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Webbed feet evolved convergently in most groups of aquatic tetrapods. However, extensive webbing is not always
limited to an aquatic life style. In Anurans, hind limbs display great variation, including absence, of interdigital
membranes, which is explained by differential growth rates of digital and interdigital tissues during early limb
development. In order to explore web diversification in anurans, this paper presents analyses of: (1) hind limb early
development and its relationship to the expression of interdigital membranes; (2) intraordinal variation of
interdigital membranes in adult feet; and (3) intraordinal variation of metatarsal and digit lengths, including
comments on metatarsal development. Study of limb development is carried out in larval series of 12 anuran
species. Analysis of intraordinal variation comprises a sample of adults of 111 species. We recognize two
configurations in the autopodium bud: (1) paddle-like shape with digits differentiated within the confines of
interdigital tissues, and (2) pointed autopodium with digits differentiated beyond interdigital tissues. These early
differences are conserved in adult morphology, in which allometry and isometry of digit IV (and metatarsal IV) with
respect to other digits (and metatarsals) result in asymmetrical and paddle-like autopodium, respectively. The
paddle-like autopodium is restricted to fossil and extant pipids and the hylids Pseudis and Lysapsus, whereas
the asymmetrical one is present in most anurans. Both configurations seem to represent an early divergence of the
autopodium shape. The paddle-like configuration observed in hylids appears as a reversion to an ancient condition
that results from a conserved program of limb development. © 2008 The Linnean Society of London, Zoological
Journal of the Linnean Society, 2008, 152, 39-58.

ADDITIONAL KEYWORDS: amphibians — heterochrony — hind limbs — interdigital membranes — Pipidae —
Pseudis — toes.

INTRODUCTION joints and muscles were studied to determine corre-
lations with jump performance, different life styles
(aquatic, terrestrial, arboreal), and specialized habits

(swimmer, jumper, walker, burrower, climber, flyer)

consequence of important changes in the developmen (Emerson, 1976, 1978, 1979, 1982, 1988; Emerson &
i h, 1980; E Koehl, 1 . Muscl
tal program of the tetrapod limb, which involve fusion de Jongh, 1980; Emerson & Koehl, 1990). Muscles,

of the tibia and fibula, elongation and fusion of the
tibiale and fibulare, and absence of postaxial distal
tarsals (Shubin & Alberch, 1986; Fabrezi, 1993).
Morphological specialization of the vertebral
column and pelvis (e.g. the ilia articulate ventral to
the sacrum), differences in relative hind limb length,

Anura is a major group whose origin appears related to
the transformation of its locomotor system for salta-
tion (Emerson, 1979). The anuran hind limbs are a

intercalary elements, adhesive digit pads, interdigital
membranes and keratinization of prehallux are struc-
tures associated with the anuran limbs that appear in
specific locomotor patterns (e.g. adhesive toes pad and
intercalary elements in climbers, interdigital mem-
branes in swimmers, keratinized spade in burrowers)
(Pough et al., 2001).

The presence of interdigital membranes is observed
to be a result of convergence in other groups of
*Corresponding author. E-mail: jgoldberg@argentina.com. tetrapods, occurring in aquatic species but also in

© 2008 The Linnean Society of London, Zoological Journal of the Linnean Society, 2008, 152, 39-58 39


mailto:jgoldberg@argentina.com

40 J. GOLDBERG and M. FABREZI

some non-aquatic ones (e.g. geckos, bats). The inter-
digital membranes may occur in manus, pes or both.
Differentiation, reduction and/or disappearance of
interdigital membranes take place during early digit
development. In amniotes, the loss of interdigital
tissue progresses disto-proximally by apoptosis at the
paddle-like stage of the limb buds (Kimura & Shiota,
1996). In those taxa that retain interdigital mem-
branes, such as ducks, there is minimal cell death in
the distal borders of interdigital tissues (Gilbert,
1997). Apoptosis in amphibians has only been studied
in seven species (Cameron & Fallon, 1977; Vlaskalin,
Wong & Tsilfidis, 2004; Franssen et al., 2005). The
absence of cell death has been reported for two
anurans and four urodeles, but has been detected in
one urodele in the presumptive interdigital tissues in
both the forelimbs and the hind limbs (Franssen
et al., 2005).

