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ABSTRACT The unity and diversity of developmental
processes in the vertebrate limb have singular importance
in the interpretation of evolutionary hypotheses of tetra-
pod diversification. In anurans, the intraordinal diversity
of forelimbs seems to be related to the fusion of distal
carpals, whereas proximal carpals are invariable. How-
ever, there are different ontogenetic pathways involved in
the differentiation of proximal carpals. This study pre-
sents a comparative analysis of early developmental fea-
tures in one archeobatrachian and 23 neobatrachian spe-
cies representing five families and explores the variability
in the differentiation of carpal cartilages. We found new
evidence supporting the presence of an embryonic inter-

The differentiation, structure, and variation in
tetrapod limbs were reviewed by Shubin and Al-
berch (1986), who proposed a general morphogenetic
hypothesis to explain the tetrapod limb plan and its
diversification. Fabrezi (1992) then applied the Shu-
bin and Alberch model to an interpretation of the
skeletal pattern of the forelimb of adult anurans.

Among adult anurans there are at least 10 differ-
ent carpal morphologies defined by the number of
individual elements present and their spatial rela-
tionships (Fabrezi, 1992). Six of these occur in so-
called “advanced” anurans or neobatrachians (Ford
and Cannatella, 1993). These carpal patterns are
believed to have arisen by ontogenetic fusion of dis-
tal carpals (Holmgren, 1933; de Saint-Aubain, 1981,
Shubin and Alberch, 1986; Fabrezi, 1992; Fabrezi
and Alberch, 1996). Whereas intraordinal diversity
is exhibited in the association of distal carpals, the
more proximal—the ulnare, radiale, and Element
Y—would seem to be conservative elements of the
carpus. However, different underlying ontogenetic
pathways are involved in carpal differentiation
(Fabrezi, 1992; Fabrezi and Alberch, 1996). Fabrezi
and Alberch (1996) reported carpal developmental
variability among seven species from different fam-
ilies and discussed the homologies of the skeletal
elements. They also proposed a scheme of hand de-
velopment, criteria to identify the carpal elements,
and a terminology useful for the anatomical descrip-
tions of anuran forelimbs. These authors suggested
that there is relevant intraordinal diversity in limb
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medium that incorporates with the ulnare. Difference be-
tween the pipid Xenopus and the neobatrachians is inter-
preted as a change in the rate of differentiation of Distal
Carpal 5 that does not affect the developmental pattern of
digits. The developmental variability exhibited by the in-
termedium, radiale, and Element Y is combined in pat-
terns that converge on the same adult carpal morphology
among neobatrachians; these patterns appear to contain
potentially useful phylogenetic information. J. Morphol.
249:210-220, 2001.  © 2001 Wiley-Liss, Inc.
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development that needs more comprehensive exam-
ination.

In that regard we present here a comparative
analysis of carpal development in one archaeobatra-
chian (the pipid Xenopus laevis) and 23 neobatra-
chian species representing five anuran families that
have similar adult carpal morphology. The goals of
this study are to: 1) assess intraordinal developmen-
tal variability in cartilage differentiation, and 2)
examine developmental features in taxa having sim-
ilar adult patterns and determine the phylogenetic
extent of that variability in related taxa.

MATERIALS AND METHODS

Larval specimens of 23 anuran species were ana-
lyzed. Species and collection data are listed in the
Appendix. Neobatrachian tadpoles were staged by
Gosner’s table (1960) and Xenopus tadpoles by Nieu-
wkoop and Faber’s table (1956). The larvae were all
selected between Stages 31 and 42 (Gosner, 1960)
and 51 and 64 (Nieuwkoop and Faber, 1956), when
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Fig. 1.

Carpal development in Xenopus laevis. A: Larval Stage 51. The primary axis condensations are well defined and are the first

to appear. This morphology is consistent with the original definition of the primary axis (Burke and Alberch, 1985). B: Larval Stage
54. Differentiation of the radiale and elements of Digits V and III has started. C: Larval Stage 58. Most carpal condensations are
present. The ulnare and Distal Carpal 5 have conspicuous processes that suggest the participation of more than one embryonic
element. In the ulnare, the process is interpreted as the intermedium, whereas the identification of the process of Distal Carpal 5 is
undetermined. Scale bar = 0.1 mm. 5, 4, 3, distal carpals; i, intermedium; r, radiale; R, radius; u, ulnare; U, ulna; V, IV, III, II,
metacarpals; Y, Element Y; ?, unidentified process of Distal Carpal 5.

limb chondrogenesis occurs. All specimens are de-
posited in Museo de Ciencias Naturales (MCN), Uni-
versidad Nacional de Salta, Argentina.

The specimens were cleared and double-stained
for cartilage and bone as whole mounts (Wassersug,
1976). Observations and photographs were made
using a compound microscope.

