericipitldft
Hetnisus 

^odnoratus

A r, h r ol ep tis ts tit b i I is

Tt;.h obat.o. h us tobust us

Scorobleps gahonicus

Astyloste atdiad.natus
Ntctibates cottsgatas

Leptope I i s rem ic alat u s

Hrp.nli,ts 
'iridilaws

thnnophO\ ..floaensis

Appendix 7.20. Strict consensus

of 6 trees of length 384t9
obtained by analysis under
parameter set 441G.

,Uentidocnluslcno Ik

P..top..Lt.s can.rcn.ns l!
Pet.opedetes n.*toni

I atrachrlodes w.te bnlb

C hio,aattit xenn pelird

Phrynoglosst$ laeris
D i n odc t e s b ulo n iIo r n i s

E ap h I y c ti s cf a n oph I r ct i s

H o p I o batra c h 6 o c c ip i, a I is

Prn..pholus odsp<^us

Adniruna dbotab.is
Hlthophtlg yla nsit

Hil.lebrua.hia nmata
Ptrchad.no a,tchietae

Arthnleptides,ianie nss e ni
Pet.ope.letes porketi

Tonopt nr nlrrtorotas

Etuebortdch us bol.?nsis
Potn,onia Nludicole

Anhroleptella hefini
Anhydruphryae .attnli
Anhmlep.ella lig htooai
/ n h r o I e p tc ll a I en dd ru s ia

Norhoph4'ne bt@dle!i
Microba t s c h e ll a capei s i !

Cocosteraun boeuaeri
Cacostenun Mnu panrn
Cacosternt cqpuv
Cacos,ernun nanaqrcns.

N a to lob a n oc h u s bo n c b. rp i
Mantella saruntidca

Sooglossidac

Phrtnodon sand.'Joni

Mahnophrfn. tinitotis

D.ndrobor8 speciosus

Ph q' a obattcchus pl icdt u s

Pho-aobotachusc.ieogaster
Din orphogn ath us olri.o n ! s

Ph rytu batra. h us actido ide s

Ph rym bat rac h us Ntal e nsls
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P h, r- tub!. tuc h us d e nd r o ba t e !
Phrynobe@chas wdicolot
Phrynohatruchas *refrii
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Appendix 8. Distribution of unambiguous synapomorphies on the tree obtained from the

analyses under equal weights. Terminal taxa are listed alphabetically, and clades are referred to

under the node number on the equally-weighted topology (Fig. 22). Character numbers are

indicated first and refer to Table 3 and Appendix 2. Character transformations are denoted

thereafter by listing the ancestral and derived states separated by a '>'
Afrana angolensri 5:0>1, 70:0>2, 122:0>1, 180:0>1.
Afrana fuscigula 69:0>1, 107: l>0.
Amnirana albolaDris l0l :0>1, 168:1>0.
Amolops rickeni l:l>0,38:0>2,39:0>1,50:l>0,58:0>1,97:l>0, 107:l>0, 124:l>2, 126:.0>1,

127:3>0, 138:0>1, lM:0>2, 150:l>0, 155:l>0, 167:2>0, 168:l>0.
Anhydrophryne rattrayi Z4:l>2, 32:2>1, 40:0>1, 60:0>2, 139:0>1.
A rt h rol epte ll a h ewitt i 3 | :.0> l, | 29 :2> l, | 42:O> l, I 49 :2> L.

Anhroleptella lightfooti 3 l:0>1, 8l:l>2.
Arthruleptides mafiiensseni l8:l>0,48:0>1, l2l:0>1, 142:0>4, 149:l>0, l6l:0>1, l8l:0>1.
Arthroleptis 6:0> l, 30: l>0, 63: l>0, 1 2 I : I >0, 129.2>1, 167 :l>2, I 68 :0> l.
Arthroleptis variabilis 2:0> l, 4 1 :0> l, 60:0>2, 128 :0> 1, I 30:0>3.
Astltlosternus diadematus 0:0>1, 16:2>0,22:0>1,51:l>0, 6l:l>0, 84:l>0, 102:0>1, 155:0>1,

188:0>1.
Aubria subsigillata 38:2>1, t 5 I :0>2, 186: l>2.
Batrachylodes vertebralis l:l>0, l6:0>1, 36:l>0,42:1>0, 52:l>2, 69:0>1, 77:l>2, 100:0>1,

108:0>1, lll:0>1, 120:l>0, 136:l>0, 139:0>1, 146:0>3, 151:0>1, 170:0>1, 177:0>1,
182:0>1, 183:0>1, 187: l>0.