Anuran hind limbs display great variation, includ-
ing absence, of interdigital membranes; the develop-
mental explanation for this could be extrapolated
from the study of Cameron & Fallon (1977), who
proposed differential growth of digital and interdigital
tissues.

The degree of foot webbing has been included in the
diagnosis of many anuran species. It has been esti-
mated by considering the number of phalanges
outside the membrane (Savage & Heyer, 1997), in a
more ambiguous way (‘reduced foot webbing’, ‘foot
completely webbed’, ‘absence of webbing’) (Laurent,
1986) or based on web developed between particular
digits (Liem, 1970). Despite the extensive and abun-
dant employment of the form of interdigital mem-
branes in taxonomic descriptions of anurans, there is
little phylogenetically based information about its
morphological variation and development.

Here we integrate information from comparative
ontogeny and phylogeny in an analysis of interdigital
membranes and their variation in anuran hind limbs
to address: (1) morphological and developmental pat-
terns, (2) the type and direction of changes, and (3)
the significance of webbed feet in the evolution of
anurans.

MATERIAL AND METHODS

Data in this study were analysed in various ways:
(1) description of external hind limb development
in larval series; (2) documentation of intraordinal
variation of interdigital membranes among adult
specimens; and (3) quantitative examination of
intraordinal variation of digits and metatarsal
lengths based on skeletal preparations. Most taxon
nomenclature follows Frost et al. (2006).

External morphology of hind limb development was
examined in larval specimens, the adults of which: (1)

lack interdigital webs — Dermatonotus muelleri,
Elachistocleis bicolor, Phyllomedusa sauvagii and
Physalaemus biligonigerus; and (2) have interdigital
membranes — Bombina variegata, Ceratophrys cran-
welli, Lepidobatrachus laevis, Pseudis paradoxa,
Scinax fuscovarius and Xenopus laevis. Larvae were
staged according to the developmental table of Gosner
(1960).

We also studied metatarsal/digit differentiation in
larval series of species with adults both lacking
(Dermatonotus muelleri, Elachistocleis bicolor, Phyl-
lomedusa sauvagii, Physalaemus biligonigerus) and
possessing (Chacophrys pierottii, Ceratophrys cran-
welli, Lepidobatrachus laevis, Pseudis paradoxa,
Scinax acuminatus, Xenopus laevis) interdigital mem-
branes. Specimen numbers, collection data and
species authority names are listed in Appendix 1.

Adults specimens of 111 anuran species preserved
in 70% ethanol were examined in order to describe
presence or absence of interdigital membranes
(Appendix 2). Skeletal whole-mounts of these 111
anuran species were considered to study qualitative
and quantitative variation of limb elements (Appen-
dix 2). Measures of metatarsal and digit lengths were
considered in right hind limbs. Total digit length was
measured from the proximal epiphysis of the meta-
tarsal to the distal tip of the terminal phalange,
except for few a specimens where phalanges were
disconnected. We wused dial calipers accurate to
0.02 mm, and measurements are given thoughout in
millimetres. Authority names, collection data, pres-
ence of interdigital membrane, and metatarsal and
digit lengths of species are listed in Appendix 2.

Studies of the skeleton of larval and adult speci-
mens were made on cleared and stained skeletal
whole-mounts prepared following the method of
Wassersug (1976). All observations, illustrations and
photographs were made using a Nikon SMZ1000
stereo dissection microscope equipped with a digital
camera and camera lucida.

RESULTS

EXTERNAL HIND LIMB DEVELOPMENT
IN LARVAL SERIES

In tetrapods, early limb development is characterized
by three axes along which differentiation progresses
(proximal—distal, dorsal-ventral and postaxial—
preaxial) (Shubin & Alberch, 1986; Gilbert, 1997).
Proximal-distal differentiation occurs first in the limb
bud. Subsequent interaction of the three axes of
growth characterizes the autopodium, which in most
tetrapods is first observed in the paddle-like stage. In
most anurans the autopodium is not paddle-like
because proximo-distal differentiation involves rapid
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Figure 1. External hind limb morphology in anuran larvae. A-E, larval stage 31, a preaxial constriction delimits the
distal autopodium; F—J, larval stage 36, digit differentiation is advanced; K-O, larval stage 40. A, Bombina variegata: the
autopodium is almost cylindrical with an incipient postaxial elongation (the primary axis). B, Xenopus laevis and C,
Pseudis paradoxa: the autopodium is almost cylindrical without an evident distal tip denoting digit IV. D, Phyllomedusa
sauvagii and E, Elachistocleis bicolor: the pointed autopodium is clearly defined by the elongation of primary axis. F,
B. variegata: elongation of digit IV is scarcely noticeable, and interdigital membranes are shorter than the digits. G,
X. laevis and H, P. paradoxa: the autopodium is paddle-like, and interdigital tissues, which are extended up to digit tips,
separate digits. Digits V, IV and III show similar degrees of growth. I, Phyllomedusa sauvagii and J, E. bicolor: digit
differentiation progresses as outgrowths in the proximo-distal direction and elongation of digit IV is more extensive than
that of the other digits. Interdigital membranes are absent. K, B. variegata: well-developed interdigital membrane and
the elongated digit IV become defined before metamorphosis. L, X. laevis and M, P. paradoxa: later stages display
extensive interdigital membranes reaching to the toe tips, with digits V and III as long as digit IV. M, Phyllomedusa

