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Abstract

 

Sánchez-Villagra, M.R., Winkler, J.D., Wurst, L. 2007. Autopodial skeleton
evolution in side-necked turtles (Pleurodira). — 
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 (Stockholm)

 

88

 

: 199–209

Carpal and tarsal anatomy was documented based on the observation of dry
skeletons of adult specimens representing 25 species in 15 genera and on data
taken from the literature. In addition, histological sections and cleared and
double-stained autopodia of recently hatched and juvenile specimens representing
seven chelid and pelomedusoid species were studied. There is much more
morphological diversity in the manus than in the pes. Variation in autopodial
skeletons includes: the astragalus and calcaneum are either separated or fused;
fusion of distal carpals 3–4

 

−

 

5 or just 4–5; number of centralia in the carpus;
and presence/absence of a pisiform and of an accessory radial element. The
widespread and probably basal phalangeal formula for Pleurodira is 2.3.3.3.3.
Deviations are 

 

Pelomedusa subrufa

 

, exhibiting a reduction to 2.2.2.2.2, 

 

Pelusios

 

spp. with one phalanx less in digit I and for one species in digit V as well, and

 

Acanthochelys pallidipectoris

 

 with an additional phalanx in the fourth finger. Six
discrete characters itemizing some of the morphological variation observed were
plotted on a composite pleurodire phylogeny, revealing not only homoplastic
patterns but also the utility of some characters in supporting the monophyly of
several clades. The pisiform is the last carpal element to ossify in 

 

Chelus fimbriatus.

 

We hypothesize that the so-called fifth hooked metatarsal represents the fusion
of distal tarsal 5 with metatarsal V. The accessory radial element that was
occasionally present in the turtles examined may represent an atavism of the
otherwise lost radiale of turtles.
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Introduction

 

Autopodia have undergone numerous changes during turtle
evolution, in terms of phalangeal numbers and proportions
and in the arrangement of carpal and tarsal bones (Boul-
enger 1889; Rabl 1910; Holmgren 1933; Zug 1971; Walker
1973; Gaffney 1990; Crumly and Sánchez-Villagra 2004;
Sheil 2005). Although autopodial anatomy was important in
some of the earliest classifications of turtles (Merrem 1820;
Rabl 1910), autopodial characters have been mostly neglected
in cladistic treatments of turtles (e.g. Gaffney 1977), perhaps
because they are only rarely preserved in fossil species (but

see Gaffney 1979; fig. 22, for 

 

Emydura

 

 sp. from the Wipajiri
Formation, Miocene of South Australia) and because of their
rarity and poor state in osteological collections of living
species. As for many other aspects of our knowledge of turtle
anatomy and evolution, autopodial anatomy and develop-
ment in pleurodire (side-necked) turtles are less-known than
in their sister group the Cryptodira. In fact, many of our
assumptions about the autopodial anatomy of the recon-
structed last common ancestor of turtles are based on the
study of cryptodires alone (e.g. Rieppel 1994).

Here we study patterns of homoplasy and synapomorphy
in the autopodia of pleurodire turtles with the examination of
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a comprehensive species sample in a phylogenetic context.
We discuss hypotheses of primary homology after examina-
tion of different ontogenetic stages and study some basic
autopodial proportions across species. This is part of a larger
project aimed at examining autopodial evolution in turtles
(Sánchez-Villagra 

 

et al

 

. 2006) and identifying non-conventional
character complexes as sources of characters for phylo-
genetic analyses (Winkler 2006).

