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SUMMARY Despite the wide range of shapes and sizes that
accompany a vast variety of functions, the development of
tetrapod limbs follows a conservative pattern of de novo
condensation, branching, and segmentation. Development of
the zeugopodium and digital arch typically occurs in a posterior
to anterior sequence, referred to as postaxial dominance, with
a digital sequence of 4–3–5–2–1. The only exception to this
pattern in all of living Tetrapoda can be found in salamanders,
which display a preaxial dominance in limb development, a de
novo condensation of a basale commune (distal carpal/tarsal
112) and a precoccial development of digits I and II. These
divergent patterns have puzzled researchers for over a
century leading to various explanatory hypotheses. Despite
many advances in research on tetrapod limb development, the

divergent evolution of these two pathways and its causes are
still not understood. Based on an extensive ontogenetic series
we investigated the pattern of limb development of the 300Ma
old branchiosaurid amphibian Apateon. This revealed a
preaxial dominance in limb development that was previously
believed to be unique and derived for modern salamanders.
The Branchiosauridae are favored as close relatives of
extant salamanders in most phylogenetic hypotheses of the
highly controversial origins and relationships of extant
amphibians. The findings provide new insights into the
evolution of developmental pathways in tetrapod limb
development, the relationships of modern amphibians with
possible Paleozoic antecedents, and their initial timing of
divergence.

INTRODUCTION

The Branchiosauridae are a clade of small-bodied, gilled tem-
nospondyl amphibians from the Upper Carboniferous and
Lower Permian of Central Europe. They display an overall
salamander-like appearance and share similarities with urode-
les in their ecology and life history (Schoch and Fröbisch
2006) (Fig. 1). Branchiosaurids display an extraordinary fossil
record due to exceptional preservation resulting from anoxic
bottom conditions of the lakes in which they lived (Boy and
Sues 2000). Hundreds of skeletons comprising a wide range of
ontogenetic stages as well as soft tissue preservation of gills,
stomach contents, and ‘‘skin shadows’’ o!er a rich source of
ontogenetic data rarely available in the fossil record (Boy
1978; Schoch 2002; Schoch and Carroll 2003) (Fig. 1). This
allowed for a detailed investigation of patterns of limb devel-
opment in the branchiosaurid Apateon and a direct compari-
son with the patterns found in extant tetrapods.

In recent years, much research has focused on limb devel-
opment of extant tetrapods at the level of tissue condensation
(Hinchli!e 2002; Tickle 2002), as well as chondrification and

ossification (Shubin and Alberch 1986; Rieppel 1992,
1993a, b), revealing a highly conserved order in all tetrapods.
Initially, the stylopodium forms as de novo condensation,
which gives rise subsequently to the two zeugopodial elements
through bifurcation, thereby establishing a preaxial and a
postaxial column (Fig. 2). The postaxial column generally
leads in development before the preaxial element of the
zeugopodium. The preaxial column never undergoes a bifur-
cation and radiale/tibiale are segmented of the radius/tibia, as
are subsequent elements of the preaxial column. The postaxial
column undergoes a bifurcation distally to the ulna/fibula and
establishes the ulnare and intermedium in the forelimb and
fibulare (calcaneum) and intermedium (astragalus) in the
hindlimb, respectively. Later, the intermedium produces either
a single centrale through segmentation or two centralia
through bifurcation. The postaxial element, that is, ulnare/
fibulare, gives rise to a new, sharply angled axis of develop-
ment, extending from postaxial to preaxial across the distal
carpals/tarsals: the digital arch. The fourth carpal/tarsal forms
through segmentation of the ulnare/fibulare and subsequent
bifurcation gives rise to the fourth metacarpal and third
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carpal. Further bifurcations establish the remaining preaxial
distal carpals/tarsals and their associated metacarpal/tarsals in
the same manner. The fifth digit arises either after the fourth
or third digit somewhat independent from the remaining
digital arch. The resulting digital sequence is 4–(5 or 3)–2–1.
The phalangeal elements of the digits form through segmen-
tation from their respective metacarpals/tarsals to establish
the specific phalangeal formula (Fig. 2).