Terminology and criteria for identifying embry-
onic skeletal condensations follow those of Shubin
and Alberch (1986) and Fabrezi and Alberch (1996).

RESULTS
Developmental Features in the
Archaeobatrachian Xenopus laevis

The adult carpus of Xenopus laevis consists of the
ulnare, radiale, Element Y, four distal carpals, and
one prepollical element.

The first forelimb cartilages developed are the
ulna, radius, ulnare, Distal Carpal 4, and Metacar-
pal IV (Fig. 1A). These condensations form a column
called the “primary axis” (Burke and Alberch, 1985;
Shubin and Alberch, 1986). Subsequent develop-
ment involves the differentiation of Distal Carpals 5
and 3, Metacarpals V and III, and the radiale (Fig.
1B). Later, a cartilaginous process develops from the
ulnare (identified as the intermedium) and Distal
Carpal 5 has a lobular process. Element Y, Distal
Carpal 2, and Metacarpal II also are differentiated
(Fig. 1C). The radiale and Element Y seem to be
formed by single condensations. The last carpal el-
ement to appear is the single prepollical element.
The sequence of digit formation is IV-V-III-II.

Developmental Features in Selected
Neobatrachians

Bufonidae. The carpal morphology of bufonids is
characterized by the presence of the ulnare, radiale,
Element Y, Distal Carpal 5-4-3, Distal Carpal 2, and

elements of the prepollex (Fabrezi, 1992). Adults of
Bufo fernandezae, B. paracnemis, B. spinulosus, and
Melanophryniscus stelzneri share this morphology.

The first, well-defined condensations appear when
Digit IV is externally apparent on the forelimb bud.
These condensations are the ulna, radius, radiale,
Metacarpal IV, and the ulnare, which is synchon-
drotically united to a large distal carpal (Fig. 2A).
This latter is thought to represent a primary fusion
of Distal Carpals 5 and 4 (Shubin and Alberch, 1986;
Fabrezi and Alberch, 1996). Subsequently, ulnare
and Distal Carpal 5-4 separate, Metacarpal V arises,
and a lateral process develops from the ulnare. We
interpret this process of the ulnare to be the inter-
medium (Fabrezi and Alberch, 1996). Progressive
differentiation of three cartilaginous primordia dis-
tal to the radiale occurs while Distal Carpal 3 and
Metacarpals III and II become defined (Fig. 2B).
These condensations distal to the radiale fuse in two
steps. The two condensations, found in the dorsal
plane (Fig. 2B,C), form a bilobed cartilage that then
incorporates the third condensation, located in the
ventral plane. The resulting cartilage, which is Ele-
ment Y, is pyramid-shaped with a concave base that
articulates with Distal Carpal 2 (Fig. 2D). The prox-
imal prepollical cartilage arises before the three con-
densations of Element Y fuse (Fig. 2C). Distal Car-
pal 2 appears before the condensations of the
Element Y-complex are fully fused. Distal Carpal 3
fuses with Distal Carpal 5-4 before the differentia-
tion of the distal prepollical element. The sequence
of digit formation is IV-V-III-II.

Leptodactylidae. In most adult leptodactylids,
the carpus is composed of the ulnare, radiale, Ele-
ment Y, Distal Carpal 5-4-3, Distal Carpal 2, and
elements of the prepollex; some taxa have a free
Distal Carpal 3 and in others Distal Carpal 2 is
fused to Element Y (Fabrezi, 1992). In adults of the
species analyzed here the carpal morphology is of
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the first type, except for Leptodactylus bufonius and
L. latinasus, in which Distal Carpal 2 and Element
Y are fused.

Well-developed condensations of the primary axis,
a free intermedium, and a cartilaginous primordium
(radiale) distal to the radius are present in early
developmental stages (Figs. 3A, 4A). In all leptodac-
tylids examined, the intermedium arises as a
smaller, separate condensation from the ulnare
(Figs. 3, 4). Distal Carpals 5 and 4 appear as sepa-
rate condensations in Ceratophrys cranwelli (Fig.
3A), Lepidobatrachus laevis, L. llanensis, Telmato-
bius cf marmoratus (Fig. 4A), Leptodactylus bufo-
nius, L. chaquensis, and L. latinasus. Distal Carpal
4 is smaller than Distal Carpal 5 and Metacarpal IV
is more developed than Metacarpal V. In Odonto-
phrynus lavillai, Distal Carpals 5 and 4 originate as
a single condensation that is interpreted as a pri-
mary fusion of these carpals. In the species with
separate condensations of Distal Carpal 5 and Distal
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Fig. 2. Carpal development in se-
lected bufonids. A: Bufo fernandezae,
larval Stage 32. The primary axis and
the radiale condensations are present;
distal carpal (Carpal 5-4) has a cartilag-
inous connection with the ulnare. Digit
IV is differentiated on the limb bud.
B: Bufo paracnemis, larval Stage 35.
Distal carpal 3 and two cartilaginous
primordia distal to the radiale that will
form Element Y are differentiated.
C: Bufo paracnemis, larval Stage 36.
The first fusion of condensations in the
Element Y complex has begun and a bi-
lobed cartilage is formed. Distal Carpal
2 is present. The ulnare has an interme-
dium process. D: Bufo paracnemis, lar-
val Stage 37. Distal Carpal 2 and the
proximal prepollical element are well
differentiated. In the Element Y com-
plex, the third embryonic cartilage that
is placed in the ventral plane is not yet
incorporated. Scale Bar = 0.1 mm. 5-4,
3, 2, distal carpals; i, intermedium; Pp,
proximal prepollical element; r, radiale;
R, radius; u, ulnare; U, ulna; V, IV, III,
II, metacarpals; Y, Y'!, Y cartilagi-
nous condensations of Element Y.

