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ridges near the medial edge. The more prom-
inent of the two ridges extends on the dorsal
surface between the proximal and distal artic-
ular surfaces. A similar, but smaller, ridge
exposed in KUVP 9957b, extends proximodis-
tally on the ventral surface. Both the proxi-
mal and distal articulatory surfaces are con-
tiguous with a pair of unusually massive
medially and ventromedially directed facets
that articulate with the intermedium and
medial centrale respectively. Between these
facets, the medial margin of the bone is
deeply notched to form the lateral surface of
the perforating foramen.

The intermedium in Petrolacosaurus is
also an elongate element, although it is short-
er than the ulnare. In KUVP 33607 the inter-
medium is two-thirds the length of the ulnare.
The surface of the proximal articulation with
the ulna is continuous with a massive medial
articular surface with the ulnare. This sur-
face, exposed in both KUVP 9957b and 33607,
faces somewhat ventrally. The small, oval
distal articulation of the intermedium is re-
stricted to the lateral centrale, as in Araeo-
scelis (Vaughn, 1955) and pelycosaurs (Ro-
mer and Price, 1940), rather than being
supported by both the lateral centrale and
ulnare, as in Paleothyris (Carroll, 1969). A
well developed ridge extends proximodistally
along the lateral edge of the intermedium.
Between the articular surfaces with the lunare
and the lateral centrale, the intermedium
forms the rounded medial surface of the per-
forating foramen. The medial edge of the
intermedium is thin and is free of contact
with the radiale.

The radiale, best preserved in KUVP 8355
is a short, massive element supported by both
the medial and lateral centrale. As in Araeo-
scelis and numerous other early reptiles the
radiale in Petrolacosaurus bears a longitudi-
nal ridge on its dorsal surface. On the ventral
surface, this element has a pronounced proxi-
mal depression, which is interrupted by a
proximally directed ridge. The radial surface
is nearly transverse to the long axis, as in
Araeoscelis (Vaughn, 1955) rather than being
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strongly tilted dorsally as in many pelycosaurs
(Romer and Price, 1940). The bulbous distal
articular surface fits into the angle formed by
the centralia.

The lateral centrale in Petrolacosaurus is a
relatively short element which has contacts
with most of the other carpal bones. In addi-
tion to supporting the three proximal carpal
elements, it also articulates with the medial
centrale and the third and fourth distal car-
pals. Between the ventrolaterally directed
process for articulation to the ulnare and the
proximal articulation to the intermedium, the
medial centrale contributes to the margin of
the perforating foramen. The dorsal surface
of the lateral centrale also bears a prominent
longitudinal ridge. Whereas in primitive cap-
torhinomorphs (Carroll, 1969) and pelyco-
saurs (Romer and Price, 1940) the lateral
centrale is elongate and the medial centrale
is short and broad, in Petrolacosaurus the two
centralia are similar in shape.

The medial centrale is similar in shape to
that in Araeoscelis (Vaughn, 1955). It sup-
ports proximally much of the weight of the
radiale and articulates distally not only with
the first and second distal carpals but also
with a portion of the third. Its ventral sur-
face, exposed in KUVP 9957b bears a promi-
nent finger-like process that extends towards
the first distal carpal.

The fourth distal carpal, as in other early
reptiles, is the largest of the series, and bears
most of the support of the ulnare. Medially
it does contribute to the support of the lateral
centrale, The ventral surface of the fourth
distal carpal is considerably larger than the
dorsal and overlaps much of the head of the
fourth metacarpal and a portion of the small
triangular fifth distal carpal. The third distal
carpal supports most of the weight of the
lateral centrale and part of the medial cen-
trale. It is only slightly smaller than the
third, at least in dorsal view. In KUVP 9957b
the third distal carpal is exposed in both dor-
sal and ventral views. The ventral surface of
this element is considerably smaller than its
dorsal surface because the large surface of
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articulation with the fourth distal carpal faces
ventrolaterally. In addition to this unusual
feature, the third distal carpal also has a
prominent finger-like process that extends dis-
tally beneath the head of the third meta-
carpal, well beyond the carpal-metacarpal
articulation. The finger-like processes on the
ventral surface of the third distal carpal and
the medial centrale and the ridge on the
radiale may have provided attachment areas
for the flexor musculature of the forelimb.

