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INTRODUCTION
The autopodium consisting of the carpus (wrist) or tarsus 

(ankle) and the digits is the hallmark feature of the tetrapod 
limb. Bones of the carpus and tarsus articulate with each 
other, proximally with bones of the zeugopodium (radius 
and ulna/ tibia and fibula), and distally with the digits. 
In this location between the digits and zeugopodium, the 
carpus and tarsus in a quadruped often provide flexibility 
for flexion and extension and support of the body during 
locomotion. The evolutionary origin of the carpus and 
tarsus is not coincident with the origin of digits despite the 
evidence for homology between digits and distal radials in 
the extinct sarcopterygian fish Panderichthys (Boisvert et al. 
2008), extant lungfish (Johanson et al. 2007), and con-
served activity of enhancers of Hox genes for development 
of fins in fish and limbs in tetrapods (Gehrke et al. 2015). 
Proximal elements of the wrist (ulnare and intermedium) 
and ankle (fibulare and intermedium) are present in the 
more fish-like tetrapodomorphs (Andrews and Westoll 
1970; Boisvert et al. 2008; Davis et al. 2004; Shubin et al. 
2006) predating the appearance of tetrapod digits. A single 
element in the tarsus of Tiktaalik is a possible intermedium 

(Shubin et al. 2014). Only a single ossified bone identified 
as the intermedium is known for the carpus of the stem 
tetrapod Acanthostega (Coates 1996), but a second stem 
tetrapod Tulerpeton has an ossified ulnare and intermedium 
(Lebedev and Coates 1995). The carpus of Tulerpeton in-
cludes the radiale, another standard proximal carpal bone. 
The manus is largely unknown for Ichthyostega although 
one specimen has some apparent metacarpals (Callier et 
al. 2009). Acanthostega, Ichthyostega, and Tulerpeton have a 
fibulare, intermedium and a third proximal tarsal bone the 
tibiale (Coates 1996; Lebedev and Coates 1995). The more 
distal carpal and tarsal bones next to the metacarpals and 
metatarsals, respectively, are also present in early tetrapods. 
However, there is far more variability in the number of cen-
tral bones typically known as the centralia, and their evo-
lution evidently lagged behind that of the remainder of the 
carpus and the digits (Johanson et al. 2007). Subsequent 
evolution of the carpus and tarsus involved addition of 
centralia to a stable number of four. 
The presumably more structurally stabilized carpus and tar-

sus are unknown in many extinct post-Devonian tetrapods, 
either because these regions were not recovered or identified 
in fossils, or were cartilaginous at the time of death. Even 
if present, carpals and tarsals may be small, poorly ossified 
shapeless bones. The cartilaginous or incompletely ossified 
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state of the carpus and tarsus is a consequence of delayed os-
sification. There is a proximal-distal sequence of ossification 
in the limbs, and the carpals and tarsals are some of the last 
regions to ossify, if they ossify at all (Fröbisch et al. 2010). 
The tarsus sometimes ossified before the carpus. Greererpeton 
burkemorani has a well-ossified tarsus in which individual 
bones can be recognized (Godfrey 1989) but the carpus, 
although ossified, is disarticulated and the unusual shapes of 
the elements severely limits meaningful comparisons with 
carpi of other tetrapods. Tarsals are present, but unidentified, 
in the stem-tetrapod Eucritta melanolimnetes, and there are 
no ossified carpals (Clack 2001). Fossils of the amphibamid 
Eoscopus have a complete tarsus that can be compared to the 
tarsus of Acheloma, but the carpus is incomplete, and many 
bones cannot be identified with certainty (Daly 1994). A 
well-ossified tarsus consisting of the fibulare, intermedium, 
tibiale, four centralia, and the first distal tarsal is known for 
the stem-amniote Proterogyrinus scheelei, but only two distal 
carpals are ossified (Holmes 1984). The fibulare, inter-
medium, tibiale, and two centralia are known for the tarsus 
of Archeria, but of the carpus, only the radiale is known 
(Romer 1957). Five tarsals including an intermedium and 
fibulare, but no carpals, are described for the stem-amniote 
Silvanrepeton miripedes (Ruta and Clack 2006). Specimens 
of Gephyrostegus bohemicus have a pair of carpals (possibly 
the radiale and intermedium) and a modified tarsus con-
sisting of a partially fused tibiale and intermedium, fibulare, 
three centralia, and five distal tarsals (Carroll 1970; Rieppel 
1993). Several tarsals are also known for Westlothiana lizziae 
(Smithson et al. 1994). Only a single tarsal, probably a fibu-
lare, is known for the stem tetrapod Ossinodus pueri from the 
Early Carboniferous of Australia (Warren and Turner 2004). 
These examples demonstrate that while a wide diversity of 
early tetrapods have preserved carpal and tarsal elements, 
the tarsus is invariably better represented, and their precise 
morphologies and homologies are often uncertain.
The best-known and indeed archetypical carpal and tarsal 

anatomies for early tetrapods are exhibited in the carpus of 
Eryops megacephalus and the tarsus of Acheloma cummin-
si. Eryops has been the subject of numerous publications 
over the past hundred and fifty years covering aspects 
such as cranial anatomy (Sawin 1941), vertebrae and ribs 
(Moulton 1974), and the limbs and girdles (Gregory et al. 
1923; Miner 1925; Pawley and Warren 2006). Of par-
ticular significance is a specimen of the forelimb of Eryops 
with a complete carpus described and best illustrated 
by Gregory et al. (1923) and Miner (1925). This single 
specimen (AMNH FARB 4186) consisting of an ulnare, 
intermedium, radiale, four centralia, and four distal car-
pals, established the general morphology of the carpus for 
temnospondyls. Similarly, a single complete specimen of 
the tarsus of the trematopid Trematops milleri, now recog-

nized as a junior synonym of Acheloma cumminsi (Dilkes 
and Reisz 1987), laid the foundation for our understanding 
of the temnospondyl ankle (Schaeffer 1941) which be-
came the generalized non-amniote tarsal pattern and the 
starting point for the origin of the amniote tarsus (Meyer 
and Anderson 2013; O’Keefe et al. 2006; Peabody 1951). 
Description of this specimen showed the temnospondyl 
tarsus to consist of a tibiale, intermedium, fibulare, four 
centralia, and five distal tarsals (Schaeffer 1941).
The carpus and tarsus have provided little data for phy-

logenies of temnospondyls and other early tetrapods 
because they typically do not preserve or only a few poorly 
ossified elements are present. In order to address this issue, 
the following material will be reexamined: 1, the carpus 
of Eryops derived from the specimen described in Gregory 
et al. (1923); 2, the tarsus of Acheloma from the speci-
men described by Schaeffer (1941); and 3, the carpal and 
tarsal bones of Dissorophus multicinctus described briefly in 
DeMar (1968). For the first time, the tarsus in the holotype 
of Trematops milleri, and isolated carpal and tarsal bones 
of Cacops aspidephorus will be described. New phylogen-
etic characters of the carpus and tarsus will be included in 
a phylogenetic analysis of Temnospondyli using the data 
matrix of Schoch (2013). The node based definition of 
Temnospondyli given by Schoch (2013) as the least inclu-
sive clade of Edops and Mastodonsaurus will be followed.

MATERIALS
Directional Terms: Locations of articular facets on 

individual bones and sides of articulated limbs will be de-
scribed using standard directional terms. Dorsal (extensor) 
refers to the front (upper) side of the manus and pes facing 
the vertebral column. Ventral (flexor) is the side facing the 
ground and refers to the palmar (manus) or plantar (pes) 
side. Proximal is closer to the attachment of the limb to the 
body and distal further away from this attachment. Medial 
(preaxial) and lateral (postaxial) refer to the sides with the 
first and last digit, respectively.
Ossification of Carpals and Tarsals: Bones compared 

for any taxonomic, phylogenetic, or biomechanical inter-
pretations should be at similar degrees of ossification. The 
typically unossified or marginally ossified carpus and tarsus 
of stereospondyls (Schoch and Milner 2000) likely correlat-
ed with a predominantly aquatic lifestyle severely restricting 
comparisons with other tetrapods. Larger and presumably 
fully mature individuals perhaps capable of some terrestrial 
locomotion have a variable number of ossified carpals and 
tarsals (Boy 1988; Schoch and Witzmann 2009; Witzmann 
and Schoch 2006). These individuals offer the best chance 
for meaningful comparisons assuming the preserved bones 
reflect accurate relative size differences and accurate shapes. 
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Specimens Examined: AMNH FARB 4186, articu-
lated left forelimb of Eryops megacephalus consisting of the 
humerus, radius, ulna, carpus, and partial digits; FMNH 
UC 930, isolated carpal and tarsal elements of Cacops 
aspidephorus; FMNH UC 640, holotype of Trematops 
milleri consisting of an incomplete skull, vertebral column, 
and appendicular skeleton; FMNH UC 1756, incomplete 
skeleton of Acheloma cumminsi; MCZ 7555, right tibia, 
distal half of right fibula, most bones of the tarsus, portions 
of the first four metatarsals, and several phalanges; MCZ 
4169, left hind limb of Dissorophus multicinctus; MCZ 
4172 and 4173, incomplete skeletons of Dissorophus multi-
cinctus with partial forelimbs.
Locality Data: All specimens described in this paper 

were collected from the lower Permian of Texas. There is 
scant locality data for the AMNH FARB 4186. Records 
at the American Museum of Natural History show Jacob 
Boll and his assistant J.C. Isaac collected this specimen in 
February of 1878 in Wichita County, Texas. These men 
collected south of the Wichita River in Wichita County 
during the winter of 1877-1878 (Craddock and Hook 
1989) placing the undetermined locality most likely in the 
Petrolia Formation of the Wichita Group (Hentz 1988). 
The articulated crus and pes of Eryops MCZ 7555 was 
collected in 1953 three miles south of Black Flat, Archer 
County in the Nocona Formation (Wichita Group). 
Specimens of Dissorophus multicinctus (MCZ 4169, 4172, 
4173) were collected from the Arroyo Formation along 
Indian Creek in Baylor County, equivalent to the base of 
the undivided Clear Fork Group (Hentz 1988). Similarly, 
specimen FMNH UC 640 of Acheloma cumminsi was 
collected from the Arroyo Formation, Craddock bone bed 
locality at the Craddock Ranch near Brush Creek, Baylor 
County (Romer 1928; Williston 1909) and FMNH UC 
1756 was collected from the Arroyo Formation, East Coffee 
Creek locality, Baylor County (Olson 1941; Romer 1928). 
Individual carpal and tarsal bones of Cacops aspidesphorus 
(FMNH UC 930) were collected from the Cacops bone 
bed at the base of the Clear Fork Group, Baylor County 
(Williston 1911).
Anatomical Abbreviations: cen. 1-4, centralia 1 to 4; 

dc. 1-4, distal carpals 1 to 4; delt, deltoid crest; dt. 1-5, 
distal tarsals 1 to 5; ect, ectepicondyle; ent, entepicondyle; 
f, fibula; f. cen. 2, facet for centrale 2; f. cen. 3, facet for 
centrale 3; f. dc. 4, facet for distal carpal 4; f. int, facet for 
intermedium; f. r, facet for radius; f. rad, facet for radiale; f. 
tib, facet for tibiale; f. uln, facet for ulnare; fem, femur; fib, 
fibulare; gr, groove; hum, humerus; int, intermedium; mc. 
1-4, metacarpals 1 to 4; mt. 1-5, metatarsals 1 to 5; r, ra-
dius; rad, radiale; rc, radial condyle; sup, supinator process; 
t, tibia; tib, tibiale; u, ulna; uln, ulnare; ung, ungual.

Institutional Abbreviations: AMNH FARB, American 
Museum of Natural History, New York, U.S.A; FMNH UC, 
Field Museum of Natural History, Chicago, U.S.A.; MCZ, 
Museum of Comparative Zoology, Cambridge, U.S.A.

DESCRIPTION

Carpus
Ulnare: The ulnare of Eryops is a proximo-distally elon-

gate bone contacting medially the ulna and the inter-
medium and distally distal carpal 4 (Figs. 1, 2). Its flattened 
proximal end projects laterally away from the carpus. A 
single slightly deformed right ulnare in a specimen of 
Dissorophus multicinctus (Figs. 2C, D, 3) has a similar shape 
as the ulnare of Eryops and similarly placed articular sur-
faces for the ulna, intermedium, and distal carpal 4. There 
is a slight rim along the dorsal edge of the contact surface 
between the ulnare and intermedium in Dissorophus. The 
ulnare of Acheloma cumminsi (Fig. 4) is very similar to that 
of Dissorophus. There are two distinct articular surfaces 
along the medial edge: one for the ulna and a second for 
the intermedium. The rim along the dorsal side of the con-
tact surface for the intermedium is raised. The same edge 
on the ulnare of Dissorophus is also raised, but only slightly. 
Distal to the contact surface for the intermedium, the edge 
of the ulnare is concave as in Dissorophus.
Intermedium: The intermedium of Eryops has a deep 

V-shaped notch (Fig. 1A, B) interpreted by Gregory et 
al. (1923) as fitting against the lateral corner of the distal 
end of the radius, and as a consequence displacing the 
ulna proximally relative to the radius. This configuration 
requires the radius to have both a laterally facing articular 
surface and a distal articular surface for the intermedium. 
However, the radius of Eryops has only a distal articular 
surface for the intermedium (Pawley and Warren 2006). 
Furthermore, placement of the proximal carpal series into 
their natural position shifts the notch further from the cor-
ner of the radius, not closer (Fig. 2A). While the biological 
significance of this notch is uncertain, it did not articulate 
with the radius.
Proximally, the intermedium contacts the distal end of 

the ulna and, contrary to Pawley and Warren (2006), has 
an extensive rather than narrow contact with the distal end 
of the radius. Medially, it contacts centrale 4. A narrow 
gap separating the intermedium and distal carpal 4 lies in 
approximately the same location as the opening restored 
between the intermedium and ulnare by Gregory et al. 
(1923). When the ulnare and intermedium articulate, the 
lateral side of the ulnare is oriented towards the caudal end 
of the body contributing to a pronounced palmar concavity 
of the carpus (Fig. 2B). The distal end of the ulna with its 
separate medial and lateral surfaces for the intermedium 
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Figure 1. Left front limb of Eryops megacephalus (AMNH FARB 4186), early Permian of Texas (Wichita Group, Petrolia 
Formation). Illustration (A) and photograph (B) in dorsal view. Illustration (C) and photograph (D) in ventral view.
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and ulnare, respectively (Pawley and Warren 2006) also 
indicate a more caudal position for the ulnare.
An intermedium could not be identified in specimens of 

Dissorophus (Fig. 3). The intermedium in Acheloma (Fig. 
4) is a square bone wedged between the radius and ulna 
contacting, in addition to the radius and ulna, centrale 4 
and the ulnare. It is a small bone comprising approximately 
one-half the length of the ulnare whereas the intermedium 
and ulnare are approximately equal in length in Eryops. 
In accordance with the relatively smaller size of the inter-
medium in Acheloma, there is a wide separation between 
the intermedium and distal carpal 4.
Centrale 4: Centrale 4 of Eryops has six distinct articu-

lar facets (Fig. 2C). The largest is the proximal contact 
with the radius. Medially, centrale 4 meets the radiale and 
laterally the intermedium. Distally, a trio of smaller surfaces 
contact, in medial to lateral sequence, centrale 2, centrale 
3, and distal carpal 4. The distal surfaces for centralia 2 and 
3 are flat. Centrale 4 has a rectangular lateral extension that 
underlaps the ventral surface of distal carpal 4 (Fig. 2A, C). 
Two surfaces of this lateral extension contact distal carpal 4: 
a convex surface on the lateral and ventral sides and a flat 
dorsal surface. Contact between centrale 4 and the radius 
crosses a sharply angled edge on the distal end of the radius 
that is a continuation of the radial flexor ridge (Pawley and 
Warren 2006). This edge divides the distal surface of the 
radius into two distinct facets: one for the radiale and most 
of centrale 4 and a second for the remainder of centrale 4 

and the intermedium. These two articular regions are set 
apart by an angle of approximately 130° with the articular 
surface for the intermedium directed posteriorly as well 
as laterally. In order to fit across this edge, centrale 4 has a 
notched proximal surface.
Centrale 4 in Dissorophus (Figs. 2D, 3) has clearly visible 

contacts with the ulna, radiale, centrale 2, centrale 3, and 
the intermedium as in Eryops, but a different association 
with distal carpal 4. The lateral extension of centrale 4 
that underlies distal carpal 4 in Eryops is absent in centrale 
4 of Dissorophus and there is no facet for distal carpal 4. 
A slightly concave non-articular surface on centrale 4 of 
Dissorophus between the contacts for the intermedium and 
centrale 3 is not seen in Eryops. This non-articular surface 
faces distal carpal 4, but is clearly separated from it. One 
other notable difference is the absence in centrale 4 of 
Dissorophus of the strong ventral curvature in Eryops.
Centrale 4 in Acheloma is the largest of the centrale bones 

lying along the distal end of the radius between the radiale 
and intermedium (Fig. 4). Its distal margin is curved with 
a pair of distinct facets for centrale 2 and centrale 3 as in 
Eryops and Dissorophus.
Radiale: The radiale is similar in Eryops (Figs. 1, 2A, B), 

Dissorophus (Figs. 2D, 3), and Acheloma (Fig. 4). It has a 
square outline with a slightly concave medial edge. The 
cross-sectional profile of the radiale of Eryops is wedge-
shaped and tapers to the medial edge. The extensive contact 
with the radius in Eryops occupies most of the distal surface 
medial to the radial flexor ridge.