sauvagii and O, E. bicolor: digits are completely free. Scale bar = 1 mm.

elongation of the primary axis, which represents digit
IV. Digit differentiation occurs by way of distal
lengthening from the autopodium bud, with the digits
being separated by interdigital grooves.
Interespecific variation in the external morphology
of hind limb buds is expressed as two well-
differentiated types at larval stage 31, at which point
the limb bud is divided into proximal and distal
segments by a preaxial constriction (Fig.1). An
intermediate configuration between these types is
observed in B. variegata, which has a quite rounded
rather than pointed distal segment (autopodium)
(Fig. 1A). The other species exhibit a limb bud in
which the autopodium is pointed and flat (Fig. 1D, E),
or a straight, cylindrical autopodium, with a rounded
distal end, as in P. paradoxa and X. laevis (Fig. 1B,

C). Differences between these two limb buds types
become more evident as development progresses, as
the second type preserves its distal rounded end, even
after flattening and the commencement of digit dif-
ferentiation, whereas in the first type the elongation
of toe IV is noticeable. In contrast to P. paradoxa
and X laevis, which conserve the paddle-like con-
figuration of the autopodium, B. variegata displays
a paddle-like configuration up to the stage in which
five digits are differentiated and elongation of
digit IV becomes evident. At later stages, toe differ-
entiation progresses distally without evidence of
retraction of interdigital tissues. Species with inter-
digital membranes (B. variegata, S. fuscovarius,
Lepidobatrachus laevis, C. cranwelli) exhibit inter-
digital tissue (Fig. 1F, K) when the toes are totally
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differentiated, whereas in other species (Phyllom-
edusa sauvagii, D. muelleri, E. bicolor, Physalaemus
biligonigerus) digital separation progresses without
interdigital tissue (Fig. 11, J, N, O). In contrast, in
P. paradoxa and X. laevis, digit IV elongation is
modestly noticeable. The autopodium conserves the
paddle-like morphology and digit differentiation
occurs within the confines of the autopodium (Fig. 1G,
H, L, M). In these species, growth of the digits and
the interdigital tissues seems to be synchronous.

Our observations allow us to recognize two early
developmental pathways that involve interdigital
membranes among anurans: (1) hind limb bud with
an evident proximal-distal differentiation of the
primary axis in which digits grow out of the paddle
and interdigital tissues seem to progress at a slower
developmental rate or show no development, as
observed in most anuran species; and (2) hind limb
buds with a paddle-like morphology in which the
primary axis is scarcely evident, and interdigital
tissues grow synchronously with toe elongation, as
recorded in X. laevis and P. paradoxa.

INTRAORDINAL VARIATION OF INTERDIGITAL
MEMBRANES AMONG ADULT SPECIMENS

Intraordinal variation observed among a sample of
111 anuran species allowed us to define two states for
the character relative to the presence of interdigital
membranes:

State 0, in which all phalanges are free, which
means interdigital membranes are totally absent
(Fig. 2A—C). Absence of interdigital membranes was
recorded in those terrestrial species (listed in Appen-
dix 2) of Arthroleptidae, Brachycephalidae, Brevicip-
itidae, Dendrobatidae, Hemisotidae, Myobatrachidae,
Hylidae, Leptodactylidae, Leiuperidae, Mantellidae
and Microhylidae.