Brevicipinae 0:0>1, 5:0>1, 22:l>2, 29:O>1, 3O:O>2, 32:2>0, 65:0>1, 80:2>0, 100:0>1,
171:0>1, 178:3>2.

Cacosternum boettgeri 50:l>3,66:0>1,87:0>1, ll5:0>1, ll6:0>1, 117:0>3,123:'2>0,
Cacosternarn capense 96:1>0.
Cacoste tum namaquense 66:0>1, 87:0>2, 88:0>2, i 16:0>l, I40: I>0.
Cacoslernum nanum parvum 60:0>1, 62:0> l, 80: l>2, 84: I >0, 17 8:2> l.
Cardioglossa 38:0>1,42:l>0,49:0>1, 5l:l>0, 52:l>0, 59:l>0,60:0>1, 96:0>1, 104:0>1,

105:0>1, 106:l>0, 155:0>1, 178:l>2, 186:0>2.
Chiromsntis xerampelina 6:l>0, 20l2>1,78:0>1, 9l:0>1, 120:0>1, 122:0> 1, 124:l>0,

142:l>2.
Colostethus 35: l>6, 105:0>1, ll5:0>1.
Conraua crassipes 48:0>1, 99:0>2.
Conraua goliath 146:0>2, 156: l>0.
D im orp h ogn ath u s africanu s I 12: l>0, I 42: l>0, I 47 :2>3.
D isc o deles b ufo n iform is 1 l0 :0> l, I I 1 :0> l, 124: l>2, I 49 : l>2, 17 7 :0> l.
Ericabatrachus baleensis 4:l>0, 13:l>0, 24:l>2, 29:l>0, 30:14, 32.'2>1, 33:1>0, 39:0>1,

50:3>1,60:0>1,80:l>2,87:0>3,91:2>0,96:l>0, ll2:0>1, 113:3>5, ll9:0>l, 130:4>3,
l5l:0>1, 160:0>1, 167:2>1, 168: l>0.

Euphlyctis cyanophlyctis 0:l>0,20:2>1,26:3>l,50:l>2,89:0>1, 112:0>1, 135:2>1.
Hemisus marmotatus 4:2>1, 14:0>1,20:0>1, 21:0>1, 33:0>2, 69:0>1, 77:l>2, 87:01>2,

88:0>2,97:0>2,1 l2:0>1, ll3:4>5, 115:0>1, 157:l>0, 176:l>2, 184:Fl, 186:0>1.
Hildebrandtia omata 44:0>2,74:0>1, 128:2>1, 129:3>2, 158:0>1, 163:0>l, 170:0>2,

172:1>0.
Hoplobatrachus occipitolis 38:0>1,44:0>1, 53:l>0, 59:0>1, 108:0>1, 184:0>1.
Hydrophylax galanezsr's 89:0>1, 1 10:0>1, I 73:0>2.
Hyperolius marmoratus 37:0>1,41:0>1,65:0>2, 87:0>3,94:l>0, 122:0>1,128:0>1, 158:D0,

169: l>0, 173:0> l, l8l: l>2.
Kassina l4:2>0, l5:l>0, 42:l>0, 45:0>1, 50:l>0, 5l:l>0, 53:0>1, 59:l>2, 60:0>2, 69:0>1,

78:0>2, 129:5> l, 157:l>0, 167:l>2, 168:0>1,171:0>1.
Leptodactylon 7:l>0, 35:8>4, 44:0>1, 58:0>1, 7O:l>2, 122:0>1, 123:0>1, 127:3>0, 129:6>2,

144:0>1, 146:0>l ,152:2>1, 162:0>1, 185:0>1.
Leptodactylus 4:0>1, ll:0>2, 20:0>1, 2l:0>1, 33:0>1, 44:0>1, 45:0>1, 65:0>2, 69:0>1,

74:0>1,19:0>1,91:0>2, 98:0>1, 115:0>1, 123:0>1 , 127:3>2, 128:0>2, 129:0>3, 142:0>4,

I 55:0>1, l6 I :0>1, 167 :1>2, I 68:0>1, 172:0>1, 1 90:0>2.
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Leptopelis vermiculatus 2:0>1, 2l:0>1, 35:8>7, 36:0>2, 38:0>2, 50:l>0, 56:l>0, 58:0>1,

64:l>0,78:0>1, 83:0>1,93:1>0, l0l:l>0, 106:l>0, 110:0>1, ll4:0>2, 122:0>1, 124:l>0,
125:0>1, 147:2>4, 155:0>1, 156:0>1, l8l:l>2, 183:0>1.