 

Pleurodire diversity and phylogeny

 

Side-necked turtles (Pleurodira), one of the two major
groups of chelonians, contain two clades distributed in the
southern hemisphere. The pelomedusoides comprise five
genera and are restricted to Africa (

 

Pelusios

 

 and 

 

Pelomedusa

 

),
Madagascar (

 

Erymnochelys

 

) and South America (

 

Peltocephalus

 

and 

 

Podocnemis

 

) (de Broin 1988). Living members of the
pelomedusoides are classified into the Pelomedusidae
(

 

Pelusios

 

 and 

 

Pelomedusa

 

) and the Podocnemididae (

 

Podocnemis

 

,

 

Peltocephalus

 

 and 

 

Erymnochelys

 

). The Chelidae comprise 11
genera from Australasia (

 

Chelodina

 

, 

 

Emydura

 

, 

 

Elseya

 

,

 

Elusor

 

, 

 

Pseudemydura

 

 and 

 

Rheodytes

 

) and South America
(

 

Acanthochelys

 

, 

 

Chelus

 

, 

 

Hydromedusa

 

, 

 

Phrynops

 

 and 

 

Platemys

 

).
The monophyly of the Pleurodira is widely accepted but rela-
tionships within this group remain controversial (Burbidge

 

et al.

 

 1974; Seddon 

 

et al

 

. 1997; Shaffer 

 

et al

 

. 1997; Georges

 

et al

 

. 1998; Noonan 2000), especially among chelids. Phylo-
genies based on osteological data have long-necked South
American and Australasian chelids grouped into a single
clade (Boulenger 1889; Gaffney 1977; Gaffney and Meylan
1988). On the other hand, relationships inferred from com-
bined morphological and molecular data or from molecular
data only suggest either monophyly of South American
and Australasian chelids or of one of these groups and reject
the long-neck clade (Seddon 

 

et al

 

. 1997; Shaffer 

 

et al

 

. 1997;
Georges 

 

et al

 

. 1998; Fujita 

 

et al

 

. 2003).

 

Materials and Methods

 

Comparisons were made among skeletons of adult speci-
mens of 25 species in 15 genera after our own observations
in museum collections (see Acknowledgements) and data
taken from the literature. The basal pelomedusoid 

 

Araripemys
barretoi

 

 (Meylan 1996), one of the oldest and most basal
pleurodires from the early Cretaceous of Brazil, is coded in
our matrix based on the descriptions by Meylan (1996).

Some of the morphological variation observed in adults
was itemized into six characters, which were then mapped on
a phylogeny of the species examined to study the patterns of
evolutionary change and the potential phylogenetic signal
these characters contain. Parsimony was used to reconstruct
ancestral character states for each character and potential
synapomorphies of the clades. Ambiguous reconstructions of
characters were resolved using the 

 

acctran

 

 and 

 

deltran

 

optimizations (Maddison and Maddison 1992), suitable for

unordered and ordered characters. Under the 

 

acctran

 

 option,
transformations are accelerated, maximizing reversals while
under the 

 

deltran

 

 option, transformations are delayed, thus
maximizing parallel changes.

Regarding the phylogeny of the taxa study, we followed a
composite phylogeny based on the work of Seddon 

 

et al.

 

(1997) and Georges and Adams (1992). Recent phylo-
genetic analyses involving pleurodires, both molecular and
morphological, have been restricted in terms of the taxa
studied (Shaffer 

 

et al

 

. 1997; Georges 

 

et al

 

. 1998; Fujita 

 

et al

 

.
2003; Krenz 

 

et al

 

. 2005), so a composite of existing informa-
tion on the taxa studied was required.

We studied autopodial anatomy in histological sections of
juvenile specimens of 

 

Chelodina longicollis

 

, 

 

Emydura subglobosa

 

,

 

Phrynops geoffroanus

 

 and 

 

Podocnemis unifilis

 

, and in cleared
and double-stained 

 

Chelus fimbriatus

 

 (two samples), 

 

Phrynops
geoffroanus

 

 (two samples), 

 

Podocnemis unifilis

 

, 

 

Podocnemis
expansa

 

 and 

 

Pelusios williamsi

 

. The clearing and double-staining
method used (Prochel 2006) was a modified version of
the one introduced by Dingerkus and Uhler (1977). The
three-dimensional computer reconstruction method has
been described previously by Sánchez-Villagra 

 

et al

 

. (2002).
Specimens belong to the Department of Zoology of the
University of Tübingen or to the personal collection of M. R.
Sánchez-Villagra.