Figure 2. Carpi of Eryops megaceph-
alus and Dissorophus multicinctus. A, 
reconstruction of carpus of Eryops 
megacephalus in dorsal view; B, 
proximal view of radiale, centrale 4, 
intermedium, and ulnare of Eryops 
megacephalus; C, centrale 4 of Eryops 
megacephalus isolated from remain-
der of carpus to show distal portion 
covered dorsally by distal carpal 4; 
D, reconstruction of partial carpus of 
Dissorophus multicinctus in dorsal view.



Vertebrate Anatomy Morphology Palaeontology 1(1):xxx-yyy

56

Centrale 1: This carpal bone in Eryops (Figs. 1, 2A) has 
a flat horizontal proximal side for the radiale and a sloping 
lateral contact surface for centrale 2 and distal carpal 1. 
Distally, centrale 1 in Eryops articulates with metacarpal 1. 
Centrale 1 in Acheloma shares a similar shape (Fig. 4) with 
this element in Eryops. Contact between centrale 1 and 
distal carpal 1 in Dissorophus is aligned largely along the 
long axis of the limb (Fig. 2D) whereas the same contact 
surface in Eryops is set at an angle to this long axis (Fig. 
2A). Centrale 1 is approximately two-thirds the size of the 
radiale in Dissorophus but the two elements are much closer 
in size in Eryops and Acheloma. 
Centrale 2: Centrale 2 in Eryops is a square block-shaped 

bone that contacts centrale 4 proximally, centrale 1 and the 
radiale medially, distal carpals 1 and 2 distally, and centrale 3 
and distal carpal 4 laterally (Figs. 1, 2A). The dorsal surface 
is flat, but ventrally the surface has a deep concavity separ-
ating the rounded medial and lateral ends of the bone. This 
concavity is confluent with the sulcus on the intermedium. 
Unlike Eryops, centrale 2 of Dissorophus (Figs. 2D, 3) lacks 
separate facets for distal carpals 2 and 3. Centrale 2 in 
Acheloma has the same triangular shape (Fig. 4) as present in 
Dissorophus. The base of the triangle contacts centrale 1 and 
the radiale, and the tapering laterally portion contacts centra-
le 4 proximally and centrale 3 distally and laterally.
Centrale 3: Centrale 3 is the smallest of the carpals in 

Eryops wedged between centralia 2 and 4 and distal carpals 
2 and 3 (Figs. 1, 2A). Its dorsal face is rectangular with a 

longer medio-lateral dimension, contrary to the restoration 
of Gregory et al. (1923) in which the bone is shown as 
proximo-distally elongate. Centrale 3 could not be iden-
tified in either specimen of Dissorophus (Fig. 3). Centrale 
3 in Acheloma is a diamond-shaped bone (Fig. 4) and a 
relatively larger carpal bone than in Eryops. In the former, 
centrale 3 is the same size as centrale 2 whereas in the latter 
it is much smaller.
Distal carpal 1: This is a rectangular bone in Eryops 

with a tapering medio-distal corner (Figs. 1, 2A) and shares 
with centrale 1 a distal contact with metacarpal 1. Its 
proximal contact with centrale 2 is broad medio-laterally 
and dorso-ventrally. Distal carpal 1 is similar in Dissorophus 
(Figs. 2D, 3) and Eryops. Plaster obscures the lateral side of 
distal carpal 1 in Acheloma, but the bone is clearly tall and 
rectangular (Fig. 4).
Distal carpal 2: Distal carpal 2 in Eryops has a flat dorsal 

side and strongly convex ventral side (Figs. 1, 2A). The 
distal contact surface for metacarpal 2 is smaller than the 
proximal surface for centrale 2. A distal carpal 2 cannot be 
identified in specimens of Dissorophus (Fig. 3). Distal carpal 
2 in Acheloma has a rectangular shape (Fig. 4). 
Distal carpal 3: Distal carpal 3 in Eryops has a suite of 

contact points for distal carpal 4 laterally, centralia 2 and 
3 proximally, distal carpal 2 medially, and the third meta-
carpal distally. Its dorsal side is slightly concave and the 
ventral side strongly convex. A polygon-shaped bone next 
to distal carpal 4 in MCZ 4173 of Dissorophus (Fig. 3C, 

Figure 3. Partial right front limbs of Dissorophus multicinctus, early Permian of Texas (Clear Fork Group). Illustration (A) and 
photograph (B) of MCZ 4172. Illustration (C) and photograph (D) of MCZ 4173.
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D) is possibly a distal carpal 3. It is not included in the 
reconstruction of the carpus because identify and proper 
orientation of this bone are uncertain. Acheloma has an 
oval distal carpal 3 (Fig. 4).
Distal carpal 4: Distal carpal 4 shares a similar shape in 

Eryops, Dissorophus, and Acheloma. It has a wider medial 
side contacting centrale 3 and centrale 4 and a tapering 
lateral end contacting the ulnare proximally and metacarpal 
4 distally (Figs. 1‒4). The dorsal side is concave in these 
genera and ventral side convex in Eryops. 

Metacarpals
Two brief points regarding metacarpal 1 of Eryops are not 

apparent from the description or illustration in Gregory 
et al. (1923). First, metacarpal 1 is asymmetric along its 
proximo-distal axis (Fig. 1). The proximal end has a large 
flattened medial corner and a more typical slender rounded 
lateral corner. The distal end may also be asymmetric, but the 
medial corner is incomplete. Second, the proximal and distal 
articular surfaces are not parallel, but diverge at a small angle 
of approximately 10°. In conjunction with the more medially 

facing facets on centrale 1 and distal carpal 1 for metacarpal 
1, there is a medial divergence of digit 1 whereas digits 2‒4 
either point anteriorly or antero-laterally.

Tarsus
Tibiale: The tibiale of Acheloma is rectangular with a 

slightly concave lateral edge (Fig. 5) rather than a relatively 
squat bone with a strongly concave lateral margin (Schaeffer 
1941). The proximal and distal contact surfaces for the tibia 
and centrale 1, respectively, are extensive with the proximal 
surface inclined towards the center of the tarsus. The distal 
articular surface for centrale 1 is transverse. The contact 
surface on the tibiale for centrale 4 is concave, as observed 
by Schaeffer. A bone identified herein as the tibiale of Eryops 
is no longer embedded in matrix (Fig. 6C), but held in pos-
ition by plaster. Hence, its identification is less certain than 
those in articulation. However, its shape and size relative to 
the tibia, centrale 4, and centrale 1 matches that of the tibiale 
in Acheloma, although its proximo-distal length relative to 
the width is smaller than the tibiale of Acheloma, and the 
length of the unfinished side facing centrale 4 matches the 
length of the corresponding side of centrale 4. The tibiale of 
Dissorophus is an elongate transversely narrow bone with a 
concave lateral side (Fig. 7).
Intermedium: The proximo-distally elongate inter-

medium of Acheloma has a wedge-shaped cross-section with 
the thick side next to the tibia and the tapered edge next 
to the fibula (Fig. 5). Constriction of the central portion 
relative to the proximal and distal ends forms a depression 
on the dorsal side noted by Schaeffer (1941) and a ventral 
concavity. The ventral concavity is part of the plantar arch 
of the tarsus. There is a large articular surface on the inter-
medium that contacted the tibia. The lateral and medial 
edges of the intermedium are concave with the more pro-
nounced of the two concavities on the lateral side. A gap 
between the intermedium and fibulare probably included a 
passageway for a perforating artery.
The intermedium of Eryops (Fig. 6), like that of Acheloma, 

has a concave medial side, contact surfaces with the tibia 
and fibula separated by a non-articular surface, and a tapered 
lateral side contacting the fibulare. As in Acheloma, a per-
forating foramen, formed by complementary grooves on 
the medial edge of the intermedium and lateral edge of the 
fibulare, passes through the tarsus. A large facet on the tibial 
side of the intermedium articulates with the distal end of 
the tibia (Pawley and Warren 2006). A ventral depression, 
continuous with the concavity on the ventral surface of 
centrale 1, is shallow closest to the border with the fibula and 
deeper along the distal contact with centrale 4. The ventral 
surface of the fibulare bears a pair of ridges meeting distally 
to form a V flanked laterally by a third ridge. As in Acheloma, 
the fibular articulation occupies only the medial portion of 

Figure 4. Right front limb of Acheloma cumminsi (FMNH UC 1756).
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its medial edge. The remaining free lateral projection of the 
fibulare bears a concavity that probably served as the attach-
ment site for one or more of the flexor accessorius lateralis 
and medialis, extensor cruris et tarsi fibularis, and abductor 
digit minimi (Diogo and Tanaka 2014).
Although the intermedium in specimen MCZ 4169 of 

Dissorophus is damaged (Fig. 7), it clearly has the same 
shape as the intermedium in Acheloma and Eryops including 
a notch in the side contacting the fibulare. This notch leads 
to a groove along the ventral side of the intermedium.

Fibulare: The fibulare of Acheloma has a convex lateral 
margin (Fig. 5) rather than flattened or slightly concave as 
drawn by Schaeffer (1941). The proximal end has a small 
contact surface for the fibula. A larger medially directed 
free edge forms part of the rounded medial edge. Medial 
and lateral edges are raised above the central region of the 
bone. Distally, the fibulare is V-shaped with distinct facets 
for distal tarsals 4 and 5. The ventral surface of the fibulare 
in Eryops (Fig. 6) has a pair of ridges meeting distally to 
form a V flanked laterally by a third ridge. As in Acheloma, 

Figure 5. Pes of Acheloma cumminsi. Illustration (A) and photograph (B) of partial left crus and pes (FMNH UC 640) in ventral view. 
Illustration (C) and photograph (D) of FMNH UC 640 in dorsal view. E, reconstruction of pes in ventral view based on FMNH UC 640.
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the fibular articulation occupies only the medial portion 
of its medial edge. The remaining free lateral projection of 
the fibulare bears a concavity that probably served as the 
attachment site for one or more of the flexor accessorius 
lateralis and medialis, extensor cruris et tarsi fibularis, and 
abductor digit minimi (Diogo and Tanaka 2014). The fibu-
lare of Dissorophus (Fig. 7) is an elongate bone with raised 
margins bordering a concave ventral surface similar to that 

of Acheloma. It lacks the ridges found on the ventral side of 
the fibulare in Eryops. A shallow notch near the proximal 
corner next to the intermedium matches a similar notch in 
the fibulare in Eryops and Acheloma.
Centrale 4: Centrale 4 in Acheloma is a rectangular bone 

with its greatest length along the transverse axis (Fig. 5). 
The lateral edge contacting the tibiale is wider proximo-dis-
tally and dorso-ventrally than the medial edge contacting 

Figure 6. Pes of Eryops megacephalus. Illustration (A) and photograph (B) of partial right crus and pes (MCZ 7555) in ventral 
view; C, tibiale from MCZ 7555 in ventral, medial, and dorsal views; D, reconstruction of pes of Eryops megacephalus in ventral 
view; E, proximal view of tibiale, intermedium, and fibulare.
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the fibulare. The articular surface for the tibiale continues 
onto the ventral side as a convex ridge. The lateral articu-
lar surface for the fibulare faces slightly ventrally and is 
also raised although less than that of the tibial side. Thus, 
the ventral curvature of the intermedium and the ven-
trally facing facets for the tibiale and fibulare form a deep 
transverse arch in the tarsus. The distal side of centrale 4 is 
V-shaped as noted by Schaeffer (1941), but the tip of the V 
is located closer to the lateral edge such that the size of the 
contact surface for centrale 2 is smaller than the other side 
of the V for centrale 3 and distal tarsal 4.
Proximally, centrale 4 in Acheloma has an extensive con-

tact with the intermedium. The dorsal edge of this prox-
imal contact is raised and there is a large dorsal exposure of 
the contact surface along the corner next to the tibia. The 

dorsal margin of the distal contact for distal tarsal 4 is also 
raised with a small dorsal exposure of the contact surface. 
The rounded ventral margin of centrale 4 for the tibiale 
continues dorsally suggesting a potentially large range of 
dorsoventral flexion along this joint.
The shape of centrale 4 in Eryops (Fig. 6) matches that in 

Acheloma including the broadly rounded articular end for 
the tibiale (crushed in MCZ 7555), a ventral concavity that 
is continuous with the depression on the ventral side of the 
intermedium, narrower proximo-distal width along fibulare 
side than tibiale side, and a separation distally between a 
surface for distal tarsal 4 and centrale 3 and another surface 
for centrale 2.
Centrale 4 in Dissorophus (Fig. 7) shares the same basic 

morphology of centrale 4 in Eryops and Acheloma. It is a 

Figure 7. Partial left hind limb of Dissorophus multicinctus 
(MCZ 4169) in ventral view. A, illustration; B, photograph.
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transversely rectangular bone with a concave ventral side 
formed by raised medial and lateral sides. The medial side 
for the tibiale is wide and the articular surface continues 
onto the ventral side. The proximo-distal width decreases 
towards the opposite end that contacts the fibulare. There is 
little distinction on the distal side of centrale 4 between the 
contact surface for centrale 2 and the common surface for 
centrale 3 and distal tarsal 4.
Centrale 1: Centrale 1 in Acheloma (Fig. 5) is prox-

imo-distally elongated (Schaeffer 1941), but FMNH UC 
640 does not show any evidence that it is incomplete 
medially as suggested by Schaeffer, who reconstructed a 
cartilaginous extension. Medial edge of centrale 1 con-
tacts the entire lateral edge of centrale 2 and the proximal 
section of the lateral edge of distal tarsal 1. The distal end 
of centrale 1 is rounded. Schaeffer described a pretarsale in 
both FMNH UC 1756 and 640. A small bone next to cen-
trale 1 in FMNH UC 640, possibly the bone mentioned 
by Schaeffer, appears to be a rib fragment. Centrale 1 has 
a similar shape in Eryops and Acheloma, but in contrast to 
the relatively smaller centrale 1 in Acheloma this tarsal is 
approximately the same size as the tibiale in Eryops (Fig. 
6). Centrale 1 could not be identified in any specimen of 
Dissorophus (Fig. 7).
Centrale 2: Centrale 2 in Acheloma is second in size 

to centrale 4 (Fig. 5). It is more rectangular than shown 
by Schaeffer (1941) with a larger and straighter medial 
edge contacting centrale 3. The lateral edge for centrale 1 
is dorso-ventrally convex and proximo-distally concave. 
Centrale 2 has a clearly defined articular surface for the 
tibiale. Centrale 2 in Eryops (Fig. 6) is rectangular with the 
proximo-distal length slightly greater than the medio-lat-
eral length. As in Acheloma, the proximal end is expanded 
dorso-ventrally where it contacts the similarly expanded 
tibiale end of centrale 4. The medial-distal corner is 
extended between centrale 1 and distal tarsal 1. In articu-
lation, centrale 2 is partially covered in dorsal view by the 
centrale 1 and distal tarsal 1. Centrale 2 in Dissorophus 
(Fig. 7) is a simple block of bone identified primarily by its 
location next to centrale 4.
Centrale 3: Centrale 3 is the smallest of the centralia in 

Acheloma (Fig. 5) and Eryops (Fig. 6). Rather than triangu-
lar as described by Schaeffer (1941), centrale 3 in Acheloma 
(FMNH UC 640) has a square outline. Its medial and 
lateral contact surfaces with distal tarsal 4 and centrale 
2, respectively, are proximo-distally straight with a slight 
convexity on the side with distal tarsal 4. The distal contact 
with distal tarsal 3 is transverse and the proximal contact 
with centrale 4 is slightly convex. Centrale 3 in Eryops, 
wedged between centrale 2 and distal tarsal 4, is more prox-
imodistally elongate than in Acheloma. Centrale 3 could 
not be identified in any specimen of Dissorophus (Fig. 7).

Distal Tarsals: Of the distal tarsals in Acheloma (Fig. 5), 
the fifth is the smallest, and the fourth is the largest; the 
remaining distal tarsals are of approximately equal size. The 
facet on distal tarsal 4 for centrale 3 is convex in FMNH 
UC 640 rather than concave as described by Schaeffer 
(1941). There is a distinct proximal facet that fits into the 
dorsally concave distal edge of centrale 4. Distal tarsal 5 is a 
wedge-shaped bone fitting between the fibulare and meta-
tarsal 5. Preserved distal tarsals in MCZ 7555 of Eryops 
(Fig. 6) differ little from those in Acheloma. No distal tarsals 
can be found in specimens of Dissorophus (Fig. 7).