The first and second distal carpals support
the medial centrale and are comparable in
size to the fifth.

A complete set of metacarpals occurs in
perfect articulation with the rest of the imma-
ture forelimb in KUVP 1423 (Peabody, 1952,
Fig. 6¢). These metacarpals show a range in
length from 4 mm (first) to 145 mm
(fourth). The proximal heads overlap one
another, as in Araeoscelis (Vaughn, 1955)
and many diapsids ( Carroll, 1975), restricting
considerably independent metacarpal move-
ment. Such metacarpal overlap is not found
in captorhinids (Holmes, 1977). As indicated
by Peabody (1952, pp. 28 and 29) both meta-
carpals and phalanges are relatively long and
slender, as in other small early reptiles. The
phalangeal count is 2, 3, 4, 5, 3. The terminal
phalanges are developed into long, sharp
claws, similar to those found in primitive cap-
torhinomorphs and early pelycosaurs.

One of the most striking features of the
manus in Petrolacosaurus relates to the orien-
tation of the articular surfaces between the
ulnare and intermedium, between the ulnare
and lateral centrale, and between the third
and fourth distals. The ventral edges of these
surfaces are widely separated if the carpus
is reconstructed as a completely flattened
structure (Fig. 21). This indicates that in
life Petrolacosaurus had a strongly curved
carpus, with a medio-laterally convex dorsal
surface. Most of this curvature was formed
along the long axis of the carpus. The extent
of this curvature cannot be established with
certainty, however, because of crushing. The
type of carpal curvature seen in Petrolaco-
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saurus has not been found in any other Paleo-
zoic reptile. This may, however, be due to
the general lack of information about the
ventral aspect of the carpus in early reptiles.

A definite joint plane is lacking within the
carpus, and even between the carpus and the
paired distal limb elements. Movement be-
tween the carpus and the metacarpals appar-
ently was also slight because the proximal
heads of the metatarsals overlap one another,
the line between the carpals and metacarpals
is curved, not straight, and the distal ends
of the third and fourth distal carpals restricted
the downward movement of the correspond-
ing metacarpals considerably. It is probable,
therefore, that bending during locomotion
was achieved by discreet accommodation
throughout the manus.

Pes—The pes is almost completely articu-
lated in the type specimen KUVP 1424 (Pea-
body, 1952, Fig. 9), but most of the bone is
gone, leaving an impression on the matrix.
The interpretation of the tarsus given here
(Fig. 24) is based on well preserved left and
right tarsi, exposed in both dorsal and ventral
views (KUVP 9951a and b) and a partial
right tarsus (KUVP 33606) from mature indi-
viduals. Peabody suggested that the first tar-
sal bone was lost in Petrolacosaurus. This
element is, however, present in both the left
and right tarsi on KUVP 9951a and b. The
general arrangement of the tarsal elements
resembles that of Araeoscelis (Vaughn, 1955)
and to a lesser extent that of the primitive
captorhinomorph Paleothyris (Carroll, 1969).
The shape and level of ossification of the
component elements indicates that the pes
was a compact structure, as was the mature
manus.