Carpal 4, differentiation of Distal Carpal 3 takes
place after the formation of Distal Carpal 5-4 (Fig.
3B). Lateral to the radiale, a free cartilaginous
primordium differentiates in C. cranwelli (Fig.
3B), Lepidobatrachus spp. and Odontophrynus
lavillai (Fig. 4D) and in the same location a lateral
process is developed from the radiale in 7. cf mar-
moratus (Fig. 4B) and Leptodactylus spp. (Fig.
4C). The free condensation or the lateral process of
the radiale ultimately is incorporated into the
adult radiale. Three cartilages fuse to form Ele-
ment Y in C. cranwelli (Fig. 3B,C), Lepidobatra-
chus spp., O. lavillai, and T. cf marmoratus. In
Leptodactylus spp., one condensation forms Ele-
ment Y (Fig. 4C). In Leptodactylus bufonius and L.
latinasus Distal Carpal 2 originates before the
differentiation of the proximal prepollical conden-
sation, and it fuses to Element Y after the fusion of
Distal Carpal 3 with Distal Carpal 5-4. The se-
quence of digit formation is IV-V-III-II.
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Fig. 3. Carpal development in the leptodactylid Ceratophrys cranwelli. A: Larval Stage 32. The ulna, ulnare, Distal Carpal 5 and
4, and Metacarpal IV form the primary axis. Also, the radiale, intermedium, and Metacarpal V are well defined. B: Larval Stage 34.
Progressive differentiation of a separate element lateral to the radiale, two primordia of Element Y and Distal Carpal 3 takes place
simultaneously with the fusion of Distal Carpal 5 and Distal Carpal 4. C: Larval Stage 37. Distal Carpal 2 and the third embryonic
cartilage of Element Y are developed. Proximally, the ulnare and the intermedium are still separate and radiale condensations have
started to fuse. Scale Bar = 0.1 mm. 5, 4, 3, 2, distal carpals; i, intermedium; r, radiale; u, ulnare; U, ulna; V, IV, III, II, metacarpals;
Y?', Y, Y, cartilaginous condensations of Element Y; ?, unidentified condensation of the radiale.

Pseudidae. The carpal morphology found in
adult pseudids (represented by Pseudis paradoxa)
is characterized by the presence of the ulnare, the
radiale, Element Y, Distal Carpal 5-4-3, Distal
Carpal 2, and elements of the prepollex (Fabrezi,
1992).

First condensations of the ulna, radius, and
ulnare are present before Digit IV is evident exter-
nally on the limb bud (Fig. 5A). Subsequently, a
round postaxial distal carpal and Metacarpal IV ap-
pear and two cartilages distal to the radius are well
defined (Fig. 5B). Development then follows the
same pattern described for hylids.

Hylidae. In adult hylids examined (i.e., Hyla
andina, Phrynohyas venulosa, Phyllomedusa bolivi-
ana, P. hypochondrialis, P. sauvagii, Scinax acumi-
natus, S. fuscovarius, and S. nasicus) the ulnare, the
radiale, Element Y, Distal Carpal 5-4-3, Distal Car-
pal 2, and elements of the prepollex are present
(Fabrezi, 1992).