Carpal and Tarsal Bones of Cacops aspidephorus
FMNH UC 930 includes several isolated phalanges, 

carpals, and tarsals (Fig. 8). Their identification is less 
certain given a lack of association with a front limb or 
hind limb. A left fibulare (Fig. 8A) is identified by its close 
overall resemblance to the fibulare in Acheloma, Eryops, 
and Dissorophus. In each genus, the fibulare has an oval 
shape with separate articular surfaces for the intermedium 
and centrale 4. However, this separation between articular 
surfaces on the fibulare of Cacops occupies most of the 
medial margin whereas in Eryops, Dissorophus, and prob-
ably Acheloma there is a narrow gap in the form of a groove 
between these articular surfaces.
A slender bone with one side consisting of largely smooth 

bone surface and the opposite with a roughened surface 
and a deep longitudinal groove is possibly an intermedium 
of the tarsus (Fig. 8B). It is wedge-shaped with the wider 
side covered by finished bone except for a region of un-
finished bone continuous with an unfinished end. The 
proximal and distal ends are slightly expanded along the 
wider side. Assuming this bone is an intermedium, the edge 
with finished bone is the medial margin that faces the tibia 
and the region of unfinished bone at one end of the side 
with finished bone is a facet for the tibia. These features are 
shared with the tarsal intermedium of Eryops, Dissorophus, 
and Acheloma.
An oval bone with one concave surface is identified tenta-

tively as a left ulnare (Fig. 8C) based on similarities with the 
ulnare of Dissorophus. In both cases, the dorsal surface of the 
ulnare is smooth, slightly convex, and has a deep concavity 
along the medial edge. The ulnare of FMNH UC 930 has 
a broad concavity on its ventral surface. Unfortunately, this 
side of the ulnare is not exposed in specimen MCZ 4173 of 
Dissorophus, so cannot be compared.
A small disc-shaped bone with concavities on both sides 

(Fig. 8D) is possibly a centrale 2 or 3 of the tarsus. It 
also has some resemblance to distal carpal 1 of Acheloma. 
Similarly, a pair of smaller circular bones (Fig. 8E) is likely 
two smaller centralia of either the carpus or tarsus.
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DISCUSSION

Historical Importance and Previous 
Interpretations of AMNH FARB 4186
Eryops megacephalus was prominent in discussions during 

the first half of the twentieth century on the evolution 
of the manus in early tetrapods primarily because a sin-
gle specimen, AMNH FARB 4186 (Fig. 1), was the best 
example of a nearly complete and articulated front limb in 
a Permo-Carboniferous tetrapod. The Devonian sarcop-
terygian fish Eusthenopteron and Sauripterus served as the 
ancestral forms closest to tetrapods in numerous theoretical 
discussions (e.g., Gregory 1915, 1935, 1949; Gregory et al. 
1923; Gregory and Raven 1941). Developmental studies 
on modern frogs and salamanders such as those by Steiner 
(1921, 1922) were also important in hypotheses of the 
origin of digits and the construction of the early tetrapod 
hand because early stages held clues for the construction of 

the first limbs. As noted by Clack (2009), different assump-
tions heavily influenced these hypotheses. One common 
assumption was the presence of an axis of bones in the 
fin or limb known as the metapterygial axis from which 
other elements branched. A specific set of carpals and a 
pentadactyl manus were also assumed to be present in the 
first limbs. The existence of additional digits (prepollex 
and postminimus) was assumed given their presence in the 
manus of frogs and salamanders (Huene 1922; Gregory et 
al. 1923; Steiner 1922). The key difficulties for hypotheses 
of early tetrapod limb evolution were where to place the 
metapterygial axis among the digits and the pattern of 
branches from this axis to form carpals and digits.
Understanding the nature of the deformation to AMNH 

FARB 4186 is critical for proper interpretation of the num-
ber of digits and how the digits articulate with the carpals 
and the carpals with each other. Digits of AMNH FARB 
4186 are twisted towards the radius and flattening has 
removed most of the palmar arch to the carpus (Gregory 

Figure 8. Carpal and tarsal bones of Cacops aspidesphorus (FMNH UC 930), Cacops bonebed. A, left fibulare; B, inter-
medium?; C, left ulnare?; D, centrale 2 and 3 of tarsus?; E, centralia of carpus or tarsus.
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et al. 1923). This flattening has displaced the ulnare from 
the ulna. Additional forces not described by Gregory et al. 
(1923) apparently acted on this specimen. As a result, the 
radiale, centrale 4, and intermedium are shifted lateral-
ly, indicated in ventral view by a separation of articular 
surfaces between the radiale and centrale 4 and the radius 
(Fig. 1 C, D). Centralia 1, 2, and 3 and distal carpal 4 have 
been rotated to expose portions of their proximal articular 
surfaces on the dorsal side of the carpus (Fig. 1A, B). This 
rotation is clear for centralia 1 and 2 and distal carpal 4, 
but not for centrale 3. The dorsally visible surface inter-
preted in this paper as the proximal articular surface was 
evidently interpreted by Gregory et al. (1923) as the dorsal 
non-articular side, and central 3 was drawn accordingly as 
a proximo-distally elongate bone. Distal carpal 3 is shifted 
dorsally, but not rotated, to expose its proximal surface.
A medial shift of the digits, in particular the most medial 

preserved digit, is key to an interpretation of the number 
of digits in Eryops. In Cope’s (1888) original description of 
AMNH FARB 4186, a gap between two digits distal to an 
element identified as carpale 2 (distal carpal 1 in this paper) 
was interpreted as indicating a missing digit 2 and a total of 
five digits, a conclusion endorsed by Gregory (1915). In a 
different interpretation offered by Huene (1922), the first 
digit was displaced towards the radius away from its expected 
contact with distal carpal 1 to lie against a carpal named the 
carpale praepollicis by Huene, mediale 1 by Gregory et al. 
(1923), and in this paper centrale 1. The remaining digits 
preserved their correct positions against the other distal car-
pals. Gregory et al. (1923), while criticizing other aspects of 
the interpretation of AMNH FARB 4186 by Huene (1922), 
agreed that the first digit was moved postmortem away from 
its proper articulation with distal carpal 1 and that Eryops has 
four rather than five digits in the manus.
Shifting placement of the first digit from the distal end of 

centrale 1 (Cope, 1888) to the distal end of distal carpal 1 
(Gregory et al. 1923; Huene 1922) in reconstructions of the 
manus of Eryops raised the question of what element (if any) 
articulated with centrale 1. Huene (1922) illustrated centrale 
1 with a distal end too small to accommodate digit 1. On the 
other hand, Gregory et al. (1923) identified a distal articular 
surface on mediale 1 (centrale 1 in this paper) that he argued 
clearly indicated the presence of a small digit. Based upon 
the anatomy of extant salamanders and frogs, a prepollex was 
restored in articulation with centrale 1.
It is true that the distal end of centrale 1 is too small to 

accommodate the proximal end of metacarpal 1, but the 
metacarpal need not be restricted to a single carpal bone. 
In fact, the distal articular surface on centrale 1 observed 
by Gregory et al. (1923) is continuous with the adjacent 
articular surface on distal carpal 1 and their combined 
length equals the proximal width of the first metacarpal. 

Thus, metacarpal 1 articulates with centrale 1 and the 
adjacent half of distal carpal 1 (Fig. 2A), and there is no 
need to assume postmortem lateral displacement of meta-
carpal 1 as hypothesized by Huene (1922) and Gregory et 
al. (1923). Since metacarpal 1 occupies the entire articular 
facet on centrale 1, there is no room to accommodate a 
prepollex in Eryops.
Despite the presence of only four digits in the manus of 

Eryops, embryological data (e.g., Steiner 1922) on extant 
salamanders and frogs indicated pentadactyly as primitive 
for tetrapods. A flattened section of the lateral side of the 
ulnare of AMNH FARB 4186 supposedly provided evi-
dence of an evolutionarily lost fifth digit. This hypothesized 
missing fifth digit of Eryops was initially represented by a 
distal carpal 5 (Gregory et al. 1923; Miner 1925), but in 
later publications (e.g., Gregory 1935: Gregory and Raven 
1941), a small digit with two phalanges was restored in 
this position. Thus, Eryops with its ‘lost’ fifth digit pro-
vided indirect paleontological support of pentadactyly as 
ancestral for tetrapods, but direct evidence came from a 
specimen of the embolomere Diplovertebron (Watson 1926) 
with five preserved digits. Embolomeres were thought 
originally to be the earliest group of labyrinthodonts and 
ancestral to the rhachitomes that included Eryops (Watson 
1926), but in more recent phylogenetic analyses (e.g., 
Ruta et al. 2003) they are recovered as stem amniotes. 
Polydactyly in Devonian tetrapods (Coates 1996; Coates 
and Clack 1990; Lebedev 1984; Lebedev and Coates 1995) 
suggests that a count of five digits is not plesiomorphic 
for tetrapods, but is a derived state that likely evolved 
once (Laurin 1998). The point within tetrapod evolution 
where digits were reduced from more than five to only 
five is ambiguous and there is no evidence that any clade 
including Temnospondyli was diagnosed by possession of 
five digits on the manus (Laurin 1998; Ruta et al. 2003). 
Consequently, five digits may be transitional (Coates 1996; 
Ruta et al. 2003), and there is little reason to necessarily 
interpret a facet on the ulnare as evidence of an ancestral 
fifth digit without considering other explanations.
The classic reconstruction of the manus of Eryops (Gregory 

et al. 1923; Miner 1925) has the proximal end of the 
ulnare in full articulation with the distal end of the ulna, 
sharing the distal end of the latter with the intermedium. 
A laterally facing articular surface at the distal end of the 
ulna was interpreted as evidence for a postminimus digit 
that also articulated with the proximal end of the ulnare 
(Gregory et al. 1923; Miner 1925; Romer 1933, 1945). If 
this interpretation is correct, there should be, in addition to 
the facet for a postminimus, distinct distal articular surfaces 
on the ulna for the intermedium and ulnare. However, 
the ulna of Eryops has only two distal surfaces, one facing 
medially for the intermedium and another facing laterally 
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(the putative articulation for a postminimus) for the ulnare 
(Pawley and Warren 2006). Consequently, the flattened 
proximal end of the ulnare projects laterally away from the 
carpus (Fig. 2A) and there is no evidence of a postminimus.
Muscle attachment is an alternative explanation for 

the surfaces on the ulnare interpreted as contact for the 
postminimus and distal carpal 5. This is supported by the 
presence of roughened bone surface similar to the rugose 
attachment site of the pectoralis muscle on the humerus 
(Fig. 1C, D). Contact surfaces between carpals or between 
carpals and the antebrachium are much smoother. The 
proximal end of the ulnare is the attachment site for the 
extensor antebrachii et carpi ulnaris and flexor antebrachii 
et carpi ulnaris in Ambystoma mexicanum which is homolo-
gous to the extensor carpi ulnaris and flexor carpi ulnaris in 
other tetrapods (Diogo and Tanaka 2012). Miner (1925) 
restored the extensor carpi ulnaris and flexor carpi ulnaris 
with attachments to the ulnare in Eryops. The distal surface 
on the ulnare for distal carpal 5 (Gregory et al. 1923) is 
likely for the abductor digit minimi that is also homolo-
gous across other amphibians and amniotes.

Comparisons Among Temnospondyls
Carpus: Few comparisons are possible between taxa 

described in this paper (Acheloma, Eryops, Dissorophus, and 
Cacops) and other temnospondyls because the carpus is 
either absent or if present then consists of simple circular 
or oval pieces of bone identified solely by their position 
relative to each other and the antebrachium. Furthermore, 
reference to more distantly related taxa such as Tulerpeton 
(Lebedev and Coates 1995) does not help because they 
have fewer carpals relative to temnospondyls and their 
homologies are uncertain.
One specimen of Dendrerpeton acadianum has a set of 10 

carpals in articulation with the radius and ulna (Holmes 
et al. 1998). The bone identified as the ulnare is unusual 
in its possession of a large notch on the lateral side and 
square rather than rectangular shape. However, given 
the articulated state of the forelimb and carpals and the 
position of this bone next to the ulna, this identification is 
reasonably certain. The intermedium is a pentagon unlike 
the elongate rectangular intermedium in Eryops, Acheloma, 
and Dissorophus; however, its location between the radius 
and ulna supports this identification. Some of the other 
carpals in this specimen may be interpreted differently. A 
carpal next to the intermedium is identified as the radiale 
fused to centrale 2. However, in temnospondyls, the radiale 
does not articulate with the intermedium. Instead, centra-
le 4 separates the radiale and intermedium. This carpal is 
more likely centrale 4 and the radiale is missing. There are 
two possible interpretations of the much smaller portion 
thought to be a fused carpal. It may be a fused centrale 

and most likely centrale 3 because its smaller size relative 
to the carpal reinterpreted as centrale 4 and its lateral 
location next to the intermedium matches the size differ-
ences and relative locations of centralia 3 and 4 in Eryops. 
Alternatively, the supposed fused carpal may actually be 
the lateral extension of centrale 4 observed on centrale 4 
of Eryops. The carpal identified as centrale 3 is more likely 
distal carpal 4 because distal carpal 4 is the only carpal to 
contact both the ulnare and intermedium in Eryops and 
Acheloma. Assuming this new identification is correct, distal 
carpal 4 of Dendrerpeton is similar to that of other temno-
spondyls in that the medial side has two separate facets for 
centrale 3 and distal carpal 3, and a tapering lateral side 
contacting the ulnare.
Identification of the remaining carpals of Dendrerpeton 

is problematic. A tiny bone next to those originally inter-
preted as a fused radiale and centrale 2 is identified as cen-
trale 1 (Holmes et al. 1998). However, it is probably not 
centrale 1 because centrale 1 is larger relative to the other 
carpals in Eryops, Dissorophus, and Acheloma. If the larger 
proximal bone is actually centrale 4 with a lateral extension 
as in Eryops, then this bone would most likely be centrale 3. 
On the other hand, if the larger bone is a fused centrale 3 
and centrale 4, then the small carpal is perhaps distal carpal 
1. Only the pair of larger bones identified as distal carpals 
are probably correctly identified if the bone distal to the 
ulnare is distal carpal 4 and the tiny bone is distal carpal 1. 
The identity of the two smaller bones distal to the reinter-
preted distal carpal 4 is uncertain; they are perhaps not part 
of the carpus. According to the various new interpretations 
presented, the radiale and centralia 1 and 2 are absent in 
this specimen and if the tiny carpal is centrale 3, distal 
carpal 1 is also missing.
A specimen tentatively assigned to Archegosaurus 

decheni (Witzmann 2006; Witzmann and Schoch 
2006) has several carpals. Though incompletely ossi-
fied, centrale 4 of Archegosaurus shares with Eryops and 
Dendrerpeton a single medial side for the intermedium. 
Carpals are present, but poorly ossified in temnospon-
dyls such as Balanerpeton woodi (Milner and Sequeira 
1994), Doleserpeton annectens (Sigurdsen and Bolt 
2010), Eoscopus lockardi (Daly 1994), Micropholis stowi 
(Broili and Schröder 1937; Schoch and Rubidge 2005), 
Sclerocephalus haeuseri (Schoch and Witzmann 2009), 
and Lydekkerina huxleyi (Pawley and Warren 2005). 
These carpals cannot be readily compared with those in 
Eryops, Acheloma, Dissorophus, Cacops, and Dendrerpeton. 
Tarsus: The fibulare in Acheloma (Fig. 5), Eryops (Fig. 6), 