The astragalus is the most distinctive ele-
ment in the tarsus. It is a long, relatively
slender bone. As in other primitive reptiles
it is essentially “L”-shaped, with a distinct
neck region, the proximal end of which forms
part of the tarso-fibular articulation. The
dorsal surface of the astragalus, exposed in
KUVP 9951b, is gently concave. The lateral
border of the astragalus forms a massive
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articulation with the calcaneum along the
length of the bone, interrupted only near the
distal end by a small notch that forms the
medial border of the perforating foramen.
This longitudinal articular surface faces dor-
sally, in part, in KUVP 9951b suggesting that
the pes, like the manus, is curved transversely
but with a concave dorsal surface. The latero-
distal corner of the astragalus bears a condy-
loid process, similar to that in Araeoscelis
(Vaughn, 1955), which articulates with the
calcaneum laterally and to the fourth tarsal
distally. The distal border of the astragalus
is notched between the condyloid corner and
the articulation with the centrale. In con-
trast to the condition in captorhinomorphs and
pelycosaurus, where the tibial surface on the
astragalus is convex, that of Petrolacosaurus
(as it is exposed in medial view in KUVP
33606) is strongly concave, with two massive
ridges, separated by a trough. One of these
ridges forms the thickened distal two-thirds
of the medial border. The second prominent
ridge located on the ventral surface runs
roughly parallel to the lateral border. This
arrangement of a pair of ridges separated by
a deep trough is also seen in Araeoscelis and
in the eosuchian Kenyasaurus (Harris and
Carroll, 1977). The distal articular surface of
the tibia is divided into a lateral trough and
a medial ridge, which fits snugly onto the
astragalus to form a firm, locked joint. On
the ventral surface of the astragalus a strong
ridge connects the distal lip of a deep fossa,
which extends to the perforating foramen,
with the proximal end of the tibial surface.
A notch in the distal border, exposed in dor-
sal view, extends onto the ventral surface as
a small fossa which receives the latero-proxi-
mal end of the centrale.

The calcaneum in Petrolacosaurus is a
relatively simple oval structure with a thick
medial portion that supports the proximal
fibular facet and the distal tarsal articulation.
A somewhat thinner plate extends laterally.
Both dorsal and ventral surfaces are gently
concave. The straight medial margin, which
articulates with the astragalus, is interrupted

by the small notch that forms the lateral
margin of the perforating foramen. The
broad, rounded distal border of the calca-
neum apposes the fourth and fifth distal tar-
sals. An unfinished area, marking the area of
articulation with the distal tarsals, extends
far onto the ventral surface of the calcaneum.
Except for this extended area of articulation
there is nothing to distinguish this calcaneum
from those of pelycosaurs.

In contrast to the condition in primitive
pelycosaurs, where there are both lateral and
medial centralia in the pes (Romer and Price,
1940), there is only a single large centrale in
Petrolacosaurus and most captorhinomorphs.
It supported the astragalus. This element,
completely preserved in KUVP 9951a and b,
is much compressed proximodistally. It artic-
ulates with the rounded distomedial surface
of the astragalus. The proximal articular sur-
face of the centrale is deeply concave, where-
as the distal surface for articulation with the
first three distal tarsals and the lateral surface
for articulation with the fourth distal tarsal
are strongly convex. Both dorsal and ventral
surfaces of the centrale show a central de-
pression bound proximally by the ridged mar-
gin of the bone.

All the distal tarsals are well preserved in
KUVP 9951a and b and only slightly disartic-
ulated from one another. As in other early
reptiles, the fourth distal tarsal is the largest
of the series and bears much of the weight
of both the astragalus and calcaneum. The
dorsal and ventral surfaces are gently concave.
The dorsal surface of this bone is contiguous
distally with the broadly convex articular sur-
face for the fourth metatarsal. All other artic-
ular surfaces of the fourth tarsal are sharply
offset from both the dorsal and ventral sur-
faces. Medially the fourth distal tarsal artic-
ulates with the centrale and the third distal
tarsal by a complicated system of concave
and convex surfaces (Fig. 24). The proximal
articular surface is strongly concave, Later-
ally the fourth distal tarsal articulates with
the fifth distal by an extensive dorsolaterally
inclined surface. The first distal tarsal is also
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deeply concave proximally in Petrolacosaurus
and matches the length of the fourth. The
lateral surface of the fifth distal tarsal is
smoothly continuous with the narrow distal
surface, and is unfinished. This indicates that
both these surfaces articulated with the large
head of the fifth metatarsal. The fifth meta-
tarsal was, therefore, widely divergent.