 

Character list

 

1. Astragalus and calcaneum: 0, separate; 1, fused.
2. Number of distal carpalia (dc): 0, five dc; 1, four dc

(fusion of dc 4–5); 2, three dc (fusion of dc 3–4–5).
3. Number of central carpalia/centralia: 0, no centralia; 1,

two centralia; 2, three centralia.
4. ‘Accessory’ element in the radial side of the manus

(Figs 1 and 2; see Rabl 1910, plate III, fig. 10 for

 

Hydromedusa tectifera

 

): 0, absent; 1, present.
5. Pisiform: 0, absent; 1, present.
6. Phalangeal formula of the manus: 0, 2-2-2-2-2; 1, 2-3-3-

3-2; 2, 2-3-3-3-3; 3, 2-3-3-4-3.

 

Results

 

Autopodia of pleurodire turtles are diverse, particularly
the manus (Figs 1–3). Interspecific variation includes: (a) the
astragalus and calcaneum are either separate or fused, (b) the
centralia 3 and 4 are fused in some and separate in other spe-
cies, (c) the centralium 2 is lost in some species, (d) pisiform
is either present or absent, (e) dc 4–5 are fused in most South
American chelids and in the Australasian 

 

Chelodina

 

, (f ) dc 3–
4

 

−

 

5 are fused in 

 

Chelodina

 

, 

 

Pelomedusa

 

 and 

 

Pelusios

 

, (g) presence
of accessory ossifications on the radial side of the manus.

Intraspecific variation was documented for several features.
For example, in 

 

Chelus fimbriatus

 

 two centralia are fused in
some specimens and were separate in others. Furthermore,
ontogenetic stages differ in some aspects of carpal anatomy
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(see below). In juvenile 

 

Emydura subglobosa

 

 dc 2–3 are fused
as well as dc 4–5, and centralia 3 and 4. In adult specimens
these bones are separate.

Potential synapomorphies for different clades are sum-
marized in the cladogram in Fig. 4 and are described below.

In most pleurodires, the astragalus and calcaneum (character
1) are fused, apparently the plesiomorphic condition for the
group as well. However, about half of the chelid species
examined have these two bones separate, resulting in a
homoplastic distribution of this character in that clade.
Among pelomedusoides, 

 

Erymnochelys madgascariensis

 

 and

 

Pelomedusa subrufa

 

 are polymorphic for the trait. Concerning
the homologies of the astragalus with the original tarsal
components of early amniotes (O’Keefe 

 

et al

 

. 2006), this is
something that requires further study of earlier ontogenetic
stages than those available to us. However, it is worth
mentioning that Rabl (1910; plate 5, fig. 5) illustrated a
specimen of 

 

Hydromedusa tectifera

 

 in which the astragalus,
separated from the calcaneum, exhibited in the astragalus a
line that most likely represented the area of fusion of the
intermedium and a centrale.

Our data suggest that fused dc 3–4–5 are unique anatomical
characters in the chelid genus 

 

Chelodina

 

 and in the
pelomedusids 

 

Pelomedusa

 

 and 

 

Pelusios

 

 (character 2)

 

.

 

 Fusion
of two dc (character state 2-1) is found in 

 

Podocnemis sextu-
berculata

 

 among pelomedusoides and only in several South
American species of chelids (genus 

 

Hydromedusa

 

, 

 

Phrynops
geoffroanus

 

, 

 

Platemys platycephala

 

, 

 

Acanthochelys pallidipectoris

 

).
Most species of 

 

Emydura

 

 have three centralia as opposed
to just one (character 3), as found in 

 

Emydura macquarii

 

,
which represents the most basal species within the genus
according to the study of Georges and Adams (1992). Within
the 

 

Erymnochelys–Podocnemis

 

 clade, most species have the
derived condition of three centralia, with the exception of

 

Podocnemis erythrocephala

 

 and 

 

Podocnemis sextuberculata

 

. The
condition of three centralia appears to be derived from
the two centralia condition, which is thought to be the
plesiomorphic condition for Chelidae and indeed Pleurodira
as a whole.