Dissorophus (Fig. 7), and Eoscopus lockardi (Daly 1994) is 
consistent in shape. It is a proximo-distally oval bone with 
a similar pattern of proximal facet for the fibula, medial 
facets for the intermedium and centrale 4, and distal facets 
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for distal tarsals 4 and 5. The distal end tapers to a V-shape 
clearly separating the facets for distal tarsals 4 and 5. A notch 
or concavity is present along the medial edge in contact 
with the intermedium. Shape of the fibulare in Balanerpeton 
woodi varies from an irregular or circular outline to more 
proximo-distally elongate, but in all instances has a V-shaped 
distal end (Milner and Sequeira 1994). A partial pes of the 
dissorophoid Ecolsonia cutlerensis has an elongate fibulare 
with a slight V-shaped distal end (Berman et al. 1985). In 
contrast, the fibulare in stereospondyls such as Sclerocephalus 
haeuseri, S. nobilis, and a specimen of either Archegosaurus 
decheni or Cheliderpeton is broader with a transverse dimen-
sion equal to or greater than the proximo-distal length, lacks 
the distal V-shape, has little distinction between the facets 
for distal tarsals 4 and 5, and lacks any evidence of a notch 
or depression on the side contacting the intermedium (Boy 
1988; Witzmann and Schoch 2006; Schoch and Witzmann 
2009). The fibulare of tetrapods outside of Temnospondyli is 
very similar to the fibulare of stereospondyls. For example, in 
the colosteid Greererpeton burkemorani, the fibulare is trans-
versely oval without distinct facets for distal tarsals 4 and 5 
(Godfrey 1989).
The intermedium of Eryops, Acheloma, and Dissorophus 

is proximo-distally elongate with a concave medial edge 
of finished bone and a lateral edge with a groove or con-
cavity that fits against a similar groove or concavity on the 
fibulare. The medial edge is wider than the lateral edge and 
there is a depression on the ventral side that lines up with 
a depression on centrale 4. Distal contact with the tibia 
faces medially and the proximal contact with the fibula 
faces proximally and laterally in all three taxa. The same 
morphology is present in the intermedium of Eoscopus, 
a specimen of Tersomius cf. T. texensis (Daly 1994), and 
Balanerpeton (Milner and Sequeira 1994; Fig. 14). The 
bone identified as a possible intermedium in Cacops has 
facets for the tibia and fibula in the same positions as on 
the intermedium of Eryops, Acheloma, and Dissorophus, but 
is more slender. The intermedium of the stereospondyls 
Sclerocephalus haeuseri, S. nobilis, and the tarsus attributed 
to either Archegosaurus decheni or Cheliderpeton is also prox-
imo-distally elongate with similar facets for the tibia and 
fibula (Boy 1988; Witzmann and Schoch 2006; Schoch 
and Witzmann 2009). The medial edge between the tibia 
and fibula is concave. An intermedium in the holotype of 
Cheliderpeton vranyi is a simple elongate bone between the 
fibula and tibia with only a small free edge (Werneberg 
and Steyer 2002). It is uncertain if the dorso-ventral width 
changes in a medial to lateral direction in these stereospon-
dyls as in Eryops, Acheloma, and Dissorophus. Only a 
poorly preserved fibulare is known for Ecolsonia cutleren-
sis (Berman et al. 1985). It is elongate with a V-shaped 
distal end. The elongate diamond-shaped intermedium of 

Greererpeton has only a small free edge between the tibia 
and fibula (Godfrey 1989) unlike the larger concave free 
margin in temnospondyls.
The tibiale of Eryops, Acheloma, Dissorophus, Eoscopus (Daly 

1994), and Balanerpeton (Milner and Sequeira 1994) is 
proximo-distally elongate with a straight or concave medial 
margin. Length of the side in contact with centrale 4 is equal 
to the length of the corresponding contact side of centrale 4. 
Cheliderpeton vranyi may be an exception with a squat tibiale 
that is comparable in size to centrale 4 (Wernberg and Steyer 
2002). In contrast, contact side of the tibiale for centrale 4 
in stereospondyls is between one-half and three-quarters of 
the length of centrale 4 (Boy 1988; Witzmann and Schoch 
2006). The relatively shorter tibiale of stereospondyls would 
preclude contact between the tibiale and centrale 2, whereas 
in Eryops, Acheloma, Dissorophus, and Eoscopus this con-
tact is present. The tibiale of non-temnospondyl tetrapods 
such as Greererpeton (Godfrey 1989) and Proterogyrinus 
scheelei (Holmes 1984) is more similar to the tibiale in 
non-stereospondyl temnospondyls.
Centrale 4 is the largest centrale in the tarsus of temno-

spondyls and has a consistent shape throughout this clade 
including the typically incompletely ossified tarsus of 
stereospondyls with the possible exception of Cheliderpeton. 
The length of the contact side for the tibiale is greater than 
the length of the contact side for the fibulare. Ventrally, 
centrale 4 is concave and formed a portion of a transverse 
arch of the pes. An element labeled as a proximal centrale 
in a partial pes of Ecolsonia is probably centrale 4 because 
it articulates with the intermedium and fibulare (Berman 
et al. 1985:fig. 12G). The illustration of this bone shows 
a curved side opposite the contact with the fibulare. This 
rounded side matches the shape of the side contacting the 
tibiale in other temnospondyls. Outside of Temnospondyli, 
centrale 4 in taxa such as Greererpeton and Proterogyrinus 
has a diamond rather than rectangular shape with only a 
shallow ventral concavity and lacks an enlarged rounded 
contact edge for the tibiale (Holmes 1984; Godfrey 1989).
Centrale 1 is an elongate and narrow bone between 

the tibiale and distal tarsal 1 in Acheloma, Eryops, and 
Eoscopus (Daly 1994). In contrast, it has a square outline in 
stereospondyls (Boy 1988; Witzmann and Schoch 2006; 
Schoch and Witzmann 2009). Centrale 2 deviates from 
a square outline by a small extension of the medial-distal 
corner between centrale 1 and distal tarsal 1 in Acheloma, 
Eoscopus (Daly 1994), and Balanerpeton (Milner and 
Sequeira 1994). The morphology of this corner of centrale 
2 is uncertain in Dissorophus. There is an articular facet 
at the proximal-medial corner of centrale 2 for the tibiale 
in Eryops, Acheloma, and Eoscopus (Daly 1994; Fig. 15B). 
Centrale 3 has few details other than being the smallest 
of the centralia. A bone identified as a distal centrale in 
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Ecolsonia (Berman et al. 1985) is probably centrale 3 in 
view of its small size and its location between distal tarsal 4 
and the large bone identified as centrale 4.
Distal tarsal 4 is the most distinctive of the five distal tarsals. 

It is the largest and contacts distal tarsals 3 and 5, centralia 3 
and 4, and the fibulare in temnospondyls such as Acheloma, 
Eryops, Eoscopus (Daly 1994), Ecolsonia (Berman et al. 1985), 
and Sclerocephalus (Boy 1988; Schoch and Witzmann 2009). 
One apparent exception to this temnospondyl pattern is 
Balanerpeton in which distal tarsal 4 is reduced in size, and 
centrale 3 completely separates distal tarsal 4 and centrale 4 
(Milner and Sequeira 1994). Similarly, a partial pes of either 
Archegosaurus decheni or Chelerpeton shows a large gap be-
tween distal tarsal 4 and centrale 2 mostly occupied by cen-
trale 3 (Witzmann and Schoch 2006). Few details are known 
for distal tarsal 4 in non-temnospondyl tetrapods. However, 
in Proterogyrinus and Greererpeton centrale 3 is situated 
between distal tarsal 4 and centrale 2 precluding the contact 
present in the tarsus of many temnospondyls (Holmes 1984; 
Godfrey 1989).
The pretarsale described by Schaeffer (1941) is absent 

in reasonably complete and articulated tarsi of Acheloma, 
Eryops, Eoscopus (Daly 1994), Sclerocephalus (Schoch and 
Witzmann 2009), and Archegosaurus (Witzmann and 
Schoch 2006), suggesting that, contra Schaeffer (1941), 
this element does not occur in any temnospondyl.

Functional Morphology of the Carpus and 
Tarsus in Temnospondyls
Carpus: As noted by Gregory et al. (1923) and Miner 

(1925, the carpus in Eryops is arched through a combin-
ation of a pronounced ventral curvature of centrale 4, a 
slight ventral curvature of the contact surfaces between the 
radiale, centrale 4, intermedium, and the radius, and the 
strongly angled distal surfaces on the ulna for the inter-
medium and ulnare (Figs. 1C, D, 2B). The arc formed by 
the four digits is not symmetrical along the midline of the 
antebrachium and carpus. Instead, there is a lateral orien-
tation to the manus (Fig. 2B).  Third and fourth digits are 
directed laterally, the second digit points anteriorly, and the 
first digit is directed medially.
Movement between the antebrachium and proximal carpals 

in Eryops is limited. The flat contact surfaces between the 
radius and the radiale and centrale 4 fit closely. Any pos-
sible movement between the radius and centrale 4 is further 
constrained by the edge (represented by a dashed line in Fig. 
2B) along the distal surface of the radius extending from the 
radial flexor ridge on the ventral side (Pawley and Warren 
2006) to the point of contact between centrale 4 and the 
intermedium at the dorsal side. Although the intermedium 
does not lock against the corner of the radius as depicted 
by Gregory et al. (1923), the medially facing surface for the 

radius and laterally facing surface for the ulna preclude any 
significant movement between the antebrachium and inter-
medium. Furthermore, the curvature of the carpus places the 
articular surface on the intermedium for the ulna in a more 
ventral location relative to the radius (Fig. 2B), shifting the 
ulnare ventral to the intermedium. Thus, the morphology of 
the proximal carpus locked the intermedium to the radius 
and ulna. Proximal carpals are little more than distal exten-
sions of the antebrachium.
Limited movement is also indicated by the morphology of 

contacts between other carpals in Eryops. The proximal sur-
faces of centrale 2 and 3 and distal surface of centrale 4 are 
flat and fit closely, although a slight convexity to the distal 
surface of the radiale contacting the slightly concave prox-
imal side of centrale 1 suggests some movement. Proximal 
sides of distal carpals 1‒3 are flat as are the distal and lateral 
sides of centrale 2 that contacted these distal carpals. The 
distal side of the ulnare is convex and articulates with a 
slightly concave surface on distal carpal 4. Distal carpal 4 
has complex contacts with distal carpal 3, centrale 4, the 
intermedium, and the ulnare indicating the possibility of 
movement between these bones. In particular, flexion is 
possible between distal carpal 4 and the lateral projection 
of centrale 4 with its convex dorsal, lateral, and ventral 
articular surfaces. The line of flexion between distal carpal 
4 and centrale 4 continues distally between distal carpal 4 
and distal carpal 3 where the curved side of distal carpal 4 
lies against a curved side of distal carpal 3. Flexion is also 
possible between the rounded surface of centrale 3 and dis-
tal carpal 3. The pattern of these articular surfaces and their 
movement suggest greater movement on the ulnar than 
radial side of the carpus. The lateral projection of the ulnare 
suggests larger lever arms for the flexor antebrachii et carpi 
ulnaris and extensor antebrachii et carpi ulnaris to increase 
flexion and extension. Digit 4 may be capable of a greater 
range of flexion and extension than the other three digits 
because there is a transverse plane of movement between 
metacarpal 4 and distal carpal 4 and another between 
distal carpal 4 and the intermedium. This greater mobility 
of digit 4 may include abduction by the abductor digiti 
minimi that given the more ventral position of the ulnare 
could produce posterior and lateral movement of the digit 
(Diogo and Tanaka 2012). Significant flexion and exten-
sion of the first three digits was probably limited to the car-
pal-metacarpal joint because the carpals on the radial side 
fit more closely. It’s also clear that there is no transverse line 
of flexion across the carpus because any attempt to draw a 
transverse line would produce an undulating line between 
carpals and include some flat and closely fitted articular 
surfaces. The only clear line of flexure that transverses the 
width of the carpus is the distal carpal-metacarpal joints.



Dilkes — Carpus and tarsus of Temnospondyli

67

Convex articular surfaces of the carpals and distal ends of 
the radius and ulna of Dissorophus suggest more movement 
between carpals and between the antebrachium and carpus 
than in Eryops. The different shapes of centrale 4 in Eryops 
and Dissorophus and absence of the lateral projection on 
centrale 4 of Eryops also imply a greater range of carpal 
flexure. One point of similarity between the carpi of Eryops 
and Dissorophus is the curvature between the antebrachium 
and proximal carpals that would contribute to a ventral-
ly concave carpus. However, two observations indicate a 
shallower ventral curvature in Dissorophus. Centrale 4 of 
Dissorophus lacks the pronounced ventral concavity that in 
centrale 4 of Eryops contributes to the carpal arch. In addi-
tion, the radial flexor ridge of the radius is less prominent 
in Dissorophus than Eryops indicating a flatter articulation 
between the radius and the proximal carpals. Lacking a 
full complement of carpal bones, the degree of curvature is 
uncertain but clearly less than in Eryops. The strong prox-
imal curvature of the carpus in Eryops can be interpreted as 
an adaptation for supporting the body mass of this much 
larger temnospondyl. A tubular-shaped object, even if only 
a partial tube as in the arched carpus of Eryops, is better 
able to support compressive stress than a bar because it has 
a larger second moment of area (Wainwright et al. 1982).
Tarsus: There is one striking difference between the car-

pus and tarsus of temnospondyls as exemplified by Eryops. 
The distal articular surfaces of the radius and ulna are ori-
ented along a largely transverse line despite the pronounced 
curvature. However, the distal articular surfaces on the tibia 
for the tibiale and intermedium are aligned in a dorso-ven-
tral direction (Pawley and Warren, 2006) with the facet 
for the tibiale displaced towards the plantar side of the pes 
relative to the transverse articular facets at the distal end of 
the fibula for the intermedium and fibulare. As a conse-
quence, the tarsus of Eryops, like the carpus, has a pro-
nounced ventral arch. However, rather than an arch equally 
spanning the width as in the carpus, the plantar arch of the 
tarsus is greatest on the tibial side along a proximal-distal 
line separating the tibiale and centrale 1 on the medial side 
from centralia 2 and 4 on the lateral side (Fig. 6E). The 
arch is continued towards the fibular side by the ventral 
curvature of centrale 4 and the intermedium. Articular 
surfaces on centrale 4 and centrale 2 for the tibiale and 
centrale 1, respectively, extend onto the ventral surfaces and 
indicate a line of potentially significant movement along 
this proximo-distal line. Dorso-ventral flexion of the tibiale 
against the tibia is possible given the relatively larger articu-
lar surface on the tibia for the proximal end of the tibiale. 
The tibiale and centrale 1 may have acted as a unit to move 
along their contacts with centralia 2 and 4.
Schaeffer (1941) identified two transverse planes of flexure 

in the tarsus of Acheloma: one between the fibulare, cen-

trale 4, and tibiale proximally and centralia 1‒3 and distal 
tarsals 4 and 5 distally, and the other between the distal tar-
sals and the metatarsals. In Schaeffer’s (1941:fig. 1) recon-
struction, the V-shaped distal side of centrale 4 would limit 
flexure along this first plane because it could force centralia 
2 and 3 and distal tarsal 4 together. Some movement would 
be possible between the fibulare and distal tarsal 4 and 5 
and between the tibiale and centrale 1. However, in the 
new reconstruction (Fig. 5E), the distal surface on centrale 
4 is flatter, producing a straighter transverse line though the 
tarsus that suggests little or no resistance to flexion. Convex 
articular surfaces of the tarsals along this plane such as 
between centrale 1 and the tibiale, centrale 2 and centrale 
4, and distal tarsal 4 and the fibulare support flexure and 
extension along this hinge-like line. Loosely fitting tarsals 
with rounded articular surfaces implies movement between 
many individual tarsals.
Schaeffer (1941) commented that the tarsal bones of 

Eryops have a more cuboidal shape and a more direct 
contact with each other unlike the tarsals of the smaller 
Acheloma. This difference was interpreted as greater flex-
ibility in the tarsus of Acheloma than in Eryops. A more 
consolidated tarsus in a larger temnospondyl such as Eryops 
could be a weight-bearing feature. Reduction in flexibil-
ity with increasing body size may be true for the carpus 
when one compares Eryops and the smaller Dissorophus and 
Acheloma, but not for the tarsus where the shapes of tarsals 
and extent of their articulations are similar regardless of 
body size and suggest roughly equal ranges of flexibility.
The more distally positioned end of the tibia relative to 

the fibula precludes a transverse plane of flexure at the 
crural-tarsal junction (Schaeffer 1941), even if the tibiale, 
intermedium, and fibulare formed a transverse series, 
although these proximal tarsals could move individually 
against the crus. This individual movement was greatest 
between the tibiale and tibia and least between the inter-
medium and fibula. Both genera share a proximo-distal line 
of flexure on the fibular side of the tarsus with extensive 
ventral articular surfaces on centralia 2 and 4 for centrale 1 
and the tibiale, respectively. Both genera also share a trans-
verse distal tarsal-metatarsal joint.