Early larval stages possess well-developed con-
densations in the primary axis and two similar (in
size and shape) condensations distal to the radius
(Fig. 5C,D). The distal carpal in the primary axis is
interpreted as the primary fusion of Distal Carpals 5
and 4 (Fig. 5C,D). Cartilaginous connections be-
tween the ulnare and this distal carpal occur in
Scinax spp. (Fig. 5C,D), Phrynohyas venulosa, and
Hyla andina. Metacarpal IV is always more devel-
oped than Metacarpals V and III, and Distal Carpal
3 appears as a distinct condensation (Fig. 5C—J). A
cartilaginous process that we interpreted to be the
intermedium develops from the ulnare (Fig. 5C—J).
The two condensations distal to the radius start to
fuse concomitant with the differentiation of the first
condensation of Element Y (Fig. 5E). Subsequent
development involves the differentiation of two more
condensations of Element Y (Fig. 5 F—J) and their

fusion in a pyramidal cartilage or definitive Element
Y. The origin of Distal Carpal 2 and the proximal
prepollical element takes place before the fusion of
Distal Carpal 3 and Distal Carpal 5-4. The sequence
of digit formation is IV-V-III-II.

Microhylidae. The carpus of most adult micro-
hylids is composed of the ulnare, the radiale, Ele-
ment Y, Distal Carpal 5-4-3, Distal Carpal 2, and
elements of the prepollex. In a few taxa, Distal Car-
pal 2 is fused with Element Y, and in others a large
distal carpal is formed by the fusion of the four distal
carpals and Element Y (Howes and Ridewood, 1888;
Fabrezi, 1992). Adults of Dermatonotus muelleri and
Elachistocleis bicolor have the first-mentioned mor-
phology.

Early larval stages display well-defined condensa-
tions of the ulnare, intermedium, Distal Carpal 5,
radiale, and Metacarpals V and IV. Metacarpal IV is
the most developed (Fig. 6A). In some specimens,
cartilaginous connections between the ulna and
ulnare, and the ulnare and Distal Carpal 5, can be
observed. Development progresses with the origin of
distinct condensations of Distal Carpal 4 (Fig. 6B,C).
Fusion of Distal Carpals 5 and 4 takes place before
differentiation of a single cartilaginous primordium
of Element Y (Fig. 6B). Differentiation of Distal Car-
pal 2 and fusion of Distal Carpal 3 to Distal Carpal
5-4 take place before the fusion of ulnare and inter-
medium (Fig. 6D). The sequence of digit formation is
IV-V-III-II.

We obtained a picture of hand development in a
larval stage of an unidentified species of Dasypops
that clearly shows the branching end of the ulna
segmenting to produce the ulnare and intermedium
(Fig. 7).

Developmental features for each taxon are sum-
marized in Table 1.
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Fig. 4. Carpal development in selected leptodactylids. A: Tel-
matobius cf marmoratus, larval Stage 32. Primary axis and radi-
ale condensations are present. Distal Carpals 5 and 4 are sepa-
rate. B: Telmatobius cf marmoratus, larval Stage 34. A proximal
process develops from the radiale and the first condensation of
Element Y complex arises. Also, the incipient condensation of the
intermedium is visible. Metacarpal IV is the only metacarpal
differentiated at this stage. C: Leptodactylus chaquensis, larval
Stage 35. The ulnare and intermedium are separate. A proximal
process is developed from the radiale. Fusion of Distal Carpals 5
and 4 has occurred and Distal Carpal 3 and the single condensa-
tion forming Element Y have begun to appear. D: Odontophrynus
lavillai, larval Stage 35. The ulnare, the intermedium, Distal
Carpals 5-4, 3, and 2, two condensation that will form the radiale,
and the first cartilage of Element Y, are differentiated. Scale
Bar = 0.1 mm. 5, 4, 3, 2, distal carpals; i, intermedium; r, radiale;
u, ulnare; U, ulna; V, IV, III, II, metacarpals; Y!, Y, Y11
cartilaginous condensations of Element Y; ?, unidentified conden-
sation of the radiale.

DISCUSSION

Carpal morphology in anurans seems to be con-
served in a basic plan in which adult variation is
limited to distal carpal associations. However, dif-
ferent underlying ontogenetic pathways produce the
uniform carpal pattern observed involving the
ulnare, radiale, and Element Y (Fabrezi and Al-
berch, 1996). These elements develop from different
axes: postaxial and preaxial. Differentiation of limb
elements in postaxial axis is a focus of interest in the
study of the tetrapod limb because it involves the
origin of digits (i.e., Coates and Clack, 1990; Sordino
et al., 1995), whereas differentiation in the preaxial
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axis could be an important issue for discussing am-
phibian limb diversification.