Of the species for which specimens suitable to check
for character 4 were available (approximately two-thirds of
the sample), only five exhibit an ‘accessory’ element in the

Fig. 1—Diagrams in dorsal view of the adult manus (top, middle row) and pes (top, bottom) of the pleurodire species: —A, B, G. Hydromedusa 
tectifera; —C. Emydura macquarii; —D. Emydura victoriae; —E. Chelodina expansa; —F. Chelodina longicollis; —H. Chelus fimbriatus; 
—I. Phrynops geoffroanus (manus) and Phrynops hilarii (pes), —J. Pelomedusa subrufa; and —K. Erymnochelys madagascariensis. Figures are 
based on the examination of specimens as indicated and if not have been modified from Rabl (1910). The phalanges are excluded from the 
diagrams. In Chelodina longicollis dc 3, 4 and 5 are fused in the adult manus, so are the centralia. In the adult manus of Podocnemis unifilis the 
fusion of the proximal elements and centralia are lost and all elements are separate. Abbreviations: a: astragalus, c: central, c: calcaneum, dc: 
distal carpal, dt: distal tarsal, f: fibula, hfmt: hooked fifth metatarsal, i: intermedium, mc: metacarpal, mt: metatarsal, pi: pisiform, r: radius, 
t: tibia, u: ulna, ul: ulnare. Black arrows point to the small accessory element on the radial side. All figures are unscaled.
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Fig. 2—Photographs of the adult right manus in dorsal view of —A. Elseya novaeguinea (MTKD 44468), —B. Emydura victoriae (MTKD 
42435), —C. Emydura subglobosa (MTKD 44453), —D. Chelodina expansa (J 47484), —E. Chelus fimbriatus (MTKD 21361), —F. Phrynops 
hilarii (MTKD 43345), —G. Platemys platycephala (MTKD 40657), and —H. Podocnemis erythrocephala (MTKD 40660). White arrows point 
to the small accessory element on the radial side. Please refer to Fig. 1 for identification of the individual element abbreviations. All figures 
are unscaled.
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Fig. 3—Photographs of the adult right pes in dorsal view of —A. Elseya novaeguinea (MTKD 44468), —B. Emydura victoriae (MTKD 42435), 
—C. Emydura subglobosa (MTKD 42433), —D. Emydura macquarii (MTKD 42439), —E. Chelus fimbriatus (MTKD 12361), —F. Phrynops 
hilarii (MTKD 43345), —G. Acanthochelys pallidipectoris (MTKD 42981), and —H. Podocnemis erythrocephala (MTKD 40660). Please refer 
to Fig. 1 for identification of the individual element abbreviations. All figures are unscaled.
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radial side of the manus: Elseya spp., Chelodina longicollis
and Hydromedusa spp., whereas Pelomedusa subrufa is poly-
morphic for this trait.

The presence/absence of a small pisiform just lateral to
the ulnare (character 5) seems to largely vary intraspecif-
ically for chelids, but less so in pelomedusoides, for which
we recorded a pisiform in all the specimens examined with
the exception of that belonging to Pelusios gabonensis. This
element is sometimes lost in dry skeletal preparations, so
caution should be taken when weighting the significance of
this character. Presence of a pisiform appears as a synapo-
morphy of the two species of Chelodina and of the Phrynops–
Chelus–Acantochelys–Hydromedusa clade, but as this feature
is variable not much weight should be put into the reality of
this pattern.

The widespread phalangeal formula is 2.3.3.3.3 (character
6). Pelomedusa subrufa exhibits a reduction of the phalangeal
formula to 2.2.2.2.2. Three Emydura species exhibit the
reduction of a phalanx in the last digit, whereas Acantochelys
has an extra phalanx in the fourth digit.