The third distal tarsal not only has rela-
tively small, simple, dorsal and ventral sur-
faces, but also has extensive and complicated
articular surfaces with the centrale and the
second and fourth distal tarsals. The first and
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second distal tarsals, like the third, have
larger lateral and medial surfaces than either
the dorsally or ventrally exposed areas.

The articular surfaces between the proxi-
mal and distal elements of the tarsus extend
in a straight line roughly perpendicular to the
long axis of the pes; in addition, the proximal
surface, formed by the astragalus and calca-
neum has a rounded, strongly convex outline
and fits into the strongly concave distal artic-
ular surface formed by the centrale and the
fourth and fifth distal tarsals. The configura-
tion of the mesotarsal articulation indicates,

lem X

A GERAS

Fic. 24.—Petrolacosaurus kansensis Lane. Pes, all X 1.5. (A) Reconstruction of the left pes, in dorsal view,
based mainly on KUVP 1424 and 9951b. (B) Ventral view of the left tarsus, restored with the mesotarsal
surfaces exposed, KUVP 9951a. (C) Medial view of the right astragalus, KUVP 33606. (D) Metatarsals in

dorsal view, KUVP 9951b. Abbreviations used in this Figure:

as, astragalus; cal, calcaneum; cp, centralia

pedis; fib, articulation with fibula; tib, articulation with tibia; 1-5, distal tarsals; I-V, metatarsals,
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therefore, that hinge movement between the
proximal and distal elements is probable,
while the distal elements are solidly attached
to one another with little possible movement
between them. Similarly, in primitive capto-
rhinomorphs and pelycosaurs, a functional
mesotarsal joint may have been present, but
the corresponding articular surfaces are not
as well adapted to movement as in Petrolaco-
saurus.

The metatarsals in general resemble the
metacarpals, except that the fourth and fifth
metatarsals have large proximal ends. The
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heads of both of these metatarsals have
strongly ridged medial portions and slender
lateral portions which also extend proximally.
The proximal articular surfaces are not per-
pendicular to the long axis of the metatarsal.
The proximal ends engage each other in
characteristic overlap. This overlap is, how-
ever, more accentuated in the pes than in the
manus.

The phalangeal count, based upon the
type specimen is 2, 3, 4, 5, 4. The terminal
phalanges are modified into claws similar to
those in Paleothyris.
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PHYLOGENETIC RELATIONSHIPS
OF PETROLACOSAURUS

In the first detailed study of Petrolaco-
saurus Peabody (1952) tried to establish the
probable relationships of this animal by com-
paring it with reptiliomorph “amphibians”
(diadectids and seymouriamorphs), capto-
rhinomorph reptiles, pelycosaurian reptiles
and diapsid reptiles. He separated those
morphological features of Petrolacosaurus
that are also found in many amphibians
(shared primitive characters, or symplesio-
morphies of Hennig) from those he believed
were “progressive features” present in capto-
rhinomorphs or pelycosaurs or eosuchians
(shared derived characters, or synapomor-
phies of Hennig). His conclusion that Petro-
lacosaurus is an eosuchian diapsid reptile
rather than a pelycosaur and that it is close
to the primary dichotomy of the reptilian
radiation was generally rejected (Stovall,
Price and Romer, 1966). The reasons for this
rejection are two fold. The fossil material
available to Peabody for study was meager
and crucial portions of the skull and post-
cranial skeleton were unknown. In his analy-
sis of relationships Peabody included among
his “progressive features” many morphologi-
cal characters that later proved to be charac-
teristics of early reptiliomorph amphibians or
all early reptiles, rather than features restrict-
ed to particular reptilian taxa. For example
the suture pattern of the palate in Petrolaco-
saurus is close to that of Youngina, as indi-
cated by Peabody (1952) but is also similar
to the pattern seen in primitive captorhino-
morphs (Carroll and Baird, 1972), pelyco-
saurs, millerosaurs (Gow, 1972) and even
such reptiliomorph amphibians as Gephyro-
stegus (Carroll, 1970) and Limnoscelis
(Heaton, in press). The discovery and study
of nearly complete, well preserved specimens
of Petrolacosaurus and recent studies of other
Paleozoic reptiles (Carroll, 1964, 1969; Car-
roll and Baird, 1972; Clark and Carroll, 1973;
Gow, 1972, 1975; Heaton, 1979; Holmes, 1977;