Differentiation in the Postaxial Axis

Limb development proceeds in a proximodistal di-
rection (Shubin and Alberch, 1986). The primary
axis and digital arch form the postaxial axis of limb
development that produces the differentiation of
ulnare, intermedium, centrals, distal carpals, and
metacarpals in tetrapod limbs (Shubin and Alberch,
1986). In reptiles, Burke and Alberch (1985) recog-
nized the primary axis as a column of precociously
developed elements formed by the ulnare, Distal
Carpal 4, and Metacarpal IV. The primary axis is
present during early limb development in anurans
and amniotes (Shubin and Alberch, 1986). The
ulnare gives rise to the digital arch. The digital arch
is defined as the sequential bifurcation of distal car-
pals that yields a distal carpal proximally and a
metacarpal distally, oriented along the anterior—
posterior axis (Shubin and Alberch, 1986). Fabrezi
and Alberch (1996) recognized the digit posterior to
the primary axis as Digit V and proposed that this is
evidence of the loss of Digit I in anurans. However,
the participation of Digit V in the primary axis and
digital arch has not been discussed and there are
few references on the origin of Digit V in the litera-
ture. Shubin and Alberch (1986) only mentioned the
differentiation of Digit V as a de novo condensation
in turtles. We observed a primary axis, in full agree-
ment with the definition in Xenopus laevis, where
the sequence of digit formation was IV-V-III-II.

In some leptodactylids and microhylids, Distal
Carpal 5 appears earlier than Distal Carpal 4 and
they are distinct condensations, with Metacarpal IV
always being the first to originate. In other leptodac-
tylids, as well as bufonids, hylids, and pseudids, a
postaxial condensation differentiates simulta-
neously with Metacarpal IV; this condensation
grows anteriorly while Metacarpal V becomes evi-
dent. This postaxial condensation was interpreted
as a primary fusion of Distal Carpals 5 and 4 that
fails to separate (Shubin and Alberch, 1986; Fabrezi
and Alberch, 1996).

We focus our attention on one developmental fea-
ture in neobatrachians—the early differentiation of
Distal Carpal 5 and the inclusion of Digit V in the
digital arch. The early differentiation of Distal Car-
pal 5 and its segmentation from the ulnare support
its origin from the primary axis. For neobatrachian
forelimbs, Distal Carpal 5 and Metacarpal V are
included in the global morphogenetic events in-
volved in postaxial autopodium development. The
ulnare could branch, as most elements of postaxial
series do, and produce Distal Carpal 5 and Distal
Carpal 4. Thus, the early appearance of a distinct
condensation of Distal Carpal 5 or a postaxial carpal
complex formed by the primary fusion of Distal Car-
pals 5 and 4 could be a developmental divergence
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Fig. 5. Carpal development in selected pseudids and hylids. A: Pseudis paradoxa, larval Stage 31. Proximal condensations of the
primary axis are well defined. B: Pseudis paradoxa, larval Stage 33. Two condensations distal to the radius, the intermedium as an
ulnare process, and digital arch condensations are differentiated. C: Scinax fuscovarius, larval Stage 35. The postaxial cartilages
forming the primary axis and the digital arch are present. Distal Carpal 3 arises early, when the ulnare and Distal Carpal 5-4 are still
connected. Two condensations are visible distal to the radius. The intermedium is present as an ulnare process. D: Scinax acuminatus,
larval Stage 35. The same condensations as shown in S. fuscovarius. E: Hyla andina, larval Stage 34. The intermedium is developed
from the ulnare. The fusion of two condensations distal to the radius is advanced and the first condensation of the Element Y complex
is seen. F: Hyla andina, larval Stage 35. The second condensation of the Element Y is present. G: Hyla andina, larval Stage 36.
Proximal prepollical element is well-defined and fusion between Distal Carpal 5-4 and Distal Carpal 3 is evident. H: Phyllomedusa
hypochondrialis, larval Stage 34. The third condensation of Element Y has appeared. I. Phyllomedusa hypochondrialis, larval Stage
36. Three cartilages of Element Y complex are well-defined. J: Phyllomedusa hypochondrialis, larval Stage 37. The fusion of three
condensations of the Element Y is advanced. Scale Bar = 0.1 mm. 5, 4, 3, 2, distal carpals; i, intermedium; Pp, proximal prepollical
element; r, radiale; u, ulnare; U, ulna; V, IV, III, II, metacarpals; Y, Y'!, Y!!! cartilaginous condensations of Element Y; ?,
unidentified condensation of the radiale.

between the forelimbs of Xenopus and neobatra-
chians (Table 1).

Interpretation of the condensations that form the
ulnare was discussed by Fabrezi and Alberch (1996).
We confirm the identity of the intermedium conden-
sation given by these authors. Dasypops sp. (Fig. 7)
shows that the branched end of the ulna segments to