Limnonectes blythii l6:l>0, 50:l>2, 54:0>1, 7l:0>1, 73:0>2, 74:0>1, 8l:0>1, 84:l>0,
107:0>1, 162:0>1, 173:2>1, 177 :O>1.

Mannophryne trinitatis 14:2>1, 50:l>0.
Mantella aurantiaca l:l>0, 11:0>1,20'2>1,22:0>1,36:l>0,42:l>0,49:0>1,51:l>0,52:l>0,

60:2>0,61:l>0,62:0>1,63:l>0,64:0>1,66:0>1,85:0>2, I l7:0>2, 158:0>2, 186:0>1.

Mantidactylus femoralis 44:0>1,45:0>2,55:0>1,72:l>0,80:2>1,91:0>1, 138:0>1, 173:0>2,

175:0>1.
Microbatrachella capensis 28:0>2,31:0>1,32:2>1,37:0>1,59:l>2,62:0>1,66:0>1, 100:0>1,

108:0>1, 158:2>0, 169: l>0.
Nannophrys cq onensis 0:l>0, 4:0>1, 6:l>0, l5:l>0, 16:0>2, 20:2>0, 24:0>1, 26:l>3,

32:2>1,52:l>2,54:0>3, 55:0>1, 67:0>1, 106:2>0, ll2:l>0, 128:0>1, 135:2>1, 146:0>1,

l5 l :0>1, 157: l>0, i58:0>2, 169.0>1, 177 :l>2, l 8 l : l>0, 1 83:0>1, 1 84:0> l'
Nanorana l0:l>0, Il:0>2, l2 l>0, 14'.2>1,16:l>2, 19:2>1, 42:l>0, 6O:2>0,68:0> l, 75:0> l,

76:2>3,78:0>2,80:0>1, tl3:3>4, 126:0>1, 127:3>0, 150:l>0, 154:0>1, 172:l>0, 188:0>3.

Natalobatrachus bonebergi l:1>0, 2:0>1, 52:l>0, 92l>0, 107:l>0, l16:0>1, 117:0>2,

I l9:0>1, 126:0>1, 155:0>1, 169:l>0, 178:2>1.
Nothophryne broadleyi 3:0>1,34:l>0, 35'.6>2, 7l:2>0, 79:0> 1 , l0l:l>2, 122:0>1, 130:4>3,

l4l:l>0.
Nyctibates corr gatus 23:O>2,27:2>3,58:0>1,76:2>1,85:l>0, 102:0>2, 1296>2, 17l:0>1,

186:1>0.
Pantherana pipiens 6: l>0, 107:l>0.
Pefiopedetes cameronensis 5:0>1,7:l>0, ll:0>7,45:0>2, 135:2>0, 158:2>1, 183:0>1.

Petropedetes natator ll:0>2,24:0>1, 30:l>0, 54:0>2, 86:0>1, 135:D0, 138:0>1, 177:0>1,

178: l>2, 187: l>0.
Petropedetes newtoni 26:l>3, I 07: l>0, I I 0:0> l, I 43 :0>1.
Petropedeles parkeri 68: l>0, 143:0>l, 149: l>0, l6 I :0>1, I 8 I :0>1.
Philaatus 5:0>1,11:0>2,24:0>1,36:l>0,45:0>2,55:0>1,60:2>0,68:0>1,84:l>0, 182:0>1.

Phrynobatrachus acridoides 40:0>1,65:2>0, ll0:l>0, l5l:l>0, 154:0>1, 155:0>1,172:2>0,
187:l>0.