State 1, representing feet with interdigital
membranes of different degrees of development
(some or all phalanges have membranes, Fig. 2D-L).
This condition was observed in species (listed
in Appendix 2) of Alytidae, Amphignatodontidae,
Arthroleptidae, Bombinatoridae, Bufonidae, Centro-
lenidae, Ceratophryidae, Cycloramphidae, Dicrog-
lossidae, Hylidae, Hyperoliidae, Limnodynastidae,
Pelobatidae, Pelodytidae, Petropedetidae, Phryno-
batrachidae, Pipidae, Ptychadenidae, Pyxicephalidae,
Ranidae, Rhacophoridae, and Scaphiopodidae.

VARIATION OF TOE LENGTHS

Early stages of limb development start with
proximal—distal differentiation, which results in dif-
ferentiation of primary axis cartilages. The primary
axis is formed by the fibula, fibulare and digit IV in

anuran hind limbs (Shubin & Alberch, 1986). Obser-
vation of primary cartilage condensations in selected
anuran species revealed variation, which is related to
rates of differentiation of digit IV. Most species have
a fourth metatarsal that is dominant, and this is the
first metatarsal and digital element to differentiate
(Fig. 3A). Digit development progresses with differen-
tiation of the postaxial digit V, and the preaxial digits
III, IT and I (Fig. 3A—C). In contrast, in X. laevis and
P. paradoxa metatarsals IV and III appear almost at
the same time and develop at synchronic rates
(Fig. 3D-I).

In adults, intraordinal variation of toe IV length
seems to be related to metatarsal IV length (Fig. 4).

There is variation among species in the length of
the metatarsal, and thus the phalangeal segments for
each digit (Fig. 5). For most species, metatarsals II
and I represent more than half the total length of the
correspondent digit, and metatarsals III, IV and V are
quite the half. Those species with complete webbing
(P. paradoxa, Lysapsus limellum, Hymenochirus boet-
tgeri, Pipa carvalhot, Pipa parva, and Xenopus spp.)
exhibit a pattern where all digits have elongated
metatarsals (Fig. 5).

Consequently, comparisons between metatarsal and
digit IV lengths relative to the other metatarsals
and digits reveal also variation. Metatarsal IV is
quite isometric with metatarsals I, II, III, and V in
P. paradoxa, L. limellum and Pipidae (Fig. 6). Mean-
while in the other species, metatarsal IV is always
longer (Fig. 6). Total length of digit IV also appears
quite similar to the other digits in P paradoxa,
L. limellum and Pipidae. By contrast, for most
anurans digit IV is always the longest (Fig.7), as
expected given that it has the highest number of
phalanges.

These quantitative analyses reveal the following:
(1) the feet of some species with complete webbing
have elongated metatarsals and short distal seg-
ments, the five metatarsals are quite isometric, and
digit IV is not predominately the longest. These
features determinate a paddle-like autopodium
configuration, as observed in Hymenochirus boett-
geri, Pipa carvalhoti, Pipa parva, Xenopus victorianus,
X. fraseri, X. muelleri, P. paradoxa and L. limellum.
(Fig. 4); and (2) the foot in most anurans is charac-
terized by having digit IV longest, with metatarsal IV
always longer, and preaxial digits and metatarsals
decreasing preaxially. These features define an asym-
metrical configuration of the autopodium denoting a
postaxial dominance in the skeletal elements (Fig. 4).

DISCUSSION

Anurans constitute a monophyletic group with more
than 40 extant terminal taxa at familial level (Frost
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Figure 2. Intraordinal variation of interdigital membranes among adult anurans. A, Phyllomedusa sauvagii. B, Pleu-
rodema borellii. C, Leptodactylus bufonius. D, Melanophryniscus rubriventris. E, Hyperolius castaneus. F, Scinax
acuminatus. G, Phrynobatrachus versicolor. H, Lepidobatrachus laevis. 1, Telmatobius oxycephalus. J, Pseudis paradoxa.
K, Hymenochirus boettgeri. L, Xenopus victorianus. Grey areas represent presence of interdigital membrane. Scale
bar =5 mm.