form the ulnare and, in agreement with the morpho-
genetic criterion of Shubin and Alberch (1986), the
intermedium. In species in which the intermedium
develops as an ulnare projection, it seems suitable to
interpret this as heterochronic development in
which the intermedium and ulnare are segmented
from the ulna end before it branches (Fabrezi and
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Fig. 6. Carpal development in selected microhylids. A: Der-
matonotus muelleri, larval Stage 31. The radiale, intermedium,
ulnare, Distal Carpal 5, and Metacarpals IV and V are differen-
tiated. The primary axis is still incomplete because Distal Carpal
4 has not developed. B: Dermatonotus muelleri, larval Stage 32.
Distal Carpal 4 and Metacarpal III are evident. The condensation
of Element Y is incipient. C: Elachistocleis bicolor, larval Stage
31. Well-differentiated condensations of the ulnare, intermedium,
radiale, Distal Carpal 5, Distal Carpal 4, and Metacarpals IV and
V are present. D: Elachistocleis bicolor, larval Stage 36. Element
Y, Distal Carpal 5-4-3, and Distal Carpal 2 are present, whereas
the intermedium and ulnare are not yet fused. Scale Bar = 0.1
mm. 5, 4, 3, 2, distal carpals; i, intermedium; Pp, proximal pre-
pollical element; r, radiale; u, ulnare; U, ulna; V, IV, III, II,
metacarpals; Y, Element Y.

Fig. 7. Dasypops sp., larval Stage 35. The origin of the ulnare
and intermedium from the end of the ulna via branching and
segmentation is shown. Scale Bar = 0.1 mm. 5-4, 3, distal carpals;
i, intermedium; r, radiale; u, ulnare; U, ulna; V, IV, III, metacar-
pals; Y, Element Y.

Alberch, 1996). Our current information suggests
that the intermedium primordium is always present
in anurans. There is no subsequent independent
development of the intermedium and the embryonic
condensation is incorporated into the adult ulnare in
late development.

Progressive differentiation of Digits III and II is
similar among different taxa, and the formation of
Distal Carpal 5-4-3 could involve primary or second-
ary fusion of Distal Carpal 3 with Distal Carpal 5-4
(Fabrezi and Alberch, 1996).

Differentiation in the Preaxial Axis

The radiale, Element Y, and prepollical elements
are differentiated in the preaxial axis of the autopo-
dium (Shubin and Alberch, 1986). In anurans, the
formation of the adult radiale and Element Y involv-
ing different cartilaginous primordia was mentioned
by Fabrezi and Alberch (1996). The adult radiale
develops from one embryonic condensation in Xeno-

TABLE 1. Summarized observations of hand development among selected anuran taxa

Developmental feature Xenopus laevis Bufonidae

Leptodactylidae

Hylidae and Pseudidae Microhylidae

First distal carpals to  Distal Carpal 4

originate

Condition of Ulnare process Ulnare process
intermedium

Number of One cartilage One cartilage

condensations to
form the radiale
Number of
condensations to
form Element Y
Digital sequence

One cartilage = Three cartilages

IV-V-III-II IV-V-III-II

Distal Carpal 5-4 Distal Carpal 5 or 5-4
Distinct cartilage

Two separated or
connected cartilages

One or three cartilages

IV-V-III-II

Distal Carpal 5-4 Distal Carpal 5

Ulnare process Distinct cartilage

Two separated cartilages One cartilage

One cartilage

Three cartilages

IV-V-III-II IV-V-III-II

Different ontogenetic features involved in the development of distal carpals, intermedium, radiale, and Element Y are integrated in
patterns that appear to contain potentially useful phylogenetic information.
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pus, bufonids, and microhylids, or from two embry-
onic primordia that are separate in hylids, pseudids,
and some leptodactylids, but connected in other lep-
todactylids (Table 1). The ontogenetic pathway for
Element Y also differs. In Xenopus, Leptodactylus
spp., and microhylids a single condensation grows
into Element Y, whereas in bufonids, hylids, pseud-
ids, and most leptodactylids, three embryonic pri-
mordia fuse to form Element Y (Table 1). It is not yet
possible to propose the identity of these extra-
condensations in the radiale and Element Y.

In nonanuran tetrapods, the radiale is a single
condensation that may fuse to the intermedium
(Shubin and Alberch, 1986; Miiller, 1992). Element
Y is developed from one embryonic primordium
(Blanco and Alberch, 1992; Vorobyeva and Hinch-
liffe, 1996) and in anurans it always supports the
prepollical elements (Fabrezi, 2000). The radiale,
Element Y, and prepollex are fully developed preax-
ial structures that share structural identity among
anurans, but the developmental features observed
have not been described in other taxa yet and could
represent novelties of anuran limbs. However, more
detailed anatomical studies on preaxial limb ele-
ments in other amphibians and early tetrapods will
be required to evaluate the evolutionary significance
of these elements and understand the early tetrapod
limb evolution.

Developmental Variation

Developmental variation in the ulnare, radiale,
and Element Y among neobatrachians converges to
the same adult carpal morphology (Fig. 8). This kind
of developmental variation is compatible with the
structural identity that is conserved during the anu-
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ran phylogeny and can be explained in terms of the
biological homology concept (Wagner, 1994).