Reisz, 1972; Vaughn, 1955) provide a strong
basis for the critical evaluation of the phylo-
genetic relationships of this unique early rep-
tile.

For the purposes of this discussion strict
monophyly for the Ammiota is assumed. It
is further assumed that the following groups
of late Paleozoic and early Mesozoic fossils
can be included within the Ammiota: pareia-
saurs, procolophonians, millerosaurs, meso-
saurs, pelycosaurs, captorhinomorphs and
“eosuchians.” In order to test rigorously hy-
potheses of relationships of the Petrolaco-
sauridac some well-tested equivalent level
phylogenetic system is needed within the
Ammiota, but this is not available. No re-
stricted outgroups can be developed either;
only an unresolved multichotomy containing
at least four of the above seven groups. It
was therefore felt that the following pro-
cedure should be pursued: Those characters
shared by most of the above early reptiles will
be considered shared primitive characters
(symplesiomorphs) for Ammiota and re-
moved from discussion when testing hypothe-
ses of relationships of Petrolacosaurus. These
characters are listed below and separated
from later discussions because retention in
Petrolacosaurus of many of these primitive
characters does not in itself indicate close
phylogenetic relationships within the Am-
miota (Hennig, 1966). Hypotheses of rela-
tionships of Petrolacosaurus will be then
presented, the basic taxa discussed and the
hypotheses tested using shared derived char-
acters.

PrivirTive CHARACTERS

(1) While pelycosaurs show exponential
increase in size during the Pennsylvanian, pro-
torothyridids, “eosuchians,” millerosaurs, mes-
osaurs and procholophonids retain almost the
same body size throughout their history
(Reisz, 1972). Among the protorothyridids
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the skull also increases in length only slightly
(Table I). The skull of the largest known
specimen of Petrolacosaurus is only slightly
longer than the skull of the largest known
protorothyridid, Protorothyris archeri.

The outline of the skull in dorsal view
resembles an isosceles triangle with a rounded
apex and with sides that bulge out slightly,
close to the base. In captorhinids, the skull
becomes bulkier and wider than in protoro-
thyridids. Among pelycosaurs a great variety
of skull outlines exists from the slender, elon-
gate skulls seen in ophiacodonts to the bulky,
wide configuration of edaphosaurs and case-
ids.

The skull profile remains relatively low.
The maximum skull width is greater than the
maximum height in any transverse section of
the skull roof. The ventral edge of the cheek
is nearly straight from the snout to the sus-
pensorium. The posterior edge of the skull
is tilted only slightly forward. In advanced
pelycosaurs, on the other hand, the skull
profile deepens in the temporal region and
the ventral edge of the cheek is often strongly
curved ventrally.

The outline of the skull in protorothyri-
dids, millerosaurs, “eosuchians” and Petrola-
cosaurus, in occipital view, resembles a trape-
zoid with rounded upper angles. The nature
of preservation of most primitive reptiles
precludes precise determination of the angle
between the cheek and the skull table. It is
only slightly greater than 100 degrees in the
captorhinomorph Protorothyris, and similar
estimates have been computed for Paleothyris
on the basis of the width of the palate and
skull table (Carroll and Baird, 1972). The
wealth of material available for the recon-
struction of Petrolacosaurus shows an angle
of 100 == 5 degrees. A more precise determi-
nation of this angle was not possible because
of the curvature of both the cheek and skull
table. In pelycosaurs other than caseids and
eothyridids the occiput is much higher than
in either protorothyridids, eosuchians, mil-
lerosaurs, or Petrolacosaurus.