The above pattern is established in anurans and all am-
niotes with a distinct postaxial dominance and the digital arch
extending from postaxial to preaxial (Fig. 2A). Salamanders
however, show a different pattern from that found in all other
tetrapods in that they display a preaxial dominance in devel-
opment, where the digital arch develops in an anterior to
posterior direction with the digital sequence 2–1–3–4–(5) (Fig.
2B). Interestingly, despite the reversed pattern of limb devel-
opment in urodeles, they also show a temporal dominance of
the penultimate digit in the formation of the digital arch
(Shubin and Alberch 1986). Moreover, salamanders show a
precoccial development of the basale commune (fused carpal/
tarsal 112). These unique features of salamanders are estab-
lished very early in their limb development and can be ob-
served as early as in the precartilaginous condensation of the
limb elements (Wake and Shubin 1998).

Condensation and chondrification are subsequently fol-
lowed by the ossification of the individual elements of the
limbs. Inevitably, ossification must form the basis for com-
parison with fossil taxa, where only skeletal elements are
available. The assumption that ossification recapitulates chon-
drification has long been accepted and was only recently
challenged when it was shown that these processes are not
always tightly coupled (Rieppel 1992, 1993a, b). Examples
from amniotes demonstrate that ossification sequences may
be modified to some extent in accordance with functional
needs. Despite this, it can be inferred from the same studies of
chondrification and ossification sequences in amniotes (Riep-
pel 1992, 1993a, b), but particularly investigations of frogs
(Erdmann 1933; Wiens 1989; Trueb and Hanken 1992; Hall
and Larsen 1998; Haas 1999) and salamanders (Erdmann
1933; Keller 1946; Blanco and Alberch 1992; Nye et al. 2003),
that the common direction, that is, preaxial or postaxial
dominance and the general order of digit formation, are ba-
sically similar for both processes. Therefore, timing of ossi-
fication can serve as an information basis for establishing the
sequence of developmental processes in the limbs of fossil
amphibians. The excellent fossil record of branchiosaurids
allowed for the investigation of such details of their limb

Fig. 1. Different ontogenetic stages of the branchiosaurid Apateon
from the Upper Carboniferous of Germany. The smallest larva
(top) has no ossifications in the skeleton and only the ‘‘skin
shadow’’ is preserved. Later stages show successively more ossifi-
cations, starting in the skull and proceeding in the postcranium.
Scale bar equals 2mm.

Fig. 2. Patterns of limb formation in extant tetrapods. Limb for-
mation proceeds through a pattern of de novo condensation,
branching, and segmentation. Frogs and amniotes display postax-
ial dominance in limb development, salamanders preaxial domi-
nance. bc, basale commune; c, centrale; H/F, humerus/femur; i,
intermedium; r/t, radius/tibia; ra/ti, radiale/tibiale; u/f, ulna/fibula;
ul/fi, ulnare/fibulare. In dependence on Shubin and Alberch (1986).
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ossification including the sequence and direction of digit for-
mation. The results have implications for the controversial
relationships of salamanders with Paleozoic amphibian taxa
and the time at which preaxial dominance in limb develop-
ment evolved in tetrapods.

MATERIALS AND METHODS

The specimens investigated for this study are housed in the col-
lection of the Geological–Paleontological Institute of the University
of Mainz, Germany (611 specimens, GPIM-N 1230-1840), as well
as the Staatliches Museum für Naturkunde Stuttgart, Germany
(SMNS 51208, 51212, 51249, 51255, 51269, 51349).

Ontogenetic stages were determined using the staging charac-
teristics established by Schoch (2004). Specimens were investigated
with a Wild dissection scope (Typ 256575) and a Dolan–Jenner
high-intensity illuminator Mi-150 (Dolan-Jenner Industries,
Lawrence, MA, USA). Furthermore, the specimens were careful-
ly cleaned with acetone and a thin layer of diluted acetone was
applied with a soft brush during investigation and photography.
The application of acetone as well as the high-intensity lightning
proved to be important for the visibility of details and coloration
gradients in skeletal elements.

RESULTS

The branchiosaurid Apateon represents a rare case where data
on a developmental process are directly available from the
fossil record. The majority of the more than 600 specimens
that were investigated for this study come from one locality
and horizon, the Upper Carboniferous ‘‘Kusel locality’’ near
Erdesbach in the Palatinate of western Germany. Details of
the ossification sequence of the branchiosaurid Apateon are
not only exceptionally informative due to the large sample size
and wide span of ontogenetic stages available, but also be-
cause of the unique preservation of the bones themselves.
Different degrees of ossification between and within individ-
ual skeletal elements are reflected in a different coloration of
the bone. These extend from shades of yellow for weakly
ossified bones, to tones of red and brown and finally black in
fully ossified elements (Schoch 1992) (Fig. 3).