Bufonids, hylids, pseudids, and microhylids could
have stereotypic patterns, whereas leptodactylids
are more variable because they are an artificial
group (Ford and Cannatella, 1993) and taxa consid-
ered in our analysis belong to different subfamilies
(Ceratophryinae: Ceratophrys, Lepidobatrachus;
Leptodactylinae: Leptodactylus; Telmatobiinae: Tel-
matobius, Odontophrynus) (Duellman and Trueb,
1986).

Most of the results presented in this article are in
agreement with the observations presented by Fab-
rezi and Alberch (1996) and Schmalhausen (1907).
Some literature that mention developmental fea-
tures of the anuran hand were not considered
(Holmgren, 1933; de Saint-Aubain, 1981; Fabrezi,
1992) because they were carried out on incomplete
ontogenetic series or were biased by theoretical ex-
pectations based on the concept of the chyropteri-
gium (Gregory et al., 1923). With regard to Xenopus
laevis, there are discrepancies in the literature on
carpal development in this species. Holmgren
(1933), Jarosova (1973), and de Saint-Aubain (1981)
mentioned different condensations incorporated
with the ulnare, the radiale, Element Y, and Distal
Carpal 5, while Shubin and Alberch (1986) reported
the origin of every adult carpal element from a sin-
gle embryonic condensation. Therefore, more de-
tailed studies of carpal development in species of
Xenopus and other pipids are needed to define pat-
terns and explain carpal morphologies in Hym-
enochirus and Pipa (Howes and Ridewood, 1888;
Fabrezi, 1992; Trueb et al., 2000).

Finally, individual/intraspecific variation in de-
veloping anuran limbs has not been observed. We

Fig. 8. Different patterns of carpal development in anurans. A: Xenopus laevis, adult carpal morphology consists of eight elements:
ulnare, radiale, Element Y, Distal Carpal 5, 4, 3, and 2 and one prepolllical element. A;: Embryonic cartilages in Xenopus laevis. The
intermedium develops as an ulnare process. The radiale and Element Y are single condensations. Distal Carpals 5, 4, 3, and 2 are
distinct condensations. A well-defined lobe developed from Distal Carpal 5 suggests a complex origin of this distal carpal. The ulnare,
Distal Carpal 4, and Metacarpal IV are the first cartilages to appear and form the primary axis. B: The adult carpal morphology found
in most neobatrachian species, with the ulnare, radiale, Element Y, a postaxial distal carpal (formed by the fusion of Distal Carpals
5, 4, and 3), Distal Carpal 2, and two or more prepollical elements present. B;: Embryonic cartilages in selected bufonids. The
intermedium develops as an ulnare process. The radiale is a single condensation. Three cartilages form the Element Y. Distal Carpal
5 and 4 originate fused. The ulnare, Distal Carpal 5-4, and Metacarpal IV form the primary axis. B,: Embryonic cartilages in selected
microhylids. The intermedium and ulnare are separate condensations. The radiale and Element Y are single condensations. Distal
Carpal 5 and 4 appear as different primordia. The ulnare, Distal Carpals 5 and 4, and Metacarpal IV form the primary axis. B:
Embryonic cartilages in selected hylids and pseudids. The intermedium develops as an ulnare process. Two distinct cartilages form the
radiale. Three cartilages make up the Element Y. Distal Carpal 5 and 4 originate fused. The ulnare, Distal Carpal 5-4, and Metacarpal
IV form the primary axis. B,: Embryonic cartilages in selected leptodactylids. The intermedium and ulnare are distinct condensations.
The ulnare, Distal carpals 5 and 4 or Distal carpal 5-4, and Metacarpal IV form the primary axis. The radiale will be formed by two
separated condensations in Ceratophrys cranwelli, Lepidobatrachus spp. and Odontophrynus lavillai, and two connected primordia in
Telmatobius cf. marmoratus and Leptodactylus spp. Element Y arises from one condensation in Leptodactylus spp. and three
condensations in Ceratophrys cranwelli, Lepidobatrachus spp., Odontophrynus lavillai, and Telmatobius cf. marmoratus. Distal
Carpals 5 and 4 are distinct cartilages in Ceratophrys cranwelli, Lepidobatrachus spp., Leptodactylus spp., and Telmatobius cf.
marmoratus, and are fused in Odontophrynus lavillai. C: Adult carpal morphology found in some neobatrachian species characterized
by the presence of the ulnare, radiale, Element Y fused to Distal Carpal 2, a postaxial distal carpal (formed by the fusion of Distal
Carpals 5, 4, and 3), and two or more prepollical elements. C;. Embryonic cartilages in some species of Leptodactylus. The fusion
between Element Y and Distal Carpal 2 is added to the same pattern described for other Leptodactylus species. 5, 4, 3, 2, distal carpals;
5+7?, Distal Carpal 5 with a proximal unidentified process; i, intermedium; Pp, prepollex; r, radiale; R, radius; u, ulnare; U, ulna; V,
IV, III, II, metacarpals; Y, Element Y, Y!, Y!!, Y11, cartilaginous condensations of Element Y; ?, unidentified condensation connected
or separate that will form the radiale.
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analyzed large sample sizes from different popula-
tions of some species and variation of developmental
features for single species was not noticeable.