(2) The interrelationship of the bones of
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the cheeks, skull table, palate, occiput and
mandible remains relatively constant in mil-
lerosaurs, protorothyridids and primitive pely-
cosaurs (Gow, 1972; Romer and Price, 1940;
Reisz, in press). Most features of this pattern
are retained in the skull of Petrolacosaurus in
spite of the morphological advances associ-
ated with cranial fenestration.

The dorsal expansion of the maxilla re-
mains moderate in most early reptiles. The
long lacrimal extends from the external naris
to the orbit, and forms a large portion of the
anterior orbital margin. Although Petrolaco-
saurus, most captorhinomorphs, millerosaurs
and primitive pelycosaurs retain this condi-
tion, in more advanced pelycosaurs, “eosu-
chians” and mesosaurs the lacrimal fails to
reach the external naris because of the dorsal
expansion of the maxilla. In most early rep-
tiles the jugal forms part of the ventral mar-
gin of the cheek. The squamosal and the
quadratojugal form the slightly convex pos-
terior margin of the cheek. The postorbital
extends to the supratemporal. The supratem-
poral bone is large in parieasaurs, procolo-
phonians, millerosaurs and primitive pelyco-
saurs. In ventral view, the occipital condyle
extends posteriorly to the level of the jaw
suspension. In protorothyridids, millerosaurs,
pelycosaurs, “eosuchians” and Petrolacosaurus,
the long pterygoids are wedged anteriorly be-
tween the vomers. Three rows of well-devel-
oped palatal teeth radiate from the basiptery-
goid area in most early reptiles; the largest
palatal teeth are present on the transverse
flange of the pterygoid. The long, relatively
narrow palatine abutts anteriorly against the
plate-like vomer that forms most of the medial
margin of the internal naris. The ectoptery-
goid is small. The parasphenoid is denticu-
late.

The paired postparietal and tabular bones
are restricted to the occiput. The occipital
condyle is located far ventrally on the occiput,
close to the level of the jaw articulation. A
large subvertical strip of the squamosal ex-
tends onto the occiput. The posterior edge
of the dorsal process of the quadrate is cov-
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Fic. 25.—Petrolacosaurus kansensis Lane. Pattern of internal cranial ridges or thickenings in (A) dorsal,
(B) ventral and (C) lateral views, % 2. Composite. See text for further explanation.
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ered by it, except in the region of the quad-
rate foramen. The dorsal process of the quad-
rate is inclined slightly anterodorsally. In
mesosaurs, early “eosuchians,” captorhino-
morphs, pelycosaurs, procolophonids there is
no otic notch. The stapes is massive and has
both a dorsal process and a footplate.

The mandible is long and slender. The
coronoid region is little expanded. There is
no retroarticular process.

(3) In most early reptiles the marginal
teeth are arranged in a single row. They are
simple conical structures, slightly recurved,
with subthecodont implantation. An anterior
food trap is partially associated with some
caniniform tooth development.

(4) Vertebrae are amphicoelous and noto-
chordal. Relatively large intercentra are con-
tinued in the tail as chevron bones. The
atlantal intercentrum is very large, has a well-
developed ventral median ridge, and a pair
of articular facets for the capitulum of the
atlantal rib. In most pelycosaurs, in millero-
saurs, “eosuchians” and captorhinomorphs
the atlantal centrum is excluded from the
ventral border of the column by the axis
intercentrum. In Hylonomus, the earliest rep-
resentative of the captorhinomorphs, the
atlantal centrum is crescentic in outline and
open ventrally. The axial intercentrum is
longer than those in the rest of the column.
In Petrolacosaurus the large axial intercen-

Paleothyris

Enthyris
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trum is ventral to the crescentic atlantal cen-
trum and is loosely attached to it. Although
these elements are disarticulated in Hylono-
mus [BM(NH)R. 4168], their relative posi-
tion was apparently similar, In all later
captorhinomorphs, however, the axial inter-
centrum and atlantal centrum are indistin-
guishably fused. The axial neural arch of
Petrolacosaurus is strongly built, and has a
large spine that extends anteriorly over the
atlas, as in the captorhinomorphs, “eosuch-
ians,” millerosaurs and pelycosaurs.