The results of the study reveal that the sequence of limb
ossification of the branchiosaurid Apateon is remarkably
similar to that of modern salamanders. Both branchiosaurids
and salamanders have four digits in the hand and five in the
foot. The most striking similarity of limb development in the
branchiosaurid Apateon with salamanders is a clearly estab-
lished preaxial dominance in ossification. This is reflected in
the advanced ossification of the preaxial zeugopodial elem-
ents before the postaxial ones (Fig. 3A). Digit II leads in the
digital sequence of ossification followed in order by digits III,
I, IV, and in the case of the pes V. This is well established in
the metapodials as well as the phalangeal elements. The

order is documented by differences in the degree of ossifi-
cation of different bones within individuals, as well as se-
quentially older individuals.

Furthermore, the terminal phalanges of Apateon ossify
very early, a pattern also found in basal salamanders (Voro-
byeva and Hinchli!e 1996; Vorobyeva et al. 1997) (Fig. 3) as
well as some derived salamander taxa (Nye et al. 2003). The
early ossification of the distal phalanges has previously been
interpreted as a larval adaptation of salamanders (Holmgren
1933), but this pattern is actually also reported for a wide
variety of extant amniotes (Strong 1925; Petri 1935; Hodges
1953; O’Rahilly and Gardner 1972; Adams 1992; Rieppel
1993b). The reasons for this deviation from an otherwise
proximal to distal direction of phalangeal ossification in this
wide range of taxonomic groups are unknown. The medio-
distal phalanges were the last elements of the manus and pes
to ossify in Apateon. Carpals and tarsals remained unossified
even in the latest known stages of this genus (Fig. 1). Ossi-
fication of carpals and tarsals is also slow in modern sala-
manders or may never occur. In amniotes, ossification of
the mesopodial elements also takes place later than in the
remaining autopodial elements, showing an example for a
decoupling of chondro- and osteogenesis present in all tetra-
pods (e.g., Rieppel 1992, 1993b).

The clearly established preaxial dominance and early for-
mation of digit II are distinct features of salamander limb
development (Shubin and Alberch 1986; Shubin and Wake
2003) that are well established in the branchiosaurid Apateon.
The differences in the sequence between frogs and amniotes
on the one hand and salamanders and Apateon on the other
hand become particularly apparent when the ossification se-
quence of the limb is considered relative to ontogenetic rank
(Fig. 4). The ossification of the preaxial zeugopodial elements
before the postaxial ones and the digital sequence of II–(I–
III)–IV–V are uniquely shared features of salamanders and
Apateon that are not reported for any other tetrapod taxon.
Neither frogs nor any amniotes show preaxial dominance in
limb development. Frogs clearly display postaxial to preaxial
formation of the digital arch with an early condensation and
chondrification of digit IV, which is followed by the identical
sequence of ossification (Erdmann 1933; Wiens 1989; Trueb
and Hanken 1992; Hall and Larsen 1998; Haas 1999). These
observations show that the branchiosaurid Apateon shares
fundamental features of limb development with extant sala-
manders that were previously considered unique, derived
characters of urodeles (Shubin and Wake 2003).

DISCUSSION

Explanatory hypotheses for the divergent pattern
in salamander limb development

For over a century the divergence of salamander limb devel-
opment from the general tetrapod pattern has puzzled
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researchers and a number of explanatory hypotheses have
been formulated. Early investigators considered the di!eren-
ces between salamanders and other tetrapods so striking that
they proposed a diphyletic origin of tetrapods (Holmgren
1933; Jarvik 1965). This is in conflict with the vast majority of
morphological and molecular data available today that
strongly support the monophyly of Tetrapoda.

More recently, Wagner et al. (1999) proposed that the
unique sequence of digit development in salamanders is a
result of the loss of their original digits I and II early in their
evolutionary history. Support for this hypothesis was based
on sirenids, proteids, and amphiumids as modern examples of
salamanders that have undergone digit reduction and that
were at the time considered to have a basal position in the
salamander phylogeny (but see Wiens 2005 for a recent per-
spective). Subsequently, the postaxial digits were reinvented
implicating that salamander digits I and II are homologous to
digits III and IV in all other tetrapods. With the loss of the
original digits I and II, the more posterior digits III and IV in
the forelimb, and V in the hind limb would assume an an-
terior position, but would be expressed before the appearance
of more lateral digits that had evolved de novo. Additional
support for this hypothesis was based on the exceptional ex-
pression pattern of Hoxa-11 in the salamander autopodium,
where it is first expressed in digit III, but has a sharp expres-