Ph rynobatrach us c ricogaster 38:0>1, 40:0> l, 68:0> l, I 85 :0>5.
Phrynohatrachus dendrobates 69:0>l, 108:0>1.
Phrynobatrach us krelfr ii | :1>0, 50: 1>2, 5 I :0> l, I 33:0> l, I 69: I >0, I 79:0> l.
Phrynobatachus natalensis l8:0>1,86:l>0,89:0>1, 107:0>1, 167:l>2, 168:0>1, 189:l>0.
Phrynobatruchas plicalus ll5:0>1, 138:0>1, 155:0>1, 156:0>1, 169:l>0, 175:l>0.
Phrynobatrachus versicolor 5:0>1, 16:0>1.
Phrynodon sandersoni 4:1>0,21:l>0, 35:3>1, 68:0>1, 79:0>1, 8l:0>1, 85:0>1, 108:0>1,

179:0>1, 189: l>0.
Phrynoglossus laevk 4:0>1, ll:0>2, l6:l>2, 48:0>1, 50:l>3, 52:l>0, 57:0>1, 58:0>1,

59:0>3, 63: l>0, 72:0>1,75:0>1,78:0>2, 136: I >0, 154:0>1, 176:l>2.
Phrynomantis bifusciatus l2:0>l, 24:0>2, 32:2>3, 37:0>1, 59:0>3,65:0>2, 77:l>0, 92:0>1,

107:0>1, ll4:0>1, 135:l>0, 157:l>2, 188:0>1.
Platymantis 2:0>1, l0:1>0, 78:0>1, 80:0>2, 86:0>1, 96:0>1, 104:0>1, 105:0>1, l2l:l>0,

155:0>1, 158:0>2, 162:0>1, 17 5:0>2, 178:l>2, 182:0>1.
Poyntonia paludicola l8:l>0, 3l:0>1, 5l:l>0, 52:l>0, 56:l>0, 58:0>1, 62:0>1, l2l:0>1,

136:l>0, 170:0>2, 188:0>4.
Ptychadena anchietae 56:0>1, l8l:,0>1.
Ptychadena 0: l>0, 115:0>1.
Plxicephalus adspersus 78:0>3,158:0>1, 169:0>1 , 170:0>2, 172:l>0, 173:2>0, 190:0>1.

Scotobleps gabomczs 0:0> l, 27 :2>3, 7 0 :l>0, I 5 I :0> l, 1 52:2>0, I 7 I :0> l.
Sooglossidae 4:0>1, 22:O>2, 690>1, 76:2>1, 88:0>2, 9l:0> l, I l9:0>1, 128:0>2 , 129J>2,

| 52:2> l, 17 0:0>1, 1 80:0>1.
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Staurois natator 2l:0>1, 30:l>0, 35:16>7,81:0>2, 100:0>1, 102:0>2, 103:l>2, 107:0>2,

ll3:3>4, ll4:2>0, 1220>4, 123:0>1, 124:l>2, 126:0>1, 129:4>0, l3l:0>l, 138:Dl,
152:2>1, 155:O>1, 167; 1>0, 170:0>1.

Stronplopus grayii 4:0>1, 5:0>1, 26'3>1,34:0>l,42:l>0,52:1>0,68:0>1, 70:0>2, 154:0>1,
158:0>2, 166:l>0, 169:0>1, l8l :0> 1.

Tomopterna marmorata l'.1>0, I 6:0>2, I 58:0> l, I 75 :0> l.
Tomopterna tandyi 3 I :0>1, 48: l>0, 165:0>1.
Trichobatrachus tobustus 38:0>2, 44:0>1, 70:l>0, 123:0>1, 127:3>0, 135:0>1, 144:0>1,

146:0>1, 162:0>l.
Node 0 @asal node, all taxa excluding Heleophryne) 3:0>1,9:0>1, 14:0>2, l5:0>1, 16:0>2,

19:0>1, 42:0>1, 76:0>2,77:O>1, 84:0>1, 94:0>1, 106:0>2, 124:0>1, 127:0>3, 135:0>1,
147:0>2, 149:0>1, 152:0>2, 154:0>1, 157:0>1, 158:0>2, 167:0>1, 169:0>1, 176:0>1,
178:0>3, 187:0>1.

Node I (dendrobatids + sooglossids) 36:0>1, 4O:O>2, 46:0>1, 50:0>1, 70:0>1, 8l:0>1,
86:0>1, 96:0>1, I l0:0>l.