General Features of Anuran Hand
Development

Our analysis of anuran hand development reveals
the following. 1) The sequence of digit formation
(IV-V-III-II) is invariant. 2) In the neobatrachians
examined, Digit V is included in the primary axis
and the condensation of Distal Carpal 5 appears
earlier than Distal Carpal 4. 3) The adult ulnare
contains an embryonic condensation of the interme-
dium. 4) The ulnare, radiale, and Element Y arise
from different ontogenetic pathways depending on
the taxon. Bufonids, microhylids, and hylids-
pseudids show stereotypic patterns. Leptodactylids
possess an embryonic free intermedium and have
more variation in the differentiation of the other
elements.

Postaxial limb development in anuran resembles,
in many aspects, that of amniotes. In contrast, limb
development in caudates is characterized by unique
features distinguishing them from other tetrapods
(Blanco and Alberch, 1992; Vorobyeva and Hinch-
liffe, 1996; Hinchliffe and Vorobyeva, 1999). These
differences can be explained by molecular data on
the Hoxa-11 expression pattern that is unique
among tetrapods (Wagner et al., 1999). Developmen-
tal data of the lissamphibian limb may provide valu-
able insight about the evolutionary history of the
limb skeleton. However, other studies that focus on
morphological diversity of preaxial limb elements
are necessary to understand these anatomically spe-
cialized groups and discuss origins.
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APPENDIX
Specimens Examined

Bufonidae. Bufo fernadezae, MCN 492, 38 spec-
imens of larval Stages 32—46. B. paracnemis, MCN
395, 35 specimens of larval Stages 32—42. B. spinu-
losus, MCN 604, 32 specimens of larval Stages 32—
46; Melanophryniscus stelzneri, MCN 493, 47 speci-
mens of larval Stages 31-46.

Hylidae. Hyla andina, MCN 024, 30 specimens of
larval Stages 32-44. Phrynohyas venulosa, MCN
238, six specimens of larval Stages 32-35, and 13
specimens of larval Stages 37—44. Phyllomedusa bo-
liviana, MCN 596, 14 specimens of larval Stages
35-43. P. hypochondrialis, MCN 598, eight speci-
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mens of larval Stages 32—-38. P. sauvagii, MCN 061,
34 specimens of larval Stages 32—-43; MCN 599, 12
specimens of larval Stages 33-39. Scinax acumina-
tus, MCN 601, seven specimens of larval Stages
33-37. S. nasicus, MCN 646, 12 specimens of larval
Stages 32-38. S. fuscovarius, MCN 239, 18 speci-
mens of larval Stages 33—42; MCN 600, 12 speci-
mens of larval Stages 33—39.

Leptodactylidae. Ceratophrys cranwelli, MCN
021, 13 specimens of larval Stages 32-35; MCN 425,
18 specimens of larval Stages 33—46. Lepidobatrachus
laevis, MCN 647, 15 specimens of larval Stages 33—42.
L. llanensis, MCN 567, 12 specimens of larval Stages
34—40. Leptodactylus bufonius, MCN 064, 12 speci-
mens of larval Stages 31-37; MCN 200, 25 specimens
of larval Stages 33—-43. L. chaquensis, MCN 048, 22
specimens of larval Stages 32-37; MCN 070, 19 spec-
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imens of larval Stages 35-39; MCN 240, 13 specimens
of larval Stages 36—43. L. latinasus, MCN 243, 14
specimens of larval Stages 33—41. Odontophrynus
lavillai, MCN 230, 23 specimens of larval Stages 33—
42. Telmatobius cf marmoratus, MCN 181, 6 speci-
mens of larval Stages 33-36.

Microhylidae. Dermatonotus muelleri, MCN
234, 12 specimens of larval Stages 31-36; MCN 236,
14 specimens of larval Stages 35—-42; MCN 603, 12
specimens of larval Stages 31-38. Elachistocleis bi-
color, MCN 602, seven specimens of larval Stages
32-37. Dasypops sp. No catalogued larval specimen
in Stage 35.

Pipidae. Xenopus laevis, MCN 490, 14 specimens
of larval Stages 50-56 and 58.

Pseudidae. Pseudis paradoxa, MCN 597, six
specimens of larval Stages 31 (two), 33 (two), 35, 37.
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