sion limit at the distal end of the zeugopodium in other tetra-
pods. In contrast, Hinchli!e later noted that the well-
differentiated digital arch in axolotls provides evidence for
digital identity with all other tetrapods (Hinchli!e 2002).
Moreover, other evidence showed that the anterior border of
expression of Hoxd-11 in all tetrapods occurs between pro-
spective digits I and II, supporting their homology among
salamanders, frogs, and amniotes (Torok et al. 1998). In ad-
dition, this hypothesis seems unlikely in the light of the here
presented data, because it would imply that the digit reduc-
tion took place at least once in a temnospondyl clade pre-
ceding the Upper Carboniferous branchiosaurids, since the
latter already display preaxial dominance. There is no evi-
dence in the fossil record that branchiosaurids or related
groups went through a phase of digit reduction or show a
tendency for the latter.

An alternative hypothesis is that the salamander autopo-
dium is homologous to that of other tetrapods, but has simply
evolved a different ontogenetic sequence (Shubin and Wake
2003) (see also Fig. 4). Such changes of the developmental
sequence in the clade leading to extant salamanders are at-
tributed to larval adaptations, in which the development of
preaxial digits is required at an early stage for climbing and
adherence to water vegetation (Holmgren 1933; Shubin et al.
1995; Hinchli!e 2002; Shubin and Wake 2003).

Fig. 4. Graph depicting ossification sequences of limb elements in
representative tetrapod taxa with events relative to ontogenetic
rank (sequence order); methodology following Smith (2001). The
sequential ossification of stylo-, zeugo-, and metapodial elements is
represented as events. More distal phalangeal elements were ex-
cluded from the analysis, because they can differ in having a strictly
proximal to distal direction in ossification or starting phalangeal
ossification with the terminal phalanges. This variation is widely
distributed within and among different tetrapod clades without
representing a clear functional or phylogenetic signal. It, however,
adds noise to the sequence order that is irrelevant for the repre-
sentation of axial dominance in limb development and was for this
reason excluded. Note that the sequence is identical in Apateon and
the salamanders Ambystoma and Triturus. Ossification sequence
data is based on personal observations and literature (Erdmann
1933; Rieppel 1992; Vorobyeva and Mednikov 2004).

Fig. 3. Ossification patterns and degrees of ossification in the
manus (A) and pes (B) of Apateon (left) and a differentially cleared
and stained larva of the basal salamander Cryptobranchus (right;
red stain depicts ossification, blue stain cartilaginous elements). F,
femur; f, fibula; mc, metacarpal; mt, metatarsal; p, phalanx; r, ra-
dius; t, tibia; tp, terminal phalanx; u, ulna. Note the differences in
the bone coloration in Apateon, which reflect different degrees of
ossification. Scale bar equals 2mm.
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Phylogenetic implications

The interrelationships of the three modern amphibian groups,
that is, frogs, salamanders, and caecilians, and their relation-
ships to possible Paleozoic antecedents are highly controver-
sial and represent one of the most puzzling problems in
vertebrate evolution and systematics (Carroll 2001). Despite
the long research history surrounding this problem (Haeckel
1866) and paleontological, morphological and molecular ap-
proaches to it, no consensus has been reached. Three different
competing hypotheses of basal tetrapod relationships are cur-
rently discussed (see Schoch and Milner 2004 for a review).
On the one hand monophyly of lissamphibians with either a
temnospondyl (Trueb and Clouthier 1991; Milner 1993; Ruta
et al. 2003) or a lepospondyl origin (Laurin and Reisz 1997;
Laurin 1998; Vallin and Laurin 2004) is proposed; on the
other hand, a polyphyletic origin of the three modern am-
phibian groups with caecilians as a sister taxon to lepospondyl
microsaurs and salamanders and frogs nested within temno-
spondyl dissorophoids is suggested (Anderson in press; Car-
roll 2001) (Fig. 5). Interweaved with the problematic
phylogenetic relationships is the timing of the split of the
lineages leading to the three modern groups and the taxo-
nomic level at which a potential monophyly of the lissam-
phibians is considered.