Implications of Carpal and Tarsal Anatomies 
for Phylogeny of Temnospondyli
With few exceptions (e.g., Ruta and Clack 2006), the 

manus and pes, in particular the carpus and tarsus, have 
contributed little to phylogenetic analyses of temno-
spondyls and other early tetrapods and tetrapodomorphs 
(Coates 1996; Laurin and Soler-Gijón 2006; Ruta and Bolt 
2006; Ruta et al. 2003; Schoch 2013). Given the scant data 
in the literature on the temnospondyl carpus and tarsus 
limited largely to the classic papers on Eryops (Gregory et 
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al. 1923) and Acheloma (Schaeffer 1941), it has been diffi-
cult to identify potential synapomorphies. New data on the 
carpus and tarsus of Eryops, Acheloma, and Dissorophus in 
this paper and recent descriptions of other temnospondyls 
such as Eoscopus (Daly 1994) and stereospondyls (Schoch 
and Witzmann 2009; Witzmann and Schoch 2006) pro-
vide an opportunity to address this deficiency.
Analysis and Results: The full data set in Schoch 

(2013) of 72 taxa and 212 characters was modified by 
adding Eoscopus, combining characters 33 and 34, rescoring 
of several entries, and addition of nine new characters (Fig. 
9). Details of these modifications are found in Appendix 
1. A list of all characters used in both analyses is provided 

in Appendix 2. The modified full matrix consists of 73 
taxa and 220 characters. A second analysis retained the 
220 characters of the full matrix, but reduced the number 
of taxa to 48 by elimination of Onchiodon labyrinthicus, 
Rhineceps nyasaensis, Lydekkerina huxleyi, Edingerella 
madagascarensis, Watsonisuchus gunganji, Benthosuchus 
sushkini, Wetlugasaurus angustifrons, Parotosuchus nasutus, 
Eocyclotosaurus wellesi, Cyclotosaurus robustus, Eryosuchus 
garjainovi, Siderops kehli, Batrachosuchus browni, Laidleria 
gracilis, Plagiosuchus pustuliferus, Gerrothorax pulcherrimus, 
Trematosaurus brauni, Peltostega erici, Lyrocephaliscus euri, 
Platyoposaurus stuckenbergi, Lapillopsis nana, Peltobatrachus 
pustulatus, Broomistega putterilli, Chromatobatrachus halei, 

Figure 9. New characters of the carpus and tarsus. A, manus of Proterogyrinus scheelei redrawn from Holmes (1984); B, manus of 
Eryops megacephalus; C, manus of Dissorophus multicinctus; D, pes of Greererpeton burkemorani redrawn from Godfrey (1989); E, 
pes of Eryops megacephalus; F, pes of Archegosaurus decheni redrawn from Witzmann and Schoch (2006). Not drawn to scale.
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and Sangaia lavina. Many of the eliminated taxa are 
stereospondyls for which carpal and tarsal characters cannot 
be scored presently, and include some of the problematic 
taxa removed by Schoch in his small dataset. Schoch also 
eliminated Greererpeton, Capetus, and Iberospondylus in 
his small dataset, but these taxa are retained in my analy-
sis because the first taxon can be scored for several of the 
new carpal and tarsal characters and the latter two taxa are 
potential early temnospondyls. The data matrix has been 
submitted to Morphobank [http://morphobank.org/index.
php/Projects/ProjectOverview/project_id/2289].
The matrix was analyzed in PAUP* 4.0b10 (Swofford 2002). 

Characters 66, 74, 96, 109, 157, 169, and 181 were ordered 
in both analyses because the states in each character formed a 
progressive sequence. A heuristic search was used with parsi-
mony as the optimality criterion, multistate taxa viewed as 
polymorphism, stepwise addition for starting trees, random 
addition sequence with 1000 replicates, and tree-bisection-re-
connection selected as the branch-swapping algorithm. 
ACCTRAN was chosen for character state optimization.
The search with the full data matrix of 73 taxa and 220 

characters found 40 equally parsimonious trees of 717 
steps with a CI of 0.3389 and RI of 0.7902. The strict 
consensus tree is shown in Figure 10. Analysis of the 
smaller data matrix of 48 taxa recovered eight most parsi-
monious trees of 542 steps with a CI of 0.4225 and RI of 
0.7709. The strict consensus tree is shown in Figure 11A. 
Results from both data sets are broadly comparable to the 
results of Schoch (2013) with the notable exception of less 
resolution at the base of Temnospondyli. In both results, 
Iberospondylus, Capetus, the clade of Dendrerpeton and 
Balanerpeton, and Edopoidea form part of a polytomy. In 
the results from the larger data set, there is an addition-
al polytomy of the remaining individual taxa and major 
groups such as Dissorophoidea, Zatracheidae, Dvinosauria, 
Rhinosuchidae, a clade of stereospondyls minus rhino-
suchids, and Eryopidae. Resolution is improved with 
the smaller data set although there remains a polytomy 
of Iberospondylus, Capetus, the clade of Dendrerpeton 
and Balanerpeton, Edopoidea, and similar to the re-
sults of Schoch (2013), Eryopiformes, and the clade of 
Dvinosauria, Zatracheidae and Dissorophoidea.
A third analysis used the data matrix from the second analy-

sis and also removed Iberospondylus and Capetus. Parameters 
of the analysis were the same as those in the first two an-
alyses. A strict consensus tree of four most parsimonious 
trees (Fig. 11B) shows improved resolution. The trees have 
a length of 534 steps, CI of 0.4288 and RI of 0.7734. The 
strict consensus tree has the same basic relationships found 
in Schoch (2013) with the exception of Amphibamidae. 
These differences extend beyond the inclusion of Eoscopus 
that, as in Sigurdsen and Bolt (2010), is the most basal 

amphibamid in this study. Schoch (2013) found Doleserpeton 
and Gerobatrachus to form a clade with Amphibamus, 
Platyrhinops, and Micropholis successively more distantly 
related sister taxa. In sharp contrast, this study recovered a 
pair of monophyletic groupings consisting of Amphibamus 
+ Doleserpeton and Gerobatrachus + Micropholis that in turn 
form a monophyletic group with Platyrhinops and Eoscopus 
as successive sister taxa to this group. However, support for 
the alternative relationships in this paper is weak with a 
bootstrap value of greater than 50% only found in one node 
and Bremer support values of only one or two. Support for 
Amphibamidae is slightly stronger than in Schoch (2013) 
with a pair of unambiguous characters (89 and 128) of 
which one (128 – palatine and ectopterygoid as narrow as 
maxilla) is a synapomorphy. Presence of pedicellate teeth is a 
synapomorphy of the clade of Amphibamus and Doleserpeton 
only due to the scoring of pedicely in Gerobatrachus as un-
known following Marjanović and Lauren (2008).
Discussion: Despite the reduction in number of polyto-

mies between the full data set of 73 taxa and the reduced 
set of 48 in the second data set, both results demonstrate 
considerable uncertainty among basal temnospondyls. 
Iberospondylus and Capetus are wild card taxa, as also iden-
tified by Schoch (2013), and in this analysis are responsible 
for the failure to resolve the base of Temnospondyli. Of the 
eight most parsimonious trees found using 48 taxa, Capetus 
and Iberospondylus are edopoids in two and eryopids in 
two others. In another pair of trees, Capetus is an edopoid 
and Iberospondylus is an eryopid. Finally, in the last two 
trees, Iberospondylus is an eryopid and Capetus falls outside 
of Temnospondyli along with dendrerpetontids. In the 
majority of trees, Iberospondylus is within Eryopidae a place 
higher in the cladogram than postulated by Schoch (2013). 
Capetus is more likely either an edopoid (four of the eight 
trees) or eryopid (two of eight trees), but the existence 
of two trees where Capetus along with Dendrerpeton and 
Balanerpeton fall outside of Temnospondyli reinforces the 
instability of basal temnospondyl relationships.
The tree derived from the third analysis is the basis for 

discussion of the new characters of the carpus and tar-
sus. Only two of the nine characters, both in the tarsus, 
unambiguously diagnosis clades (Fig. 12). The derived 
state of character 215, unequal lengths of mutual contact 
surfaces between the tibiale and centrale 4 reflecting the 
relatively smaller size of the tibiale (Fig. 9F), is diag-
nostic of Stereospondylomorpha (sensu Schoch 2013). 
It may be argued that the smaller size of the tibiale is 
merely evidence of the expected limited ossification of 
a stereospondyl tarsus, but it leaves unanswered why 
the other tarsals are more fully ossified. For example, 
shapes of centrale 4 and intermedium are similar in 
Archegosaurus, Sclerocephalus, Acheloma, and Eryops. Distal 
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Figure 10. Strict consensus tree of 40 equally parsimonious 
trees derived from PAUP analysis of full data matrix of 73 
taxa and 212 characters.

tarsal 4 is larger relative to distal tarsal 3 in these same 
genera. The close proximity of many tarsals, in particular 
Sclerocephalus (Boy 1988; Schoch and Witzmann 2009), 
suggests little room for cartilaginous portions. For these 
reasons, it is concluded that the relative size of the tibiale 
as preserved is accurate. The derived state of character 
217, fibulare with latero-medial width less than prox-
imo-distal height (Fig. 9E), is diagnostic of Rhachitomi 

(sensu Schoch 2013). There is a reversal to the plesio-
morphic state in Archegosaurus and Uranocentrodon.

CONCLUSIONS
Considerable anatomical detail is present in the individual 

bones of the temnospondyl carpus and tarsus providing 
data for functional and phylogenetic analyses. However, 
unlike many other bones of the vertebrate skeleton that 
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Figure 11. Results of modifications to full data matrix. A, Strict consensus tree of 8 most parsimonious trees derived from 
PAUP analysis of reduced data of 48 taxa and 212 characters. B, Strict consensus tree of four most parsimonious trees de-
rived from PAUP analysis of 46 taxa and 212 characters. Numbers next to nodes are bootstrap (1000 replicates) followed by 
Bremer support. Any node with only a Bremer support value has a bootstrap of less than 50.

can often be identified in isolation, few carpals and tarsals 
can be identified outside of an articulated specimen. Bones 
such as the ulnare, fibulare, and the intermedium and 
centralia 1 and 4 of the tarsus have distinctive and con-
sistent shapes, but others such as the smaller centralia and 
distal carpals and tarsals have more variable shapes (Figs. 
5, 6). In light of the relative rarity of finding a preserved 
autopodium with an articulated carpus or tarsus in an 
advanced state of ossification, it’s not surprising that most 
of the new carpal and tarsal characters introduced in this 
study provide only ambiguous support for any clade and 
do not alter any basic relationships established in Schoch 
(2013). Would discovery of additional specimens provide 
the often-cited solution to missing data? A developmental 
pathway producing robust terrestrial adults is key be-
cause the carpus and tarsus are more likely to be ossified 
in terrestrial than in fully aquatic taxa (Schoch 2009). 
Dissorophids, trematopids, and amphibamids have steeper 
growth trajectories than aquatic taxa, and can be expected 
to furnish future discoveries of well-ossified carpals and 

tarsals. Smaller amphibamids such as Doleserpeton annectens 
may be problematic because their carpals and tarsals, while 
ossified, lack the distinctive shapes seen in dissorophids 
and trematopids (Sigurdsen and Bolt 2010). Other am-
phibamids such as Eoscopus lockardi have at least the tarsus 
sufficiently ossified to reveal details in individual bones for 
comparison with other temnospondyls (Daly 1994). Even 
among aquatic taxa, developmental plasticity can produce 
an altered pathway forming more terrestrial adults (Schoch 
2014). Populations of Sclerocephalus in environmentally 
different lake systems can develop into large or small fully 
aquatic adults with poorly ossified postcranial skeletons or 
occasionally large terrestrial adults with robust postcranial 
skeletons including well-formed carpus and tarsus. In 
contrast, most stereospondyls remained aquatic throughout 
their lives and either lacked any trace of an ossified carpus 
or tarsus or only formed a few bones. These taxa are less 
likely to reveal more details of their autopodia.
To better understand the origin of Temnospondyli, 

defined as the least inclusive clade containing Edops and 
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Mastodonsaurus (Schoch 2013), focus should be directed 
on the relationships of Dendrerpeton, Balanerpeton, Capetus, 
and Iberospondylus to edopoids and other temnospondyls 
and whether any of these four genera are actually temno-
spondyls. Knowledge of the carpus and tarsus in these taxa 
would also help to clarify the plesiomorphic anatomy of the 
wrist and ankle in temnospondyls that, in turn, could help 
determine whether temnospondyls are plesiomorphically 
amphibious or aquatic.
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APPENDIX 1 

Modifications to data matrix of Schoch (2013) 
with original numbering sequence of that paper.
Character 26. Replaced by new character. The old character 
concerned the location of the orbits relative to the midline of the 
skull as an expression of the width of the jugals. Wide jugals for 
laterally placed orbits and narrow jugals for medially placed orbits. 
However, there is no quantification of jugal height to allow deter-
mination as either wide or narrow. The new character expresses 
height of the jugal relative to the height of the maxilla beneath the 
orbit. A jugal with a height greater than that of the maxilla would 
be equivalent to a wide jugal in the original character.
Character 10 for Acroplous changed from 1 to 0 because 
Englehorn et al. (2008) state that the alary process is absent. It is 
scored as present in data matrix of Englehorn et al. (2008), but 
scored as ? by Ruta and Bolt (2006).
Character 13 wording changed by deletion of  “separating the 
two alary processes” because presence of alary processes not 
required (e.g., Acroplous). This character is changed for Acroplous 
from 0 to 1 because Englehorn et al. (2008) show a large fora-
men identified as an anterior dorsal fenestra along the midline 
between the premaxillae.
Character 13 changed for Dissorophus from 0 to 1 because 
DeMar (1968) is incorrect. MCZ 4170 has a small fenestra.
Character 13 changed for Acheloma from 0 to 1 because the fen-
estra is present (Dilkes and Reisz 1987; Polley and Reisz 2011).
Character 28 changed for Balanerpeton to 0 and1 according to 
Sigurdsen and Bolt (2010).
Character 28 changed for Dissorophus from ? to 1 because palpe-
bral ossifications are present in MCZ 4186.
Character 29 changed from 1 to 0 for Dissorophus. All skulls have 
some distortion, but the type FMNH UC 648 has an interorbit-
al width equal to orbital width. If Schoch (2013) is relying on 
DeMar (1968: text-Fig. 2), then this drawing is incorrect. The 
skull is crushed which has reduced the width of the orbits and 
the upper orbital border for the right orbit is incomplete.
Character 31 changed from 0 to 1 for Cacops based on Cacops morrisi.
Character 33 is deleted and character 34 rewritten to original 
wording in character 32 of Englehorn et al. (2008). Character 34 
of Schoch (2013) does not differentiate in state 0 between those 
taxa with sulci and those lacking sulci. Once this distinction is 
made, character 33 becomes redundant. Also, resolves the prob-
lem that numerous taxa are coded as 0 in character 35 that lack 
sulci. The old character 34 is now character 33.
Character 33 changed from absence to presence for Nigerpeton because 
Steyer et al. (2006) describe lateral line sulci as present in adults.
Character 33 changed from absence to presence for Iberospondylus 
because Lauren and Soler-Gijón (2006) describe lateral line sulci 
as present in adults.
Character 33 changed from 1 to ? for Gerobatrachus following 
scoring in Anderson et al. (2008) where the only known speci-
men is exposed only in ventral view.

Character 34. All taxa that, according to scoring in character 33, 
lack lateral line sulci are rescored as - (inapplicable) rather than 
the original 0 score indicating presence of the sulci.
Character 34 changed from 0 to – for Acroplous because there are 
no lateral line sulci on the lacrimal (Foreman 1990).
Character 34 changed from 0 to – for Thabanchuia (Warren 
1999) and Tupilakosaurus (Warren 1999 cites Shishkin (1973) 
as source for statement that Tupilakosaurus also has a palatine in 
place of the lacrimal) because both lack a lacrimal.
Character 35 changed from 0 to 1 for Trimerorhachis according 
to Case (1935).
Character 35 changed from 0 to – for Neldasaurus because the sulcus 
is present on the prefrontal, but not the lacrimal (Chase 1965).
Character 35 changed from 0 to – for Isodectes because the supra-
orbital sulcus is present along edge of prefrontal, but not on nasal 
or lacrimal (Sequeira 1998).
Character 35 changed from 0 to – for Acroplous because sulcus is 
absent on lacrimal (Foreman 1990).
Character 35 changed from 0 to – for Dvinosaurus because 
supraorbital sulcus is present on the nasal and prefrontal, but not 
lacrimal (Bystrow 1938).
Character 35 changed from 0 to – for Iberospondylus because 
there is only a suborbital sulcus (Lauren and Soler-Gijón 2006).
Character 61 changed from 1 to ? for Siderops because this por-
tion of the skull is not preserved in specimens studied by Warren 
and Hutchinson (1983).
Character 69. The order of the states was reversed to match the 
scoring in the data matrix.
Character 74 changed from 2 to 0 for Dissorophus based on MCZ 4170.
Character 80 changed from 1 to 0 for Gerobatrachus because the 
vomers lack tusks (Anderson et al. 2008).
Character 80 changed from ? to 0 for Dissorophus based on pres-
ence of vomerine denticles in MCZ 4170.
Character 80 changed from ? to 0 for Broiliellus based on pres-
ence of vomerine denticles in FMNH UC 648.
Character 81 changed from ? to 0 for Gerobatrachus based on 
scoring of teeth as non-pedicellate by Sigurdsen and Bolt (2010) 
who specifically disagreed with Anderson et al. (2008). The 
photograph of pedicellate teeth is not convincing.
Character 87 changed from ? to 1 for Dissorophus based on 
FMNH UC 648.
Character 146 changed from ? to 1 for Doleserpeton based on 
Sigurdsen and Bolt (2010).
Character 146 changed from ? to 0 for Dissorophus based on 
FMNH UC 648.
Character 146 changed from ? to 0 for Cacops based on 
Anderson (2005).
Character 146 changed from ? to 0 for Phonerpeton based on 
Dilkes (1990).
Character 146 changed from ? to 0 for Ecolsonia based on 
Berman et al. (1985).
Character 147 changed from ? to 0 for Doleserpeton based on 
Sigurdsen and Bolt (1010). These authors report denticles on 
probable middle coronoid, but the anterior coronoid is unknown.
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Character 147 changed from ? to 0 for Dissorophus based on 
FMNH UC 648.
Character 147 changed from ? to 0 for Cacops based on 
Anderson (2005).
Character 147 changed from ? to 0 for Phonerpeton based on 
Dilkes (1990).
Character 147 changed from ? to 0 for Ecolsonia based on 
Berman et al. (1985).
Character 157 changed from ? to 1 for Doleserpeton based on 
Sigurdsen and Bolt (2010) who estimated the number of presac-
ral vertebrae between 22 and 25 and probably 24.
Character 157 changed from 2 to 0 for Dissorophus because 
DeMar (1968) estimated 25 presacrals. This number cannot be 
verified, but nonetheless Dissorophus has more presacrals than 
Cacops. My estimates also place the number at least 24.
Character 158 changed from 1 to 0 for Dissorophus because 
DeMar (1968) noted that the preserved portion of the tail 
indicate that it was long implying a tail at least as long as the 
presacral column.
Character 161 changed from ? to 0 for Phonerpeton based on 
figures in Dilkes (1990).