The cervical ribs have flattened, slightly
expanded ends. The sacral and anterior cau-
dal ribs are firmly attached to the vertebrae.
There are two sacral ribs.

The primitive reptilian configuration of
the girdles in early captorhinomorphs, miller-
osaurs and some pelycosaurs is also seen in
Petrolacosaurus.

The limbs are well ossified. Both proximal
and distal limb elements have thick shafts
and broad ends. The humerus has a well
developed entepicondylar foramen and a su-
pinator process. The manus and pes are rela-
tively large and broad, with a long-necked
astragalus and a plate-like calcaneum.

HyYPOTHESES OF RELATIONSHIPS

Two of the hypotheses presented and
tested here are illustrated in Fig. 26. The first
hypothesis is that Petrolacosaurus shares a

Petrolacosanrus Yonngma

Fic. 26.—Cladogram illustrating hypotheses of relationships of Petrolacosaurus. See text for further expla-

nation,
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more recent ancestor with the captorhino-
morph Paleothyris than with the synapsid
Eothyris. All synapsids could have been used
but Eothyris was selected as the representa-
tive of this group because it is the most
primitive pelycosaur and is most similar to
Paleothyris and protorothyridids. This hy-
pothesis is tested by characters 1-6 (see dis-
cussion below). The only morphological char-
acter that may falsify this hypothesis is the
presence of the lower temporal fenestrae in
both Eothyris and Petrolacosaurus. Other
significant differences in the architecture of
the skulls of these reptiles and the presence
of six shared derived characters in the un-
fenestrated Paleothyris and Petrolacosaurus
suggest that the lower temporal fenestrae in
the above taxa are not phylogenetically ho-
mologous.

The second hypothesis is that the primi-
tive diapsid Youngina shares a more recent
ancestor with Petrolacosaurus than with the
protorothyridid Paleothyris. All protorothyri-
dids could have been used as the outgroup
for the tested characters but Paleothyris was
selected because it is the most primitive, well
preserved protorothyridid, is most similar to
Petrolacosaurus and is therefore best suited
for the search of characters unique to diap-
sids. Youngina was chosen for comparison
with Petrolacosaurus because it is the best
known early “cosuchian” diapsid reptile
(Gow, 1972; Carroll, 1977) and is closest
morphologically to the latter species. In addi-
tion, there is little evidence to indicate that
the “Eosuchia” are strictly monophyletic.
Although only Youngina is shown in the clad-
ogram (Fig. 26), characters 7-14 (sce discus-
sion below) also test the hypothesis of a
monophyletic Diapsida including Petrolaco-
saurus. No characters are known that falsify
this hypothesis.

Basic Taxa

Eothyris is a small, remarkably primitive,
pelycosaur known from a single skull from
the Lower Permian of Texas. The family
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Eothyrididae, erected as a provisional group
by Romer and Price (1940), also included
the fragmentary remains of three pelycosaurs
of large size because they are “Ophiacodont
pelycosaurs, primitive in most known regards
but paralleling the higher sphenacodonts in
the development of much enlarged canines
and showing a tendency toward elongation of
the vertebral column” (Romer and Price,
1940, pp. 246-247). Both the presence of
caniniform teeth and long vertebrae represent
primitive conditions for ammiotes, and the
dental and vertebral patterns seen in the
advanced ophiacodont Ophiacodon are de-
rived conditions. Both Stereophallodon and
Stereorhachis are ophiacodont pelycosaurs
that have retained the primitive dental and
vertebral pattern and have Deen therefore
included into the family Ophiacodontidae
(Reisz, in press). Baldwinonus trux appears
to present a more difficult taxonomic problem
because the type specimen includes fragments
of large ophiacodont vertebrae and the maxilla
of a large sphenacodunt pelycosaur (pers.
obs.). The study of this material is now in
progress, but it is certain that none of the
materials associated with this species is an
cothyridid pelycosaur.