et al., 2006). From this hypothesis, basal anurans
(leiopelmatids, rhinophrynids, pipids, alytids, bom-
binatorids, pelodytids, scaphiopodids, pelobatids,
megophryids) have webbed feet, a condition that is
conserved in most derived groups (neobatrachians).
The absence of interdigital membranes seems to be

the derived condition, which has appeared indepen-
dently in several groups of terrestrial frogs and some
treefrogs (hylids, leptodactylids, dendrobatids, micro-
hylids, brevicipitids, hemisotids, arthroleptids). The
derived condition has not been reported for anuran
taxa included among non-neobatrachians (basal
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Figure 3. Early differentiation of the primary cartilaginous condensations of metatarsals among selected anurans. A-C,
Chacophrys pierottii, larval stages 35, 37 and 39. Proximo-distal elongation of digit IV (metatarsal and phalanges) is
always advanced with respect to development of the others digits. D-F, Pseudis paradoxa, larval stages 32, 35 and 37.
Differentiation of metatarsal IV and that of metatarsal III occur simultaneously. Metatarsals are quite similar in length.
G-I, Xenopus laevis, larval stages 34, 36 and 40. Primary cartilages of metatarsals IV and III are the first to differentiate
but are as long as metatarsals V and II, which appear subsequently. Scale bar = 0.2 mm in A, D-I, and 0.5 mm in B, C,
F. Abbreviations: V, metatarsal V; IV, metatarsal IV; III, metatarsal III; I, metatarsal II; I, metatarsal I, Ph, prehallux.

»
Figure 4. Variation of metatarsal IV length in adult specimens. A, Bombina variegata. B, Leptodactylus bufonius.
C, Telmatobius oxycephalus. D, Lepidobatrachus llanensis. E, Phyllomedusa sauvagii. ¥, Trachycephalus venulosus.
G, Opisthodon spenceri. H, Chaunus granulosus. 1, Dermatonotus muelleri. J, Phrynomantis bifasciatus. K, Ptychadena
guibei. L, Hydrophylax albolabris. M, Leptopelis christyi. N, Pseudis paradoxa. O, Lysapsus limellum. P, Xenopus
victorianus. Q, Hymenochirus boettgeri. R, Pipa carvalhoi. Most species display metatarsal IV as the longest. In contrast,
the last five species display similar lengths of metatarsals III, IV and V. Arrow indicates metatarsal IV. Scale bar = 5 mm.

© 2008 The Linnean Society of London, Zoological Journal of the Linnean Society, 2008, 152, 39-58



DEVELOPMENT OF ANURAN WEBBED FEET 45

© 2008 The Linnean Society of London, Zoological Journal of the Linnean Society, 2008, 152, 39-58




46 J. GOLDBERG and M. FABREZI

g . - ol L= -
g o B © - = o i == & 2 = B8
= - 4 ¢ - L
ma O Lo = - = B B E & A
0.8 s a
8 . Ll
& a
L] - L %
— & - o o
& e
a o %
. L L] -
206 . o E W . - : L o =
e o
L o o TH g & i ] ﬂn" = o 3 L) )
= o & 5 @ & a o
= 4 B a L o o o =
o & @ a ® s L o @ LR
a
A 0.4 o
o b i
= e
[— o
Leay o . ] o L] =
:_:n & n a o o . - &
. o ) o e o
E 06 % il L o e i a @
= ) ) F o = Ml o
—_— a o e o
o & o o
= ol & - % & o = % o8 -
= % . s ® s S u N E
a
o
& o
B o4
" °
& a L]
= 06 o B - . o
= . "
o e @ 0,
L @ 8 o .
e L]
ﬁ A o ] o ' o t'cl - -] L L]
— 3 L]
= .5 & a o - & o &
= 5 @ e % ot u i @ s
= @ L] o .= o
- o & o g = a s @
= o ) Bgo L]
C 0.4 s
- -
. a
= .
- o
2 05 s e o .
» o
ﬁ - 5 os ° - “ o
;,_ - ouﬁ T == ) 00 oom o = B
B U e -
e a & -] = e o L -
= 0.4 - it oy © o8g & 4 a0 @ @ o e
= & @ 2 a L °
a0
:n
o, . & ]
B . Cee %
w 0,6 v
= %o A ) °
u e "
= a, - s B o o
= o = = o o
— L2 ] o
<05 N M BEE . == N o 5
o o °, T R & % -\."n I o ®
= e o L G @ D o
L]
E of ) a®
°
B m
B B — =
— by E 3 & o 0 = by = T B - = 5
< < - I R = - = o = oo = &' =2