Whatever the selective advantages of preaxial dominance
in limb development, profound changes in the control of de-
velopment were presumably necessary to reverse the polarity
of digit formation. The complexity of a change from postaxial
to preaxial limb development suggests a single evolutionary
origin of preaxial dominance. The discovery of preaxial dom-
inance of limb development in the branchiosaurid Apateon
has far reaching consequences for the evolution of limb de-
velopment when considered in the phylogenetic framework of
basal tetrapods. Unfortunately, the excellent fossil record of
branchiosaurids is not repeated for other Paleozoic amphib-
ian taxa and for this as well as for analytical reasons it is very
difficult to include the data into a comprehensive phylogenetic
analysis (Anderson in press). Therefore the evolution of pre-
axial dominance in limb development is here discussed in the
light of existing phylogenetic hypotheses.

Fig. 5. The three currently discussed hypotheses of lissamphibian
relationships to basal tetrapods. A, polyphyly hypothesis (follow-
ing Carroll 2001); B, temnospondyl hypothesis (following Trueb &
Clouthier 1991; Milner 1993; Ruta et al. 2003); C, lepospondyl
hypothesis (following Laurin & Reisz 1997; Laurin 1998; Vallin
& Laurin 2004). Bars indicate where preaxial dominance in limb
development (PD) is known to be present. Note that different
character optimizations are possible for the evolution of PD: the
most parsimonious solution is a synapomorphy of PD for sala-
manders and Apateon (A); other optimizations require two or more
steps (B, C).
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The most parsimonious scenario for the evolution of pre-
axial dominance in limb development is its single origin as a
shared derived character of salamanders and branchiosaurids.
This would support a close relationship of these groups to the
exclusion of frogs (Carroll 2001) (Fig. 5A). This also has
wider phylogenetic consequences. The fact that frogs share
postaxial dominance with all other tetrapods indicates an
early divergence of the lineage leading to branchiosaurids and
subsequently to salamanders, prior to the evolution of pre-
axial dominance in branchiosaurids. A divergence of the Bat-
rachia (frogs1salamanders) lineage in the Late Carboniferous
(approximately 308Ma) has previously been suggested in
molecular analyses (e.g., Zhang et al. 2005), but was thus far
not supported by data from the fossil record.

A single origin of all lissamphibians from within either
temnospondyls (Trueb and Clouthier 1991; Milner 1993; Ru-
ta et al. 2003) or lepospondyls (Laurin and Reisz 1997; Laurin
1998; Vallin and Laurin 2004) represent less parsimonious
scenarios with respect to the evolution of preaxial dominance
in limb development, if a single Paleozoic taxon is taken as
immediate sister taxon to the Lissamphibia (Fig. 5, A and B).
This, however, does not include the possibility that the three
modern clades all derive from either temnospondyls or lepo-
spondyls and may be monophyletic on a higher taxonomic
level.

The monophyly of lissamphibians is frequently favored on
the basis of other morphological as well as molecular data
(Trueb and Clouthier 1991; Milner 1993; Laurin and Reisz
1997; Laurin 1998; Ruta et al. 2003; Vallin & Laurin 2004;
Zhang et al. 2005) (Fig. 5, B, and C). When plotted on these
previously proposed phylogenetic hypotheses, it requires two
steps to account for a convergent evolution of preaxial dom-
inance in limb development in Apateon and salamanders in
either the temnospondyl hypothesis (Fig. 5B) or the lepo-
spondyl hypothesis (Fig. 5C). Likewise, two steps are required
if a reversal to postaxial dominance in the limb development
of frogs is proposed (Fig. 5B). Two steps would also be ne-
cessary if preaxial dominance in limb development had been
the plesiomorphic state in tetrapods, with subsequent, con-
vergent evolution of postaxial dominance occurring in the
lineages leading to frogs and amniotes. In that case, sala-
manders would be the only living tetrapod group still dis-
playing the ancestral state of limb development.

Limbs adapted for terrestrial locomotion are a hallmark in
the tetrapod body plan and the origin of and causes for the
divergent pattern in the limb development of salamanders has
received considerable attention from developmental biolo-
gists, morphologists, and paleontologists (Holmgren 1933;
Jarvik 1965; Shubin and Alberch 1986; Vorobyeva and Hin-
chli!e 1996; Vorobyeva et al. 1997; Wagner et al. 1999; Hin-
chli!e 2002; Tickle 2002; Nye et al. 2003; Shubin and Wake
2003). The results of this study demonstrate that preaxial
dominance in limb development is not unique and derived for

urodeles, but had already evolved in branchiosaurids by the
Upper Carboniferous, 300Ma ago. The developmental infor-
mation from the branchiosaurid Apateon provides new data
relevant for the controversial phylogenetic relationships of
modern amphibians and the timing of the spilt of their lin-
eages.
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