Concerning the pes, not coded here, the pattern is similar
to that of the manus. As already recognized by Boulenger
(1889), in the pes the phalangeal formula is usually 2.3.3.3.3.
In Pelomedusa, it is reduced to 2.2.2.3.2 or 2.2.3.3.2.

The available histological sections, three-dimensional
reconstructions, and cleared and stained specimens of non-
adult materials, provide information about the homologies of
the elements seen in adults and the timing and mode of
development of certain features.

Figure 5 shows three-dimensional reconstructions of ele-
ments of the manus and pes skeleton in ‘juvenile’ stages of
three chelids and one pelomedusoid. The arrangement and
size proportions are basically those of the adults (Figs 1–3),
although elements are mostly cartilaginous. Some differences
exist, for example in the distal carpal row. Whereas the adult
Podocnemis unifilis examined has five separated dc, a juvenile

Fig. 4—Distribution of autopodial character states in adults 
graphically summarized and mapped on a composite phylogenetic 
hypothesis (Georges and Adams 1992; Seddon et al. 1997). See 
Table 1 and text for details. Data to code character states for 
Araripemys barretoi are taken from Meylan (1996). The letters ‘A’ 
and ‘D’ refer to acctran and deltran reconstructions, respectively.

Table 1 Character state distribution for six characters and 15 
character states in 26 pleurodire species, based on the examination 
of adult skeletons. See text for details

Species

Character*

1 2 3 4 5 6

Emydura macquarii 0 1&2 1 0 0&1 1
Emydura victoriae 1 0 2 ? 0&1 1
Emydura subglubosa 1 0 2 ? 0&1 2
Emydura kreffti 0 0 2 0 0&1 1
Elseya latisternum 0 0 2 ? ? ?
Elseya novaeguinea 0 0 1 1 0 2
Elseya dentata 1 0 2 1 0 2
Chelodina longicollis 1 2 1&2 1 1 2
Chelodina expansa 1 2 1 0 1 2
Platemys platycephala 1 1 1 ? 0 2
Acanthochelys spixii 0 0 1 ? 0 ?
Acanthochelys pallidipectoris 1 1 1 0 1 3
Phrynops hilarii 0 0&1 2 0 0&1 2
Phrynops geoffroanus 1 1 1 ? 1 2
Chelus fimbriatus 0 0 1&2 0 1 2
Hydromedusa maximiliani 0 1 1&2 1 1 2
Hydromedusa tectifera ? 1 1 1 ? 2
Erymnochelys madagascariensis 0&1 0 2 0 1 2
Podocnemis unifilis 0&1 0 2 0 1 2
Podocnemis erythrocephala 1 0 1&2 0 1 2
Podocnemis sextuberculata ? 1 1 0 1 2
Podocnemis expansa 1 0&1 2 0 1 2
Pelomedusa subrufa 0&1 2 1 0&1 1 0
Pelusios subniger 1 2 1 ? 1 2
Pelusios gabonensis 1 2 1 0 0 1
Araripemys barretoi 1 0 0 ? 0 ?

* Refer to Character list within the Materials and Methods for an explanation 
of the character numbering.
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[from Zoologisches Institut, Universität Tübingen (ZIUT),
carapace length (CL) = 22 mm] has fused dc 2–3 and dc 4–
5. In the juvenile of Phrynops geoffroanus (ZIUT, CL =
16.2 mm), as in the adult, dc 4–5 are fused. The juvenile
Chelodina longicollis (ZIUT, CL = 11.8 mm) exhibits the
same condition as the adult, with fusion of dc 3–4–5. The
adult Emydura subglobosa has five separate dc, whereas in
the juvenile (ZIUT, CL = 28.5 mm) the dc 2–3 and dc 4–5
are fused.