Figure 5. Variation of metatarsal length with respect to total toe length. Vertical axis indicates the coefficient of
metatarsal length/total toe length. Horizontal axis crosses vertical axis at the mean value. Higher values of the coefficient
suggest relatively shorter phalangeal segment. Black circles represent anurans with complete webbing (the hylids Pseudis
paradoxa and Lysapsus limellum, and the pipids Xenopus spp., Hymenochirus boettgeri and Pipa spp.). A, metatarsal I
length/toe I length. B, metatarsal II length/toe II length. C, metatarsal III length/toe III length. D, metatarsal IV
length/toe IV length. E, metatarsal V length/toe V length. There is intraspecific variation in the relative length of the
phalangeal segment with respect to metatarsal length among digits. The species marked with black circles display
metatarsals relatively longer in the five digits. Abbreviations of analysed taxa: Al, Alytidae; Am, Amphignatodontidae; Ar,
Arthroleptidae; Bo, Bombinatoridae; Bra, Brachycephalidae; Bre, Brevicipitidae; Bu, Bufonidae; Cen, Centrolenidae; Cer,
Ceratophryidae; Cy, Cycloramphidae; De, Dendrobatidae; Di, Dicroglossidae; He, Hemisotidae; Hyl, Hylidae; Hyp,
Hyperoliidae; Lei, Leiuperidae; Lep, Leptodactylidae; Li, Limnodynastidae; Mi, Microhylidae; My, Myobatrachidae; Pel,
Pelobatidae; Pelo, Pelodytidae; Pet, Petropedetidae; Phry, Phrynobatrachidae; Pi, Pipidae; Pty, Ptychadenidae; Py,
Pyxicephalidae; Ra, Ranidae; Rha, Rhacophoridae; Sca, Scaphiopodidae.

anurans) and those taxa with aquatic habits. The species of hylids, pipids, bombinatorids, ceratophry-
plesiomorphic condition includes variation in expres- ids, cyclorhamphids, dicroglossids, ranids and tree-
sion from extensive to rudimentary interdigital mem- frogs such as some rhacophorids and mantellids
branes. Extensively webbed feet are typical of aquatic illustrated by Guibé (1978).
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Figure 6. Length relationships between metatarsal IV and metatarsals I, II, III and V. Vertical axis indicates metatarsal
length relationship. Horizontal axis intercepts vertical axis where the relationship is equal to one. Black circles represent
anurans with complete webbing (the hylids Pseudis paradoxa and Lysapsus limellum, and the pipids Xenopus spp.,
Hymenochirus boettgeri and Pipa spp.), which share a same pattern with metatarsal IV almost equal to or shorter than
the others. A, metatarsal IV vs. metatarsal I. B, metatarsal IV vs. metatarsal II. C, metatarsal IV vs. metatarsal III. D,
metatarsal IV vs. metatarsal V. Abbreviations of analysed taxa: Al, Alytidae; Am, Amphignatodontidae; Ar, Arthroleptidae;
Bo, Bombinatoridae; Bra, Brachycephalidae; Bre, Brevicipitidae; Bu, Bufonidae; Cen, Centrolenidae; Cer, Ceratophryidae;
Cy, Cycloramphidae; De, Dendrobatidae; Di, Dicroglossidae; He, Hemisotidae; Hyl, Hylidae; Hyp, Hyperoliidae; Lei,
Leiuperidae; Lep, Leptodactylidae; Li, Limnodynastidae; Mi, Microhylidae; My, Myobatrachidae; Pel, Pelobatidae; Pelo,
Pelodytidae; Pet, Petropedetidae; Phry, Phrynobatrachidae; Pi, Pipidae; Pty, Ptychadenidae; Py, Pyxicephalidae; Ra,

Ranidae; Rha, Rhacophoridae; Sca, Scaphiopodidae.

Intraordinal variation in the relative length of
metatarsals and digits exhibits two character states
correlated with differences in developmental patterns.
In X laevis and P. paradoxa, differentiation of meta-
tarsals IV and III is almost simultaneous, and differ-
entiation in length of distal elements is accompanied