APPENDIX 2

List of Characters for Phylogenetic Analysis.
Based on Schoch (2013) with modifications listed in Appendix 1. 
Numbering sequence from Schoch (2013) in parenthesis. 
Skull roof
1 (1). Skull (outline). Parabolic (0) or triangular with pointed tip (1).
2 (2). Skull (height). Skull of variable height, but occiput always 
deeper than snout (0), or extremely flattened to equal height 
throughout (1).
3 (3). Ornament (elements). Reticulate ridges of various sizes (0), 
isolated pustules (1).
4 (4). Ornament (snout). Polygons or short grooves (0), or most-
ly radial, elongated grooves (1).
5 (5). Ornament (general). Shallow ridges of variable height (0), 
high ridges throughout (1).
6 (6). Ornament (intensive growth). Elongated ridges (‘zones 
of intensive growth’) confined to snout only (0), or prepineal 
growth zone established on extended anterior parietal and postor-
bital (1).
7 (7). Ornament (preorbital). Zone of subdued ornament on the 
medial skull bones adjacent to the midline suture absent (0), or 
present (1). (Sequeira 2003).
8 (8). Spines. Absent (0), or present along lateral flank of quadra-
tojugal (1).
9 (9). Preorbital region (length). Less than twice the length of 
posterior skull table (0), or more (1).
10 (10). Premaxilla (alary process). Absent (0), or present, form-
ing a posterior hook-like indentation (1). (Milner 1993).
11 (11). Premaxilla (prenarial portion). Short (0), or very ex-
panded, equaling the length of the frontal (1).

12 (12). Premaxilla (outline). Parabolically rounded (0), or box-
like and anteriorly blunt (1). (Schoch and Witzmann 2009).
13 (13). Premaxillary foramen. Premaxilla and nasal completely 
sutured (0), or medially bearing an opening between premaxillae 
(1). (Boy 1972).
14 (14). Premaxillary fontanelle. Premaxillae with or without 
small opening (0), or encircling large fenestra extending poster-
iorly between the nasals (1). (Boy 1989).
15 (15). Snout (internarial distance). Narrower than interorbital 
distance (0), or wider (1).
16 (16). Nasal (width). Nasal longer than wide (0), or as wide as 
long (1).
17 (17). Naris (position). At lateral margin of snout, opening 
laterally (0), or set well medially, opening anteriorly (1).
18 (18). Naris (extension). Naris uniform, with oval shaped 
margin (0), or posteriorly expanded with distinct anterior and 
posterior regions giving external overall “key-hole” shape (1). 
(Polley and Reisz 2011).
19 (19). Naris (flange). Ventral (inner) side of prefrontal, lacrimal, 
and nasal smooth (0), or bearing a complicated bar-like structure 
(narial flange) permitting contact with the antorbital bar (1).
20 (20). Nasal (lateral margin). Straight (0), or stepped, with lateral 
excursion anterior to lacrimal (1). (Schoch and Witzmann 2009).
21 (21). Lacrimal. Present (0), or absence (1) of lacrimal as separ-
ate ossification.
22 (22). Lacrimal (lateral suture). Parallels medial suture (0), or 
lateral suture posterolaterally expanded to give broader pre-
orbital region (1).
23 (23). Lacrimal (position). Extending anterior to orbit (0), or 
confined to lateral orbit margin (1). 
24 (24). Lacrimal (posterior extension). Restricted to the antor-
bital region (0), or extending back lateral to orbit (1).

Character 183 changed from 0 to ? for Dissorophus because anter-
ior edge is damaged on known interclavicles.
Character 195 changed from 0 to 1 for Proterogyrinus because 
distal carpals 1 and 2 are preserved (Holmes 1980).
Character 195 changed from 0 to 1 for Greererpeton because car-
pals are preserved although their identities are uncertain (Godfrey 
1989).
Character 195 changed from 1 to ? for Gerobatrachus because 
there is no carpus preserved in single known specimen (Anderson 
et al. 2008).
Character 195 changed from 1 to ? for Ecolsonia because carpus is 
unknown (Berman et al. 1985).
Character 195 changed from 0 to 1 for Archegosaurus because a 
specimen tentatively identified as A. dechini has a partially ossi-
fied carpus Witzmann (2006).
Character 205 changed from 1 to 0 for Archegosaurus because 
Witzmann and Schoch (2006) illustrate a specimen with some 
ossified tarsals including a tibiale closer in shape to that of A. 
dechini than Cheliderpeton. However, there is no positive identifi-
cation for this specimen. 
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25 (25). Orbit and naris. Well separated (0), or separated only by 
tiny quadrangular lacrimal (1). 
26 (modification of character 26). Height of jugal below orbit relative 
to height of maxilla. Height of jugal greater than height of maxilla (0), 
or height of jugal less than or equal to height of maxilla (1).
27 (27). Orbit margins. Raised well above skull plane (0), or 
flush with roof (1). (Damiani 2001).
28 (28). Palpebral ossifications. Ossifications in orbit restricted 
to sclerotic ring (0), or numerous additional ossicles at medial 
margin of sclerotic ring (1).
29 (29). Pineal foramen. Present (0), or absent in adults (1).
30 (30). Interorbital distance. Narrower than or equalling orbital 
width (0), or wider (1).
31 (31). Frontal-nasal (length). Frontal as long or longer than 
nasal (0), or shorter (1).
32 (32). Frontal-nasal (suture). Level with or anterior to the orbit 
margin (0), or further posterior (1).
33 (modification of character 34). Sensory sulci. Absent from 
the skull roof of adults (0), extensive sensory sulci present 
on the skull of adults (1), sensory sulci of adults restricted to 
circumorbital sulcus (2). (Englehorn et al. 2008).
34 (35). Infraorbital sulcus. With simple curve on lacrimal (0), or 
with pronounced S-shaped lacrimal flexure (1). (Damiani 2001).
35 (36). Supraorbital sulcus. Passing entirely through nasal (0), 
or entering prefrontal and lacrimal (1). (Damiani 2001).
36 (37). Maxilla (anterior margin). Straight (0), or laterally con-
vex due to enlarged teeth (1).
37 (38). Maxilla (contact to nasal). Absent, separated by lacrimal 
(0), or present (1).
38 (39). Prefrontal-frontal. Prefrontal substantially longer than 
frontal (0), or ending at one level with frontal (1).
39 (40). Prefrontal (anterior end). Pointed (0), or wide and blunt (1).
40 (41). Prefrontal (lateral suture). Straight or concave (0), or 
with marked medial projection of jugal near the orbit (1).
41 (42). Prefrontal-postfrontal. Sutured (0), or separated by 
frontal (1). (Damiani 2001)
42 (43). Prefrontal (process). Prefrontal-lacrimal suture simple (0), 
or prefrontal underlying lacrimal laterally to reach the palatine (1).
43 (44). Prefrontal-jugal. Separated by lacrimal (0), or in contact (1).
44 (45). Prefrontal-maxilla. Separated by lacrimal (0), or in con-
tact (1). (Englehorn et al. 2008).
45 (46). Posterior skull table (length). More than 0.6 times the 
width (0), or less than that (1).
46 (47). Postorbital (shape). Long triangular, wedged deeply 
between squamosal and supratemporal (0), or short (1).
47 (48). Postorbital (end). Posterior end acutely triangular (0), or 
with finger-like projection (1). (Sequeira 2003).
48 (49). Postorbital. Not wider than orbit (0), or with substantial 
lateral process projecting into jugal (1).
49 (50). Postorbital, postfrontal. Shorter than supratemporal and 
parietal (0), or as long or longer (1).
50 (51). Otic notch. Semicircular embayment between squam-
osal and posterior skull table (0), or straight transverse posterior 
skull margin without embayment between cheek and table (1).

51 (52). Otic notch (position). Lateral, expanding along entire 
cheek to form continuous unornamented area up to quadrate (0), 
or slit-like (1), or small and rounded, confined to dorsomedial 
part of squamosal (2).
52 (53). Supratemporal. Longer than wide (0), or quadrangular, 
giving a foreshortened posterior skull table (1).
53 (54). Supratemporal (width). Rectangular, with straight sagit-
tal lateral margin (0), or posterolaterally constricted by expanded 
otic notch (1).
54 (55). Supratympanic flange. Squamosal continuously orna-
mented around margin of otic notch (0), or squamosal having 
dorsally exposed and ornamented area (supratympanic flange) 
stepping abruptly into steeply aligned, poorly ornamented por-
tion (1). (Fröbisch and Reisz 2008).
55 (56). Semilunar flange. Supratemporal without ventral 
projection into otic notch (0), or supratemporal forming marked 
ventral flange participating in medial bordering of otic notch (1).
56 (57). Jugal (ventral process). No ventral outgrowth (0), or 
insula jugalis framing subtemporal window (1).
57 (58). Jugal (anterior extension). Jugal ending at or behind 
level of anterior orbit margin (0), or extending anteriorly (1).
58 (59). Jugal-lacrimal. In contact (0), or separated by orbit or 
palate bones (1).
59 (60). Intertemporal. Present (0), absent (1).
60 (61). Intertemporal and postorbital. Postorbital lateral to 
postfrontal (0), or expanding medially to replace intertemporal, 
contacting parietal (1).
61 (62). Squamosal-tabular (dorsal). Separated by supratemporal 
(0), or sutured (1).
62 (63). Tabular and squamosal. Forming either squamosal em-
bayment or straight posterior margin (0), or projecting posterior-
ly, with tabular extended posterolaterally (1).
63 (64). Squamosal (falciform crest). Posterior rim of squamosal straight 
(0), or with convex projection, referred to as falciform crest (1).
64 (65). Tabular (horn). Present in some form (0), or 
entirely absent (1).
65 (66). Tabular (extension). Tabular horn pointing posteriorly 
if present (0), or aligned laterally (1), or sutured with squamosal 
posterior to otic notch (cyclotosaur condition) (2).
66 (67). Tabular (ventral crest). Absent (0), or present and shallow 
(1), or forming a deep ridge that almost doubles the thickness of the 
tabular in occipital view (2). These character-states were ordered.
67 (68). Quadratojugal (medial process). Absent (0), or present (1).
68 (69). Quadratojugal-maxilla. Separated by jugal (0), or in 
contact (1).
69 (70). Quadrate (dorsal process). Absent (0), or present (1).
70 (71). Posterior skull rim. Quadrate trochlea posterior to tabu-
lar horns (0), or at one level or anterior (1).
Braincase and Occiput
71 (72). Occipital flange. Descending flange of occipital portion 
of postparietals forming a bulge (0), or long smooth blades as 
long as the dermal portion of the postparietal (1).
72 (73). Postparietal-exoccipital. No contact (0), or pillar-like 
dorsal process of exoccipital firmly sutured to ventral side of post-
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parietal and oblique process of exoccipital sutured with ventral 
ramus of tabular (1).
73 (74). Postfenestral window. Large opening, having at least 
double the width of the foramen magnum (0), or reduced to a 
tiny foramen (1). (Yates and Warren 2000).
74 (75). Quadrate and occipital condyles. Quadrate condyles 
posterior to occipital ones (0), or at same level (1), or well anter-
ior (2). (Yates and Warren 2000).
75 (76). Epipterygoid. Simple rod-like ascending process (0), or 
complicated and robust element with up to six processes (1).
Dentition
76 (77). Dentition (marginal). Heterogenous, varying sizes and 
distances (0), or homogeneous, small teeth, equidistant (1). 
(Schoch and Milner 2000).
77 (78). Dentition (upper jaw). Conical to slightly curved in-
wards (0), or caniniform (1). (Dilkes 1990).
78 (79). Dentition (marginal, tooth bases). Round or oval (0), or 
forming transversely broadened ovals (1). (Schoch and Milner 2000).
79 (80). Palatal tusks (cross-section). Round or oval (0), or lat-
erally compressed and keeled at least on one side (1). 
80 (81). Dentition (vomer). Tooth patches present at least in small 
specimens (0), or dentition entirely restricted to vomerine fangs (1).
81 (82). Pedicely. All teeth formed consisting of a single mineral-
ized conus (0), or at least some teeth with two separate mineraliz-
ation centers (pedicellate) (1).
82 (83). Bicuspidity. All teeth with single tip (0), or at least some 
with bicuspid crowns (1).
83 (84). Labyrinthodonty. Teeth with labyrinth infolding of den-
tine and enamel at base (0), or never labyrinthodont (1).
84 (85). Transverse tooth row (transvomerine). Absent (0), 
present and transverse (1), V-shaped (2).
85 (86). Additional vomerine fangs. Vomer with a single pair 
of fangs at the medial margin of choana (0), or with additional 
fangs/fang pairs posteromedially (1).
86 (87). Parasphenoid (shagreen). Tooth patches present (0), or 
teeth entirely absent (1). (Yates and Warren 2000).
87 (88). Ectopterygoid (fangs). Present (0), or absent (1). (Yates 
and Warren 2000).
Palate
88 (89). Interpterygoid vacuities. Slender and slit-like (0), or 
rounded, oval openings (1).
89 (90). Interpterygoid vacuities, pterygoid. Vacuities rounded 
bordered by moderately concave pterygoid (0), or laterally greatly 
extended at mid-level pushing pterygoid to the margin (1).
90 (91). Anterior palatal opening(s). Vomer and premaxilla with con-
tinuous suture (0), or perforated to accommodate symphyseal fangs (1).
91 (92). Anterior palatal opening(s). Unpaired if present (0), or 
paired (1). 
92 (93). Vomer. Narrow and small (0), or large plate, widely 
separating choanae (1).
93 (94). Vomer (paired anterior depressions). Absent (0), or 
present (1).
94 (95). Anterior palatal depression. Posterior rim round if 
present (0), or straight transverse (1). (Schoch and Milner 2000)