Node 2 (dendrobatids) 20:0>2, 25:0>2, 26:0>1, 27:0>2, 29:0>1, 57:0>1, 62:0>1, 84:l>2,
85:0>2, 97:0>1, l0l:0>2, 106:Dl, 138:0>1, 155:0>2, 160:0>1 , 172:0>2, 173:0>2, 174:0>1,
19l:0>2.

Node3 (Dendrobares species) 10:0>1, l6:2>1, 22:0>1, 30:0>1, 49:0>1, 53:0>1, 100:0>1,
I l6:0>1.

Node 4 (Colostethus * Mannophryne) 17:0>1, 18:0>1, 24:0>1, 40:Dl, 52:0>1, 89:0>1,
l6l:0>1.

Node 5 (Leptodacgrrs (Ranoidea + Microhyloidea)) l:0>1, 17:0>1, l2l:0>1, 136:0>1,
l9l:0>5.

Node 6 (Ranoidea + Microhyloidea) I 3 :0> l, 25 :0>2, 26:0>3, 27 :0>2, 6 | :0> l.
Node 7 (Microhylidae including Hemisus'S 4:0>2, 14:2>0, l5:l>0, 22:0>1, 4O:0>2,46:0>1,

49:0>1, 66:0>1, 70:0>2, 75:0>1, 8l:0>2, 9l:0>4, 96:0>1, 109:0>1, 137:.0>1, 152:2>1,
17O:O>2.

Node 8 (Brevicipinae + Hemisus) 9:l>0, 42:l>0, 62:0>1, 82:0>1, 94:l>0, 98:0>1, 99:0>1,
I l6:0>1, 124:l>0, 128:0>1, 129:0>2, 136:l>0, l6l:0>1, 163:0>1, 167:l>2, 168:0>1.

Node9 @anoidea) 20:0>2, 50:0>1, 93:0>1.
Node l0 (arthroleptids and hyperoliids) 59:0>1, 70:0>1, 100:0>1, l0l:0>1, 102:0>1,

106:2> l, 129:0>5.
Nodell (trIypera lius + I{assila1 4:0>1,20:2>1,66:0>1, 83:0>1, 84:l>0, 89:0>1, 97:0>1,

110:0>1, ll4:0>2, 125:0>1, 147:2>0, 148:0>1, 176:l>3.
Node l3 (Arthroleptinae) 43 :0> l, 6 I : I >0, 8 I :0> l, 92:0>1, 129:5>2, I 62:0>2, I 63 :0> l.
Node 14 (Arthroleptr's species) I l:0>2, 35:8>1, 46:0>1, 55:0>t, 86:0>1, 87:0>3, I l3:0>1,

152:2>0, 183:0> l.
Node15 (Astylosterninee + Leptopelis) 4l:0>1, 45:0>1, 48:l>0, 62:0>2,79:0>1, 80:2>1,

128:0>1, 157:1>0.
Node l6 (Astylosterninae) 52:l>0,87:0>3, 100:l>0, 102: l>0, 129:5>6, 176:l>0, 186:0>1.
Node I 8 (,{srylastern u s (Nyctibates + T ric h obat ra c h us)) 60:0>2, 64: I >0.
Node 19 (Nycrr'Dates + Trichobatrachus) 77:4>2, 173:0>1.
Node 20 (Ranidae) 33 :0> l, 60:0>2, I 40:0>2, I 58:2>0, 1 79:0> l.
Node2l (m.ntellids + rhacophorids) 39:0>1, 43:0>1, 86:0>1, 97:0>1, I 14:0>2, 129:0>4,

191:5>3.
Node 22 (Mantella (Staurois + rhacophorids) ll2:0>1.
Node23 (Staarar's + rhacophorids) 2:0>1, 7:l>0, 70:0>2, 77:l>0, l2l:l>0, 142:0>!,

187:l>0.
Node24 (rhacophorids) 34:l>2, 39:l>0, 43:l>0, 48:l>0, 50:l>3, 59:0>1, 86:l>0, 93:l>0,

106:2>0, 125:0>1, 135:l>0, 173:0>2, 178:l>4, l8l:0>2.
Node25 (Ranidae excluding rhacophorids and mantellids) 107:0>1, 167:l>02.
Node 26 (Tomopterninae (Batrachylodes (phrynobatrachids + cacosternids))) 92:0>1,

I l0:0>1, 178: l>2.
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