The pisiform is present in all specimens examined except
for that of Podocnemis unifilis. It is absent in some adult speci-
mens of Emydura subglobosa, but its presence in the juvenile
supports the suspicion that absence of this element is in some
cases an artefact of the dry preparation.

Description of salient histological sections

In a section of Chelodina longicollis (Fig. 6), there is a complex
element that is the fusion of dc 3–4−5. The hyperchondric
cells, a centre of ossification in this complex element, corre-
spond to the dc 3 portion of the element.

A section of Phrynops geoffroanus indicates the potential
fusion of distal tarsal V with metatarsal V (Fig. 7). There are

two distinct centres of hyperchondric cartilaginous cells,
suggesting two different centres of ossification.

Some statements can be made based on the cleared and
stained ‘juvenile’ stages examined. In both Pelusios williamsi
and Podocnemis expansa, the fifth hooked metatarsal is ossi-
fied before all tarsals, and based on the relative degree of ossi-
fication appears to be the last ‘metatarsal’ (see Discussion) to
ossify. In Chelus fimbriatus the pisiform and a small accessory
element in the radial side (Figs 1, 2 and 8) are the last bones
to ossify among carpal elements.

Discussion

We recorded variation in the manus and pes of Pleurodira,
some of which can be summarized into characters of poten-
tial use in phylogenetic analyses. The characters studied do
not vary randomly across phylogeny, but instead several
autopodial synapomorphies were identified at different levels.
For example, one would expect fusion of distal carpals to
be a common phenomenon, occurring almost randomly and
certainly homoplastically. Instead, certain configurations are
restricted to particular monophyletic clades and are seen in
no other taxa. The paucity of skeletal preparations of autopodia

Fig. 5—Three-dimensional reconstructions of juvenile manus (top) and pes (bottom) of the chelid turtles Emydura subglobosa (ZIUT, 
CL = 28.5 mm), Chelodina longicollis (ZIUT, CL = 11.8 mm), Phrynops geoffroanus (ZIUT, CL = 16.2 mm), and the podocnemidid turtle 
Podocnemis unifilis (ZIUT, CL = 22 mm). Distal carpals (dc) 2 and 3 are fused in the juvenile Emydura subglobosa as well as dc 4–5, and 
centralia 3 and 4. In Chelodina longicollis the dc 3, 4 and 5 are fused in the juvenile manus, so are the centralia. In the juvenile manus of 
Podocnemis unifilis, the proximal elements and the centralia are fused and form one large element; dc 2–3 are fused as well as dc 4–5. All figures 
are in dorsal view and unscaled. Abbreviations: ac: astragalocalcaneum, c: central, dc: distal carpal, dt: distal tarsal, f: fibula, hfmt: hooked 
fifth metatarsal, i: intermedium, mc: metacarpal, mt: metatarsal, pi: pisiform, r: radius, t: tibia, u: ulna, ul: ulnare.
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in museum collections prevented us from examining a larger
sample, necessary to confirm the variation or lack of the
features examined.

Certainly not all the variation in autopodial structures was
summarized into characters, but our survey suggests that, as
in tortoises (Crumly and Sánchez-Villagra 2004), there is
greater variation in the manus than in the pes. This may be a
general feature across reptiles (see Müller 2005, for another
example in thalattosaurs, a clade of extinct marine diapsids).
The genetic and developmental connections between fore-
and hindlimb reported to exist in vertebrates can be over-
come, resulting in the differential evolution of manus and pes
(Young and Hallgrimsson 2005).

According to Burke and Alberch (1985, p. 130), auto-
podial elements that form late in ontogeny are more likely to
be reduced during evolution. The pisiform is the last carpal
element to ossify in the species for which some information on
the carpal ossification sequence is available (Chelus fimbriatus).
This observation fits with the fact that this element is
variably present in Pleurodira. In sea turtles, which in all
cases have a prominent pisiform, this element is never the
last to ossify among the carpals, at least for all the species
for which information is available (Rieppel 1993: p. 141;
Sánchez-Villagra et al. 2007).