95 (96). Vomerine ridges. Absent (0), or present, radiating from 
vomerine tusks anteriorly (1).
96 (97). Vomerine pit and fontanelle. Absent (0), or pit present 
(posterior to mandible) (1), or fenestra within such pit (2). 
(Schoch and Rubidge 2005, modified).
97 (98). Vomerine septum. Absent (0), or present (1). (Polley 
and Reisz 2011).
98 (99). Choana (lateral). Oval (0), or anterolaterally expanded 
with triangular outline (1).
99 (100). Choana (medial). Medial margin straight or gently 
convex (0), or anteromedially expanded giving choana a reniform 
outline (1).
100 (101). Choana (width). Elongated oval to slit-like (0), or 
wide round (1).
101 (102). Vomer-pterygoid. Sutured (0), or separated by palatine (1).
102 (103). Vomer (anterior part). Anterior portion shorter than 
behind anterior level of choana (0), or as long or longer (1).
103 (104). Vomer (extension). Vomer contacts pterygoid lateral 
to choana (0), or expanding posteriorly (1).
104 (105). Basipterygoid ramus. Pterygoid with short, postero-
medially curved basipterygoid process, constricting palatal vacu-
ities posterolaterally (0), or with transversely extended process 
producing posteriorly wider vacuities (1).
105 (106). Basicranium (contact). Joint between basal plate and 
pterygoid (0), or sutural contact (1).
106 (107). Basicranium, suture. Suture (if present) much shorter 
than basal plate, reaching at best 40% its length (0), or suture 
almost as long as basal plate (1).
107 (108). Parasphenoid. Suturing with exoccipitals (0), or 
underplating exoccipitals (1).
108 (109). Basicranium (carotids). Internal carotids entered 
basicranium ventrally near base of cultriform process (0), or at 
posterolateral corner of bone (1). (Shishkin 1968; Boy 1988).
109 (110). Parasphenoid plate. Basal plate sagittally rectangular 
(0), or quadrangular to wider than long (1), or much abbreviated, 
transversely rectangular (2). (Greatest length measured against 
shortest width).
110 (111). Parasphenoid plate (size). Basal plate at level posterior 
to basicranial joint substantially narrower than parietals (0), or as 
wide or wider (1).
111 (112). Cultriform process (width). Base not wider than rest, clear-
ly set off from basal plate (0), or merging continuously into plate (1).
112 (113). Cultriform process (structure). Ventrally flat (0), or 
with ridge emplaced on broader base (1), or knife-edged and 
keel-shaped (2).
113 (114). Cultriform process (outline). Of similar width 
throughout (0), or posteriorly expanding abruptly to about twice 
the width (1).
114 (115). Cultriform process (dentition). Main shaft edentulous 
except for base (0), or with elongate tooth patch (1).
115 (116). Parasphenoid (posterolateral process). Posterolateral 
margin straight (0), or with lateral wing (1).
116 (117). Pterygoid (ventral ornament). Palatine ramus of 
pterygoid smooth (0), or ornamented with reticulate ridges (1).
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117 (118). Pterygoid, exoccipital. No contact (0), or sutured 
lateral to parasphenoid (1). 
118 (119). Pterygoid, basioccipital. No contact (0), or sutured 
lateral to parasphenoid (1). 
119 (120). Pterygoid, squamosal. Entirely sutured (0), or with 
open fissure (1). (Warren and Black 1985; Englehorn et al. 2008).
120 (121). Pterygoid (flange). Palatine ramus of pterygoid mer-
ging continuously into basipterygoid ramus (0), or broadening 
abruptly to form transverse flange (1).
121 (122). Pterygoid width. Palatine and quadrate regions form-
ing slender rami (0), or broad shelves (1).
122 (123). Pterygoid, ectopterygoid. Palatine ramus exclusively 
formed by pterygoid (0), or with posteromedial projection of 
ectopterygoid (1).  
123 (124). Pterygoid-palatine-ectopterygoid. Pterygoid con-
tacting both ectopterygoid and palatine (0), or pterygoid only in 
contact with ectopterygoid (1).
124 (125). Palatine, ectopterygoid. With simple, transverse 
suture (0), or palatine with posterolateral process excluding 
the ectopterygoid from interpterygoid vacuity and contacting 
pterygoid (1). 
125 (126). Palatine, vomer. Suture aligned posterolaterally (0), or 
with medial wing framing the interpterygoid vacuity anteriorly (1).
126 (127). Palatine (laterally exposed palatine, LEP). Absent (0), 
or present (1).
127 (128). Palatine, ectopterygoid (ontogeny). Maintain their 
width (0), or become proportionally wider (1). (Schoch and 
Witzmann 2009; recoded).
128 (129). Palatine, ectopterygoid (width). Much wider than 
maxilla (0), or as narrow (1).
129 (130). Palatine, ectopterygoid (continuous tooth row). 
Absent (0), or present (1).
130 (131). Ectopterygoid (length). As long or longer than palat-
ine (0), or markedly shorter (1).
131 (132). Ectopterygoid (laterally exposed ectopterygoid, LEE). 
Absent (0), or present (1).
132 (133). Ectopterygoid (Y-shaped). Ectopterygoid with 
continuous maxillar suture (0), or Y-shaped, with posterior half 
separated from maxilla by a gap (1).
133 (134). Palate structure. In occipital view, pterygoids either 
sloping continuously ventrolaterally or flat horizontal (0), or 
vertically curved ventrally at right angle with basicranium (1).
134 (135). Quadrate trochlea. Medial bulge only slightly larger 
than lateral one (0), or being at least two times longer and twice 
as wide (1).
135 (136). Occipital condyle. Trilobed, with basioccipital form-
ing ventral part of facet (0), or bilobed exoccipital condyle with 
reduced basioccipital contribution (1). 
136 (137). Exoccipital condyles. Short and broad base, projecting 
only with their posterior half behind the rim of the skull table (0), or 
almost the complete element posterior to level of occipital flange (1).
137 (138). Basioccipital (length). Forming a long element 
posterior to parasphenoid plate (0), or foreshortened to a narrow 
posterior rim of the palatal bone (1).  

138 (139). Dentigerous palatal ossicles. Absent (0), or present 
within interpterygoid vacuities (1).
Mandible
139 (140). Postglenoid area. Absent or present as very faint out-
growth (0), or longer than glenoid facet (1).
140 (141). Postglenoid area (types). Type 1 (0), or type 2 (1). 
(Jupp and Warren 1986).
141 (142). Postglenoid area (dorsal). Plain (0), or with elongated 
groove (1).
142 (143). Hamate process. Absent (0), or present but lower 
than postglenoid portion is long (1), or as high as retroarticular 
process (2).
143 (144). Preglenoid process. Labial side of surangular with 
straight dorsal margin anterior to glenoid (0), or forming dorsal 
projection well above the level of the glenoid articulation (1).
144 (145). Meckelian window. Small round or oval opening (0), 
or elongate window shorter than the adductor fossa (1), or as 
long or longer than adductor fossa (2).
145 (146). Symphyseal teeth. No accessory teeth posterior to 
symphyseal tusks (0), or a transverse row of such teeth (1). (Yates 
and Warren 2000).
146 (147). Posterior coronoid teeth. Present (0), or absent (1).
147 (148). Anterior, middle coronoid teeth. Present (0), or 
absent (1).
148 (149). Mandibular osteoderms. Throat region naked (0), or 
covered with a mosaic of ventral osteoderms between mandible 
and dermal pectoral girdle (1).
Visceral skeleton
149 (150). Stapes (quadrate process). Absent (0), or present (1).
150 (151). Stapes (ventral process). Absent (0), or present, giving 
the proximal region two heads (1).
151 (152). Stapes (shape). Robust, tetrahedral bone with sub-
stantial quadrate process (0), or rod-like element with elongated 
stylus (1), or blade-like (2).
152 (153). Stapes (curvature). Stapes with pronounced dorsodis-
tal curvature (0), or abbreviated without such curvature, directed 
laterally towards vertically aligned otic notch (1). 
153 (154). Ceratobranchials. Bony elements absent (0), present 
in adults (1).
154 (155). Basibranchial. Bony element absent (0), present in 
adults (1).
155 (156). Hypobranchial elements. Bony elements absent (0), 
present in adults (1).
156 (157). Branchial denticles. Conical and attached to small os-
sicles in groups of 2–10 (0), or free and with brush-like end (1). 
Axial skeleton
157 (158). Presacral count. More than 28 (0), or 23-25 ver-
tebrae (1), or less than 21 (2) (Character-states not ordered). 
(Witzmann and Schoch 2006).
158 (159). Caudal count. Similar to presacral count or higher 
(0), or much lower (1). 
159 (160). Transverse process (orientation). Short, directed 
posteriorly (0), or distally extended with diapophysis pointing 
laterally (1).
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160 (161). Transverse process (length). Shorter than dorsal spine 
is high (0), or markedly longer (1).
161 (162). Neural spine (height). As high as distance between 
zygapophyses (0), or higher (1). (Witzmann and Schoch 2006).
162 (163). Intercentrum (shape). Presacral intercentra form sim-
ple wedges (0); or dorsally closed discs (1); or dorsally closed and 
elongated cylinders (2). (Yates and Warren 2000).
163 (164). Intercentrum (width). Chordal canal wider than inter-
centrum high (0), narrower (1). (Witzmann and Schoch 2006).
164 (165). Intercentrum (ventral surface). Ventral surface shorter 
than wide in ventral view, giving transversely rectangular outline 
(0), or as long as wide, quadrangular (1).
165 (166). Intercentrum anterior surface. Always concave (0), or con-
vex at least in some presacral centra (1). (Warren and Snell 1991).
166 (167). Parapophysis. Segmental (0), or intersegmental (1). 
(Warren and Snell 1991).
167 (168). Pleurocentrum (presence). Ossified (0), unossified 
(1). (Witzmann and Schoch 2006).
168 (169). Pleurocentrum (lateral surface). As large as that of 
intercentrum (0), or smaller (1). (Witzmann and Schoch 2006).
169 (170). Pleurocentrum (ventral extension). Wedged between 
successive intercentra and not reaching ventral margin of inter-
centra (0), or pleurocentra ventrally expanded to near each other 
(1), or ventrally fused to form a single cylindral element (2). 
(Schoch and Rubidge 2005).
170 (171). Ribs (length). Moderately elongate thoracic ribs 
curved distoventrally (0), or such ribs foreshortened without 
distal curvature (1).
171 (172). Ribs (ventral extension). Rib heads (tuberculum and 
capitulum) confluent (0), or clearly set off and widely separated 
in mid-trunk region (1).
172 (173). Ribs (uncinate blades). If present, small and spine-like 
(0), or extensive and blade-like (1). (Witzmann and Schoch 2006).
173 (174). Ribs (uncinate spines). Short (0), or elongated, as 
long as shaft (1).
174 (175). Cleithrum. With broadened dorsal head region (0), or 
a simple rod (1). 
175 (176). Cleithrum. Head with slightly convex or straight 
anterior rim (0), or with pronounced anterior projection (1). 
176 (177). Cleithrum. Dorsal head region confined to anterior 
rim of scapula (0), or posteriorly extended to cover dorsal rim of 
scapula (1).
177 (178). Clavicle (ventral blade). Wide, triangular, overlapping 
interclavicle broadly (0), or slender, with minor overlap (1).
178 (179). Interclavicle (length). Shorter than posterior skull (0), 
or substantially longer (1).
179 (180). Interclavicle (ontogeny). Without major proportional 
change in ontogeny (0), or decreasing proportionally relative to 
skull length (1).
180 (181). Interclavicle (central ornamented area). Rhomboidal 
(0), or pentagonal and posteriorly widest (1).
181 (182). Interclavicle (proportions). As long as wide (0), or 1.3 
times as long as wide (1), or more than twice as long as wide (2). 
182 (183). Interclavicle (posterior margin). With posterior pro-
cess (0), or transversely straight (1).

183 (184). Interclavicle (anterior margin). Serrated (0), or 
smooth (1).
184 (185). Interclavicle (anterior stylus). Anterior portion of 
interclavicle variably shaped but not longer than posterior one, 
as measured by the centre of ornamentation (0), or substantially 
longer than posterior one (1).
185 (186). Interclavicle (posterior stylus). Posterior end rounded 
or blunt (0), or with elongated stylus or parasternal process (1).
186 (187). Interclavicle, clavicles. Clavicles broadly separated by 
interclavicle ventrally (0), or leaving only narrow stripe of inter-
clavicle in between (1), or in contact and excluding anterior part 
of interclavicle from ventral exposure (2).
Limb skeleton
187 (188). Scapula (glenoid facet). Ossified (0), or unossified in 
adults (1). (Witzmann and Schoch 2006).
188 (189). Scapula (height). Maximally two times longer (high-
er) than wide (0), or dorsally extended and fully ossified, three 
times higher than wide (1). (Schoch and Rubidge 2005).
189 (190). Humerus (ontogeny). Short cylinder in larvae, elon-
gates at slow rate (0), or with substantial shaft in larvae (1), or 
very long rod from small stages on (2). (Boy 1972).
190 (191). Humerus (adult shaft). No shaft proper, humer-
us blade-like in cross-section (0), or with short shaft oval in 
cross-section (1), or shaft elongate and slender, comprising more 
than 50% of the humerus with rounded cross-section (2).
191 (192). Humerus (entepicondylar foramen). Present (0), or 
absent (1).
192 (193). Humerus (supinator). Present (0), or absent (1). 
(Yates and Warren 2000).
193 (194). Humerus (condyles). Distal end at least partially 
ossified with identifiable condyles (0), or unfinished without 
condyles (1), or with fully established condyles (2). (Schoch and 
Rubidge 2005, modified).
194 (195). Humerus (torsion). Strong, 70-90° (0), or weak, well 
below 60° (1) (Witzmann and Schoch 2006)
195 (196). Carpals. All unossified (0), or all at least some ossified (1).
196 (197). Manual digit count. Five (0), or four (1).
197 (198). Ilium (shaft). Shaft of variable length but laterally 
flattened (0), or very long and slender (1).
198 (199). Ilium (dorsal end). Tip of dorsal end continuous (0), 
or much broadened (1).
199 (200). Ilium (height). Shaft more than twice the length of 
the base (0), or shorter (1). (Schoch and Rubidge 2005)
200 (201). Ilium (orientation). Main axis of shaft inclined 
posterodorsally (0), or vertical (1).
201 (202). Ilium (tip). Dorsal end two-headed (0), or sin-
gle-headed (1).
202 (203). Pubis. Ossified (0), or unossified (1). 
203 (204). Femur. Intercondylar fossa forming deep and elon-
gated trough (0), or reduced to short depression (1). (Yates and 
Warren 2000).
204 (205). Femur (trochanter). Internal trochanter present as 
discrete process (0), or reduced to a shallow crest (1), or greatly 
enlarged to form a massive projection (2). 
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205 (206). Tarsals. At least some are ossified (0), or all unossified (1).
Postcranium, general
206 (207). Gastral squamation. Ossified ventral dermal scales 
(0), or scales absent (1). (Yates and Warren 2000).
207 (208). Squamation. Dermal scales oval to spindle-shaped (0), 
or broad-oval with “microsaur-type” ornament (1). (Boy 1972).
208 (209). Osteoderms. Absent (0), or present as single row (1), 
or more numerous to form a carapace (2).
209 (210). Osteoderms (articulations). Simple set of osteoderms 
arranged in one layer if present (0), or double set of two layers, 
the ventral one fused to the tip of the neural arch (1).
210 (211). Osteoderms (width). An intra-dissorophid character: 
Narrow median osteoderms (0), or transversely extended plates (1).
211 (212). Rib cage. Trunk narrower than skull or as wide (0), or 
trunk substantially wider than lateral margin of cheeks at about 
mid-level (1).
New Characters
212. Shape of centrale 4 of carpus. Lateral side facing ulna has 
single facet contacting only the intermedium (0), or two separate 
lateral facets one contacting intermedium and a second facing, 
but not contacting, the ulnare (1).
213. Proximal end of metacarpal 1. Contacts only distal carpal 1 
(0), or contacts distal carpal 1 and centrale 1.
214. Shape of metacarpal 1. Proximo-distally symmetrical with 
length greater than width (0), or proximo-distally asymmetrical 
with length and width approximately equal (1).
215. Relative lengths of mutual contact surfaces of tibiale and 
centrale 4. Equal (0), or unequal with length of contact surface 
on tibiale less than length of contact surface on centrale 4 (1).
216. Contact surfaces for tibia and fibula on intermedium of 
tarsus. Confluent (0), or separate (1).
217. Shape of fibulare. Latero-medial width greater than prox-
imo-distal height (0), or latero-medial width less than prox-
imo-distal height (1).
218. Centrale 2 of tarsus. Does not contact distal tarsal 1 (0), 
contacts distal tarsal 1 (1).
219. Shape of centrale 4 of tarsus. Approximately dia-
mond-shaped (0), or rectangular with medial height greater than 
lateral height (1).
220. Contact between centrale 4 and distal tarsal 4. Absent (0), 
or present (1).

APPENDIX 3

List of unambiguous characters for each clade 
in Figure 13. 
Character number and the description of the derived state are 
included for each node. An asterisk indicates a character with a ci 
= 1 (i.e. no homoplasy).
Node A: Temnospondyli
33. Sensory sulci. Absent from the skull roof of adults (reversal).
72*. Postparietal-exoccipital. Pillar-like dorsal process of exoc-
cipital firmly sutured to ventral side of postparietal and oblique 

process of exoccipital sutured with ventral ramus of tabular.
88*. Interpterygoid vacuities. Rounded, oval openings.
92*. Vomer. Large plate, widely separating choanae.
110. Parasphenoid plate (size). Basal plate at level posterior to 
basicranial joint as wide or wider than parietals.
138*. Dentigerous palatal ossicles. Present within interpterygoid 
vacuities.
149. Stapes (quadrate process). Present.
150*. Stapes (ventral process). Present, giving the proximal 
region two heads.
151*. Stapes (shape). Rod-like element with elongated stylus.
157. Presacral count. 23-25 vertebrae.
190*. Humerus (adult shaft). Short shaft oval in cross-section.
196. Manual digit count. Four.
Node B:
10. Premaxilla (alary process). Present, forming a posterior hook-
like indentation.
104. Basipterygoid ramus. Pterygoid with transversely extended 
process producing posteriorly wider vacuities.
Node C: Rhachitomi
59. Intertemporal. Absent.
109. Parasphenoid plate. Basal plate quadrangular to wider than long.
154. Basibranchial. Bony element present in adults.
191*. Humerus (entepicondylar foramen). Absent.
217. Shape of fibulare. Latero-medial width less than prox-
imo-distal height.
Node D:
74. Quadrate and occipital condyles. Quadrate condyles at same 
level to occipital ones.
155. Hypobranchial elements. Bony elements present in adults.
187. Scapula (glenoid facet). Unossified in adults.
194. Humerus (torsion). Weak, well below 60°.
195. Carpals. All unossified (reversal).
202. Pubis. Unossified.
205. Tarsals. All unossified.
Node E:
45. Posterior skull table (length). Less than 0.6 times the width.
46*. Postorbital (shape). Short.
70. Posterior skull rim. Quadrate trochlea at one level or anterior 
to tabular horns.
177*. Clavicle (ventral blade). Slender with minor overlap on 
interclavicle.
189*. Humerus (ontogeny). Substantial shaft in larvae.
198. Ilium (dorsal end). Tip of dorsal end much broadened.
Node F: Dissorophoidea
19*. Naris (flange). Ventral (inner) side of prefrontal, lacrimal, 
and nasal bearing a complicated bar-like structure (narial flange) 
permitting contact with the antorbital bar.
26. Height of jugal below orbit relative to height of maxilla. 
Height of jugal less than or equal to height of maxilla.
30. Interorbital distance. Narrower than or equalling orbital 
width (reversal).
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39. Prefrontal (anterior end). Wide and blunt.
42*. Prefrontal (process). Prefrontal underlying lacrimal laterally 
to reach the palatine.
55. Semilunar flange. Supratemporal forming marked ventral 
flange participating in medial bordering of otic notch.
58. Jugal-lacrimal. Separated by orbit or palate bones.
67*. Quadratojugal (medial process). Present.
101. Vomer-pterygoid. Separated by palatine.
126. Palatine (laterally exposed palatine, LEP). Present.
152. Stapes (curvature). Stapes abbreviated without such curva-
ture, directed laterally towards vertically aligned otic notch.
169. Pleurocentrum (ventral extension). Pleurocentra ventrally 
expanded to near each other.
Node G:
157. Presacral count. Less than 21.
189*. Humerus (ontogeny). Very long rod from small stages on.
190*. Humerus (adult shaft). Shaft elongate and slender, compris-
ing more than 50% of the humerus with rounded cross-section.
192. Humerus (supinator). Absent.