by growth of interdigital tissues (Figs 1, 3). Similar
development of skeletal elements was described for
Pipa pipa (Trueb, Pigener & Maglia, 2000). The
heterochronic change, with respect to most anurans,
results in isometric metatarsals in pipids, P. paradoxa
and Lysapsus limellum, also described for Rhinophry-
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Figure 7. Length relationships between toe IV and toes I, II, IIT and V. Vertical axis indicates toe length relationship.
Horizontal axis intercepts vertical axis where the relationship is equal to one. Black circles represent anurans with
complete webbing (the hylids Pseudis paradoxa and Lysapsus limellum, and the pipids Xenopus spp., Hymenochirus
boettgeri and Pipa spp.) that share similar toe lengths. A, toe IV vs. toe I. B, toe IV vs. toe II. C, toe IV vs. toe III. D,
toe IV vs. toe V. Abbreviations of analysed taxa: Al, Alytidae; Am, Amphignatodontidae; Ar, Arthroleptidae; Bo,
Bombinatoridae; Bra, Brachycephalidae; Bre, Brevicipitidae; Bu, Bufonidae; Cen, Centrolenidae; Cer, Ceratophryidae; Cy,
Cycloramphidae; De, Dendrobatidae; Di, Dicroglossidae; He, Hemisotidae; Hyl, Hylidae; Hyp, Hyperoliidae; Lei, Leiu-
peridae; Lep, Leptodactylidae; Li, Limnodynastidae; Mi, Microhylidae; My, Myobatrachidae; Pel, Pelobatidae; Pelo,
Pelodytidae; Pet, Petropedetidae; Phry, Phrynobatrachidae; Pi, Pipidae; Pty, Ptychadenidae; Py, Pyxicephalidae; Ra,

Ranidae; Rha, Rhacophoridae; Sca, Scaphiopodidae.

nus dorsalis by Andersen (1978). Furthermore, the
relative length of phalangeal segments of digits seems
to be shorter than in most anurans.

Early developmental differences that are seen as
two configurations of limb buds are conserved in the
adult configurations, in which allometry and isometry
of digit IV (and metatarsal IV) with respect to other

digits (and metatarsals) result in asymmetrical and a
paddle-like autopodium, respectively. The paddle-like
autopodium is only observed in the aquatic pipids,
L. limellum, and P. paradoxa, and is also related to
extensive webbing.

Cameron & Fallon (1977) described distinctive pat-
terns of digit formation between amphibians and
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amniotes, noting that in amphibians there are no
zones of differential cell death during digit formation,
and digits appear to be patterned by differential pro-
liferation of interdigital and digital cells, rather than
by massive cell death as in amniotes. This statement
was based on observations of digit formation using
vital staining and histological and autoradiographic
techniques in the anurans X. laevis, and Bufo ameri-
canus, and the urodeles Ambystoma maculatum,
Ambystoma mexicanum and Taricha torosa. Recently,
Vlaskalin et al. (2004) confirmed by TUNEL analyses
the absence of cell death during digit formation in the
urodele Notophthalmus viridescens, although Frans-
sen et al. (2005) found apoptotic cells in the urodele
Desmognathus aeneus, with the suggestion that the
latter exhibits a pattern different from that described
for amniotes. At present, for anurans the only argu-
ment able to explain digit formation and the persis-
tence of interdigital membranes in anurans was put
forward by Cameron & Fallon (1977), but more
amphibian species must be investigated to enhance
our understanding of the cellular mechanisms
involved in digit formation and its relationship to
interdigital tissues.

Following the hypothesis proposed by Cameron &
Fallon (1977), we note in X. laevis and P. paradoxa a
synchronous growth of digital and interdigital areas,
which could be interpreted as representing
a delayed developmental rate of digits (especially
digit IV) and/or an accelerated developmental rate
of interdigital tissues. Alberch & Alberch (1981)
described paedomorphosis in digit formation (affect-
ing the differentiation of distal phalanges) that
results in fully webbed hands and feet in Bolitoglo-
ssa occidentalis, which is associated with develop-
mental peculiarities of this species (Alberch &
Alberch, 1981).

The similitude in length of metatarsals seems to be
characteristic of fossil taxa. In the Jurassic frogs
Notobatrachus and Eodiscoglossus, metatarsal IV is
not the longest but digit IV is strongly elongated
(Estes & Reig, 1973; Rocek, 2000). This configuration
suggests an asymmetrical shape of the autopodium
with postaxial dominance.