To resolve the question of monophyly for both South
American and Australasian chelids, the positions of the
South American Hydromedusa and the Australian Chelodina

are of particular interest. Both these taxa are unique among
chelids in having long necks, a feature which many authors
hypothesized evolved in parallel (Fig. 4, see Pritchard 1984;
Georges et al. 1998), whereas another view expressed several

Fig. 6—Histological sections of the juvenile manus of Chelodina 
longicollis (ZIUT, CL = 11.2 mm) show the fusion of the distal 
carpals 3, 4 and 5 and of two centralia. Scale: 0.05 mm. 
Abbreviations: c: central, dc: distal carpal, i: intermedium, 
mc: metacarpal, r: radius.

Fig. 7—Histological sections of the juvenile pes of Phrynops 
geoffroanus (ZIUT, CL = 16.2 mm) show the composite nature of 
the astragalocalcaneum and of the ‘fifth hooked metatarsal.’ Scale: 
0.2 mm. Abbreviations: ac: astragalocalcaneum, dt: distal tarsal, 
hfmt: hooked fifth metatarsal, mt: metatarsal, t: tibia.
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years ago in a preliminary cladistic analysis suggested a sister-
group relationship (Gaffney 1977). The few autopodial
characters examined in our work do not provide any clear
signal for or against any of these alternative hypotheses.

The identity or homology of the accessory bone on the
radial side of the manus in turtles, and in fact across tetrapods,
is unclear. An element in this position is called the ‘prepollex’
by authors working on mammals (von Bardeleben 1894;
Kindahl 1942). As discussed by Wagner et al. (2000) in a
review about tetrapods, an accessory bone on the radial side
of the manus is reported to develop as a segmentation of the
radiale. Some authors hypothesize that the prepollex repre-
sents in fact a sixth finger of the tetrapod stem-group (Galis
et al. 2001), and that the presence of this element in some
tetrapods could be interpreted as an atavism with a func-

tional role. In mammals the prepollex is always the last ele-
ment to start ossifying in the species on which information is
available, otherwise a lot of plasticity characterizes the rela-
tive ossification onset among carpals (Prochel et al. 2004).
This relatively late ossification can be interpreted as a sign
that the prepollex is not a carpal or metacarpal element and
is instead a sesamoid element (Nauck 1933). The accessory
radial element occasionally present in the turtles examined
may represent an atavism of the otherwise lost radiale of turtles
(Burke and Alberch 1985; Sánchez-Villagra et al. 2006).
This hypothesis can be tested with ontogenetic stages
that are eatlier than those available to us, by checking if
there is a distal element connected with the radius during
chondrification.

We saw signs in sections of Phrynops geoffroanus of a potential
fusion of the distal tarsal V with the metatarsal V, supporting
the claim of Robinson (1975; see also Lee 1997), who called
the so-called hooked metatarsal the ‘fifth hooked tarso-
metatarsal’ (contra Goodrich 1916). The topographical rela-
tions in adults support the hypothesis of Robinson (1975).

Phalangeal formula

The widespread and probably basal phalangeal formula for
pleurodires is 2.3.3.3.3. Deviations are Pelomedusa subrufa,
exhibiting a reduction to 2.2.2.2.2, Pelusios spp. with one
phalanx less in the first digit and for one species in the fifth
digit as well, and Acanthochelys pallidipectoris, which has an
additional phalanx in the fourth finger. Acanthochelys pallid-
ipectoris is a medium-sized pleurodire among members of the
Platemys–Acanthochelys clade (Ernst and Barbour 1989), so
large size is not correlated with the presence of an additional
phalanx as could be expected based on previous work on
Testudinidae (Crumly and Sánchez-Villagra 2004).