Node H:
74. Quadrate and occipital condyles. Quadrate condyles poster-
ior to occipital ones (reversal).
195. Carpals. At least some ossified.
202. Pubis. Ossified (reversal).
205. Tarsals. At least some are ossified (reversal).
Node I: Amphibamidae
89. Interpterygoid vacuities, pterygoid. Vacuities laterally greatly 
extended at mid-level pushing pterygoid to the margin.
128*. Palatine, ectopterygoid (width). As narrow as maxilla.
Node J:
13. Premaxillary foramen. Premaxilla and nasal completely 
sutured (reversal).
70. Posterior skull rim. Quadrate trochlea posterior to tabular 
horns (reversal).
99*. Choana (medial). Anteromedially expanded giving choana a 
reniform outline.
114. Cultriform process (dentition). Main shaft with elongate 
tooth patch.
130. Ectopterygoid (length). Markedly shorter than palatine.

Figure 13. Strict consensus tree presented in Figure 11B 
with labeled nodes. Unambiguous characters diagnostic of 
each labeled node are listed in Appendix 3 .
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Node K:
87. Ectopterygoid (fangs). Absent.
96. Vomerine pit and fontanelle. Pit present (posterior to mandible).
123. Pterygoid-palatine-ectopterygoid. Pterygoid only in contact 
with ectopterygoid.
Node L: Micropholis and Gerobatrachus
74. Quadrate and occipital condyles. Quadrate condyles at same 
level to occipital condyles.
158. Caudal count. Much lower than presacral count.
Node M: Amphibamus and Doleserpeton
52. Supratemporal. Quadrangular, giving a foreshortened poster-
ior skull table.
81*. Pedicely. At least some teeth with two separate mineraliza-
tion centers (pedicellate).
169. Pleurocentrum (ventral extension). Ventrally fused to form 
a single cylindral element.
Node N: Olsoniformes
96. Vomerine pit and fontanelle. Pit present (posterior to mandible).
105. Basicranium (contact). Sutural contact between basal plate 
and pterygoid.
110. Parasphenoid plate (size). Basal plate at level posterior to 
basicranial joint substantially narrower than parietals (reversal).
152. Stapes (curvature). Stapes with pronounced dorsodistal 
curvature (reversal).
155. Hypobranchial elements. Bony elements absent (reversal).
169. Pleurocentrum (ventral extension). Wedged between successive 
intercentra and not reaching ventral margin of intercentra (reversal).
176*. Cleithrum. Dorsal head region posteriorly extended to 
cover dorsal rim of scapula.
188. Scapula (height). Dorsally extended and fully ossified, three 
times higher than wide.
199. Ilium (height). Shaft shorter than length of the base.
200. Ilium (orientation). Main axis of shaft vertical.
Node O: Dissorophidae
52. Supratemporal. Quadrangular, giving a foreshortened poster-
ior skull table.
86. Parasphenoid (shagreen). Teeth entirely absent.
161. Neural spine (height). Higher than distance between zyga-
pophyses.
209*. Osteoderms (articulations). Double set of two layers, the 
ventral one fused to the tip of the neural arch.
Node P:
210*. Osteoderms (width). An intra-dissorophid character: 
Transversely extended plates.
Node Q: Trematopidae
18*. Naris (extension). Naris posteriorly expanded with distinct an-
terior and posterior regions giving external overall “key-hole” shape.
77*. Dentition (upper jaw). Caniniform.
97*. Vomerine septum. Present.
101. Vomer-pterygoid. Sutured (reversal).
192. Humerus (supinator). Present (reversal).

Node R:
131. Ectopterygoid (laterally exposed ectopterygoid, LEE). Present.
Node S: Edopoidea
9. Preorbital region (length). More than twice the length of 
posterior skull table.
11*. Premaxilla (prenarial portion). Very expanded, equaling the 
length of the frontal.
43. Prefrontal-jugal. In contact.
47*. Postorbital (end). Posterior end with finger-like projection.
57. Jugal (anterior extension). Jugal extending anterior to anter-
ior orbit margin.
95*. Vomerine ridges. Present, radiating from vomerine tusks 
anteriorly.
98. Choana (lateral). Anterolaterally expanded with triangular 
outline.
102*. Vomer (anterior part). Anterior portion as long or longer 
than portion behind anterior level of choana.
105. Basicranium (contact). Sutural contact between basal plate 
and pterygoid.
Node T:
7*. Ornament (preorbital). Zone of subdued ornament on the 
medial skull bones adjacent to the midline suture present.
Node U:
31. Frontal-nasal (length). Frontal shorter than nasal.
Node V: Dendrerpetontidae
26. Height of jugal below orbit relative to height of maxilla. 
Height of jugal less than or equal to height of maxilla.
170. Ribs (length). Thoracic ribs foreshortened without distal 
curvature.
192. Humerus (supinator). Absent.
Node W: Eryopiformes
12. Premaxilla (outline). Box-like and anteriorly blunt.
43. Prefrontal-jugal. In contact.
51*. Otic notch (position). Slit-like.
57. Jugal (anterior extension). Jugal extending anterior to level of 
anterior orbit margin.
93. Vomer (paired anterior depressions). Present.
108*. Basicranium (carotids). Internal carotids entered basicra-
nium at posterolateral corner of bone.
161. Neural spine (height). Higher than distance between zygapophyses.
172. Ribs (uncinate blades). Extensive and blade-like.
204. Femur (trochanter). Internal trochanter greatly enlarged to 
form a massive projection.
Node X: Stereospondylomorpha
20. Nasal (lateral margin). Stepped, with lateral excursion anter-
ior to lacrimal.
33. Sensory sulci. Extensive sensory sulci present on the skull of adults.
37. Maxilla (contact to nasal). Present.
66*. Tabular (ventral crest). Present and shallow.
129. Palatine, ectopterygoid (continuous tooth row). Present.
149. Stapes (quadrate process). Absent (reversal).
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178. Interclavicle (length). Substantially longer than posterior skull.
181*. Interclavicle (proportions). 1.3 times as long as wide.
215*. Relative lengths of mutual contact surfaces of tibiale and 
centrale 4. Unequal with length of contact surface on tibiale less 
than length of contact surface on centrale 4.
Node Y:
9. Preorbital region (length). More than twice the length of 
posterior skull table.
187. Scapula (glenoid facet). Unossified in adults.
202. Pubis. Unossified.
Node Z:
84. Transverse tooth row (transvomerine). Present and transverse.
194. Humerus (torsion). Weak, well below 60°.
Node AA:
20. Nasal (lateral margin). Straight (reversal).
56. Jugal (ventral process). Insula jugalis framing subtemporal 
window.
90. Anterior palatal opening(s). Perforated to accommodate 
symphyseal fangs.
91. Anterior palatal opening(s). Paired.
93. Vomer (paired anterior depressions). Absent (reversal).
Node AB: Stereospondyli
12. Premaxilla (outline). Parabolically rounded (reversal).
15. Snout (internarial distance). Narrower than interorbital 
distance (reversal).
27. Orbit margins. Flush with roof.
51*. Otic notch (position). Small and rounded, confined to 
dorsomedial part of squamosal.
63*. Squamosal (falciform crest). Posterior rim of squamosal with 
convex projection, referred to as falciform crest.
78*. Dentition (marginal, tooth bases). Forming transversely 
broadened ovals.
105. Basicranium (contact). Sutural contact between basal plate 
and pterygoid.
159*. Transverse process (orientation). Distally extended with 
diapophysis pointing laterally.
161. Neural spine (height). As high as distance between zygapo-
physes (reversal).
183*. Interclavicle (anterior margin). Smooth.
Node AC:
34*. Infraorbital sulcus. With pronounced S-shaped lacrimal flexure.
61. Squamosal-tabular (dorsal). Sutured.
68. Quadratojugal-maxilla. Separated by jugal (reversal).
70. Posterior skull rim. Quadrate trochlea at one level or anterior 
to tabular horns.
74. Quadrate and occipital condyles. Quadrate condyles at same 
level as occipital ones.
76. Dentition (marginal). Homogeneous, small teeth, equidistant.
80. Dentition (vomer). Dentition entirely restricted to vomerine fangs.
87. Ectopterygoid (fangs). Absent.
101. Vomer-pterygoid. Separated by palatine.
106*. Basicranium, suture. Suture almost as long as basal plate.

111. Cultriform process (width). Base merging continuously into plate.
117. Pterygoid, exoccipital. Sutured lateral to parasphenoid.
121. Pterygoid width. Palatine and quadrate regions forming 
broad shelves.
125*. Palatine, vomer. Suture with medial wing framing the 
interpterygoid vacuity anteriorly.
139. Postglenoid area. Longer than glenoid facet.
171*. Ribs (ventral extension). Rib heads (tuberculum and ca-
pitulum) clearly set off and widely separated in mid-trunk region.
184*. Interclavicle (anterior stylus). Anterior portion of interclav-
icle substantially longer than posterior one.
186*. Interclavicle, clavicles. Clavicles leaving only narrow stripe 
of interclavicle in between.
205. Tarsals. All unossified.
Node AD:
5*. Ornament (general). High ridges throughout.
6*. Ornament (intensive growth). Prepineal growth zone estab-
lished on extended anterior parietal and postorbital.
23*. Lacrimal (position). Confined to lateral orbit margin.
26. Height of jugal below orbit relative to height of maxilla. 
Height of jugal less than or equal to height of maxilla.
43. Prefrontal-jugal. Separated by lacrimal (reversal).
49*. Postorbital, postfrontal. Long or longer than supratemporal 
and parietal.
57. Jugal (anterior extension). Jugal ending at or behind level of 
anterior orbit margin (reversal).
79*. Palatal tusks (cross-section). Laterally compressed and keeled 
at least on one side.
123. Pterygoid-palatine-ectopterygoid. Pterygoid only in contact 
with ectopterygoid.
143*. Preglenoid process. Labial side of surangular forming dor-
sal projection well above the level of the glenoid articulation.
163*. Intercentrum (width). Chordal canal narrower than inter-
centrum is high.
206. Gastral squamation. Scales absent.
Node AE:
4*. Ornament (snout). Mostly radial, elongated grooves.
39. Prefrontal (anterior end). Wide and blunt.
86. Parasphenoid (shagreen). Teeth entirely absent.
94. Anterior palatal depression. Straight transverse.
124*. Palatine, ectopterygoid. Palatine with posterolateral process 
excluding the ectopterygoid from interpterygoid vacuity and 
contacting pterygoid.
154. Basibranchial. Bony element absent (reversal).
160. Transverse process (length). Markedly longer than dorsal 
spine is high.
Node AF:
9. Preorbital region (length). Less than twice the length of poster-
ior skull table (reversal).
17*. Naris (position). Set well medially, opening anteriorly.
71*. Occipital flange. Descending flange of occipital portion of 
postparietal ia long smooth blade as long as the dermal portion of 
the postparietal.
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122*. Pterygoid, ectopterygoid. Palatine ramus with posteromed-
ial projection of ectopterygoid.
134*. Quadrate trochlea. Medial bulge at least two times longer 
and twice as wide than lateral one.
136*. Exoccipital condyles. Almost the complete element poster-
ior to level of occipital flange.
162. Intercentrum (shape). Presacral intercentra form dorsally 
closed discs.
164*. Intercentrum (ventral surface). Ventral surface as long as 
wide, quadrangular.
165*. Intercentrum anterior surface. Convex at least in some 
presacral centra.
186*. Interclavicle, clavicles. Clavicles in contact and excluding 
anterior part of interclavicle from ventral exposure.
Node AG: Dvinosauria
33. Sensory sulci. Extensive sensory sulci present on the skull of adults.
80. Dentition (vomer). Dentition entirely restricted to vomerine fangs.
90. Anterior palatal opening(s). Vomer and premaxilla perforated 
to accommodate symphyseal fangs.
91. Anterior palatal opening(s). Paired.
104. Basipterygoid ramus. Pterygoid with short, posteromed-
ially curved basipterygoid process, constricting palatal vacuities 
posterolaterally (reversal).
153. Ceratobranchials. Bony elements present in adults.
157. Presacral count. More than 28 (reversal).
178. Interclavicle (length). Substantially longer than posterior skull.
Node AH:
16*. Nasal (width). Nasal as wide as long.
68. Quadratojugal-maxilla. Separated by jugal (reversal).
74. Quadrate and occipital condyles. Quadrate condyles well 
anterior to occipital ones.
119. Pterygoid, squamosal. With open fissure.
139. Postglenoid area. Longer than glenoid facet.
203. Femur. Intercondylar fossa reduced to short depression.
Node AI:
64. Tabular (horn). Entirely absent.
86. Parasphenoid (shagreen). Teeth entirely absent.
101. Vomer-pterygoid. Separated by palatine.
155. Hypobranchial elements. Bony elements absent (reversal).
Node AJ: Saurerpetontidae
25. Orbit and naris. Separated only by tiny quadrangular lacrimal.
33. Sensory sulci. Sensory sulci of adults restricted to 
circumorbital sulcus.
61. Squamosal-tabular (dorsal). Separated by supratemporal 
(reversal).
148. Mandibular osteoderms. Throat region covered with a mo-
saic of ventral osteoderms between mandible and dermal pectoral 
girdle.
Node AK: Tupilakosauridae
21*. Lacrimal. Absence of lacrimal as separate ossification.
44. Prefrontal-maxilla. In contact.
117. Pterygoid, exoccipital. Sutured lateral to parasphenoid.

118*. Pterygoid, basioccipital. Sutured lateral to parasphenoid.
121. Pterygoid width. Palatine and quadrate regions forming 
broad shelves.
123. Pterygoid-palatine-ectopterygoid. Pterygoid only in contact 
with ectopterygoid.
162. Intercentrum (shape). Presacral intercentra form dorsally 
closed discs.
Node AL: Zatracheidae
8*. Spines. Present along lateral flank of quadratojugal.
9. Preorbital region (length). More than twice the length of 
posterior skull table.
14*. Premaxillary fontanelle. Encircling large fenestra extending 
posteriorly between the nasals.
31. Frontal-nasal (length). Frontal shorter than nasal.
38. Prefrontal-frontal. Prefrontal ending at one level with frontal.
52. Supratemporal. Quadrangular, giving a foreshortened poster-
ior skull table.
96. Vomerine pit and fontanelle. Fenestra within pit.
105. (106). Basicranium (contact). Sutural contact between basal 
plate and pterygoid.
114. Cultriform process (dentition). Main shaft with elongate 
tooth patch.
154. Basibranchial. Bony element absent (reversal).
Node AM: Micromelerpetontidae
33. Sensory sulci. Extensive sensory sulci present on the skull of adults
83. Labyrinthodonty. Teeth never labyrinthodont.
157. Presacral count. More than 28 (reversal).
207*. Squamation. Dermal scales broad-oval with “microsaur-type” 
ornament.
Node AN:
80. Dentition (vomer). Dentition entirely restricted to vomerine fangs.
Node AO: Branchiosauridae
38. Prefrontal-frontal. Prefrontal ending at one level with frontal.
52. Supratemporal. Quadrangular, giving a foreshortened poster-
ior skull table.
80. Dentition (vomer). Dentition entirely restricted to vomerine fangs.
86. Parasphenoid (shagreen). Teeth entirely absent.
130. Ectopterygoid (length). Markedly shorter than palatine.
132*. Ectopterygoid (Y-shaped). Ectopterygoid Y-shaped, with 
posterior half separated from maxilla by a gap.
146. Posterior coronoid teeth. Absent.
147. Anterior, middle coronoid teeth. Absent.
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