The Cretaceous frogs are well represented by pipids
and palaeobatrachids that have fossil records in
lacustrine environments (Estes & Reig, 1973; Baez,
1996; Baez & Trueb, 1997). The extant pipids are
placed among the basal anurans in some phylogenies
(Haas, 2003; Frost et al., 2006) but have been advo-
cated as the most basal anuran group in other
hypotheses (Pugener, Maglia & Trueb, 2003). Most of
the well-preserved specimens in the fossil record of
pipids have elongated and quite isometric metatar-
sals, and a scarcely elongated digit IV (Estes & Reig,
1973; Baez, 1981, 1996). Records of Palaeobatra-

chidae (fossil taxon related to Pipidae) have autopodia
like pipids (Jarosova, 1974).

The fossil evidence suggests there was an early
divergence in the configuration of the anuran foot
related to habit; the paddle-like configuration of pipid
frogs might represent an ancient condition.

The aquatic life style of pipids has been related to
a set of morphological characters: depressed bodies
with broad, flat and triangular heads; terminal nos-
trils; limbs orientated laterally; lateral line system,;
and extensive webbing (Laurent, 1986; Fritzsch,
Drewes & Ruibal, 1987; Trueb et al., 2000). This set of
features is unique for pipids. Non-pipid anurans may
have some of them — e.g. the aquatic Lepidobatra-
chus laevis (Ceratophryidae) and Occidoziga lima
(Dicroglossidae) have adults with complete lateral
line system (Fritzsch et al., 1987); P. paradoxa has a
general morphology like Xenopus (Laurent, 1986) and
the traits here presented — but not the whole set.

The hind limbs of pipids and Pseudis + Lysapsus,
two phylogenetically distant groups specialized for
aquatic locomotion, share well-developed interdigital
membranes and almost isometrically expressed meta-
tarsals and digits. The morphological similarities
they share are due to changes in the early stages of
their hind limb development in comparison with that
of most anurans. Our findings indicate that the
anuran hind limb morphology displays heterochronic
variation during digit formation that has conse-
quences for metatarsal and digit lengths and inter-
digital membrane development that have resulted in
similar modes of locomotion. However, an aquatic life
style is a necessary condition but not a sufficient
explanation for the reappearance of the paddle-like
configuration observed in P. paradoxa and L. limel-
lum. Because pipids are basal anurans (Haas, 2003;
Puagener et al., 2003; Frost et al., 2006), a similar
developmental pattern within some neobatrachians is
a clear example that the genetic basis for this pattern
is conserved in the anuran limb morphogenesis
program.
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APPENDIX 1

LARVAL SERIES EXAMINED FOR
HIND LIMB DEVELOPMENT

Bombinatoridae: MCN 1002 Bombina variegata (Lin-
naeus, 1758): 15 specimens at larval stages 31, 34,
36—46.

Ceratophryidae: MCN 670 Ceratophrys cranwelli
Barrio, 1980: 35 specimens at larval stages 29-46 and
seven osteological whole-mounts at larval stages 34,
37, 39. MCN 1027, 1028, 1029 Chacophrys pierottii
(Vellard, 1948) 63 specimens at larval stages 26—46
and six osteological whole-mounts at larval stages 35,
37, 39. MCN 663 Lepidobatrachus laevis Budgett,
1899: 43 specimens at larval stages 31-40 and six
osteological whole-mounts at larval stages 33, 37, 39.
Leiuperidae: MCN 076 Physalaemus biligonigerus
(Cope, 1861): 58 specimens at larval stages 27—46 and
20 osteological whole mounts at larval stages 32—46.

Microhylidae: MCN 603 Dermatonotus muelleri (Boet-
tger, 1885): 70 specimens at larval stages 30-42 and
six osteological whole-mounts at larval stages 33,
37, 39. MCN 602 Elachistocleis bicolor (Guérin—
Méneville, 1838): 60 specimens at larval stages 26—42
and eight osteological whole-mounts at larval stages
33, 35-39.

Hylidae: MCN 599 Phyllomedusa sauvagii Boulenger,
1882: 61 specimens at larval stages 29-43 and 28
osteological whole mounts at larval stages 31-42;
MCN 683, 597. Pseudis paradoxa (Linnaeus, 1758):
77 specimens at larval stages 26-43 and 15 osteologi-
cal whole mounts at larval stages 28-39; MCN 983
Scinax acuminatus (Cope, 1862): 46 specimens at
larval stages 26—46 and 12 osteological whole mounts
at larval stages 30—41.

Pipidae: MCN 490 Xenopus laevis (Daudin, 1802): 20
specimens larval stages 29-46 and 12 osteological
whole mounts at larval stages 30, 33-39, 42-46.
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