Apparently the basal pleurodire condition of the phalan-
geal formula is indeed present in the basal pelomedusoid
Araripemys barretoi (Meylan 1996). The phalangeal formula
of the basal pleurodire Notoemys laticentralis is unknown
(Fernández and de la Fuente 1994).

It appears that 2.3.3.3.3 is the plesiomorphic phalangeal
formula not only of pleurodires but of the whole crown-clade
of (living) turtles (cf. Sánchez-Villagra et al. 2007). How-
ever, whether this is the plesiomorphic condition for a more
inclusive clade, the stem-group of turtles, is unclear based on
a parsimony reconstruction. We nevertheless hypothesize
that the phalangeal formula 2.2.2.2.2 of Proganochelys quenstedti
(Gaffney 1990) and Palaeochersis talampayensis (Rougier
et al. 1998) is a secondary adaptation to terrestrial habits,
which have been hypothesized for these two basal fossil taxa
(Joyce and Gauthier 2004). This reduced formula is also
characteristic of Testudinidae (Crumly and Sánchez-Villagra
2004; see also Gaffney 1990: p. 234). A potential correlate
in early limb development of these turtles with a reduced
phalangeal formula is the degeneration of cells in the apical
ridge of the limb bud (cf. Pieau and Raynaud 1976).

Fig. 8—Cleared and double-stained right manus (top, ZIUT, 
CL = 6.9 mm) and pes (bottom, ZIUT, CL = 7.3 mm) of juvenile 
specimens of Chelus fimbriatus, dorsal view. Abbreviations: a: astragalus, 
c: central, c: calcaneum, dc: distal carpal, dt: distal tarsal, f: fibula, 
hfmt: hooked fifth metatarsal, i: intermedium, mc: metacarpal, 
mt: metatarsal, r: radius, t: tibia, u: ulna, ul: ulnare. Scale: 1 mm.
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Appendix Osteological material examined
Chelidae: Acanthochelys pallidipectoris MTKD42978; MTKD42979; MTKD42981; MTKD42980; Acanthochelys radiolata
BSS 001/1947; 002/1947; Chelodina expansa  QM J 47484; Chelodina longicollis BMNH 59125; SMF 70509; QM J73981;
MTKD 41108; MTKD41109; Chelodina oblonga BMNH 6412226; Chelus fimbriatus BSS 46/1957; 195/11; 005/1947;
BMNH 185; 91884; SMF 37146; ZMB 27364; MTKD12361; MTKD44445; Elseya dentata BMNH 76775-1977; ‘Elseya’
latisternum BMNH 187/719258; Elseya novaeguinea MTKD42897; MTKD44468; Emydura krefftii MTKD17725; Emydura
cf. macquarii QM J66658; BMNH 868265; MTKD42439; Emydura subglobosa MTKD42433; MTKD40797; MTKD44453;
Emydura victoriae QM J78095; MTKD42436; MTKD42435; Hydromedusa maximiliani BMNH 1901.7299; Hydromedusa
tectifera BSS 190/1911; Phrynops geoffroanus NRM unregistered; Phrynops hilarii BMNH 833101; SMF 8010; 45471; ZIUT
unregistered; MTKD43345; Phrynops nasutus BSS 001/1925; Phrynops tuberosus MTKD43344; MTKD43343; Platemys
platycephala MTKD40657; pers. coll. M. R. Sánchez-Villagra; Pelomedusidae: Pelomedusa subrufa BSS 785/1920; BMNH
77754; 10197/8231110; ZMB 15696; Pelusios gabonensis BMNH 1912.62738; Pelusios niger BSS 005/1939; Pelusios subniger
BSS 136/1938; BMNH 70551; ZMB 37558; Pelusios sp. BSS 021/1958; MTKD43354; Podocnemididae: Erymnochelys
madagascariensis BMNH 1873.1511; Podocnemis erythrocephala MTKD40660; Podocnemis expansa BMNH 204/1866; ZMB
38142; Podocnemis unifilis MTKD43353; Podocnemis sp. BMNH unregistered.
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