Langston, in his 1965 description of
another small cothyridid Oedaleops campi,
indicated that this species is remarkably simi-
lar to Eothyris. Oedaleops has smaller canini-
form teeth than Eothyris, similar in size to
those found in early captorhinomorphs, but
Oedaleops is peculiar in that the supratem-
poral projects slightly beyond the posterior
edge of the cheek. The exact configuration of
the posterior end of the supratemporal in
Eothyris is not known because of overprepa-
ration, This posterior projection of the supra-
temporal may represent a shared derived
character for the family, but further materials
are needed before this can be verified.

Eothyridids, represented only by the spe-
cies Eothyris parkeyi and Oedaleops campi,
are closely related to the caseid pelycosaurs
as indicated by a series of shared derived
characters (Reisz, in press). Significant
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shared primitive characters found in both
caseids and erothyridids that appear in a
derived form in all other pelycosaurs are
worth noting: The width of the skull is great-
er than the height, even in the region of the
snout: the frontal either does not extend to
the orbit (Eothyris) or the orbital margin of
the frontal is very short (Oedaleops and all
caseids ); the supratemporal bone is large and
broad. In captorhinomorphs, millerosaurs and
procolophonids the skull retains the primitive
cotylosaur pattern of a low-profile skull. This
primitive condition persists only in caseid and
cothyridid pelycosaurs. In other pelycosaurs,
the snout in the edaphosaurs, and the whole
skull in ophiacodonts, varanopsids and sphen-
acodonts becomes narrow and deep. Only in
cotylosaurs  ( Limnoscelis, Diadectes, Sey-
mouria) and the caseid and eothyridid pely-
cosaurs is the primitive pattern of the frontal
retained. In other pelycosaurs, in millerosaurs,
and in early captorhinomorphs one-third of
the dorsal orbital margin is formed by the
frontal. The broad supratemporal, a primi-
tive reptilian and cotylosaurian character is
modified in captorhinomorps, diapsids and
advanced pelycosaurs, but persists as a broad
sheet in caseids and eothyridids.
Paleothyris, the best known protorothyri-
did captorhinomorph, was described by Car-
roll (1969). This small reptile is represented
by two nearly complete skeletons and numer-
ous disarticulated specimens, all recovered
from a single Middle Pennsylvanian Sigillaria
stump from Florence, Nova Scotia. Paleothy-
ris exhibits a combination of morphological
characters that make it the least specialized
well preserved member of the family Protoro-
thyrididae. The group of small reptiles placed
within this family is characterized by the
possession of features usually considered
primitive (plesiomorphic) for the Amniota.
It is in fact difficult to find any derived char-
acters that are unique to this group. The
reasons for this are that (1) no attempt has
been made to search for morphological char-
acters that are unique to this group, (2) the
placement of the species within the family
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was based on solely primitive (“ancestral”)
characters, and (3) the osteology of most spe-
cies is based on single partially preserved
specimens, or several poorly preserved scat-
tered skeletons. Of the better known protoro-
thyridids,  Cephalerpeton  ventriarmatum
(Carroll and Baird, 1972) is specialized in
having only 16 large maxillary teeth while
Anthracodromeus longipes is specialized in
having long limbs. The most significant spe-
cialization of Coelostegus prothales is seen in
the skull roof, where the posterior margin is
deeply embayed. The Lower Permian Pro-
torothyris archeri (Clark and Carroll, 1973)
has an unusually large skull and tall neural
spines. These species probably represent sep-
arate monophyletic taxa rather than a single
monophyletic group, but better preserved
materials are needed before such an hypoth-
esis can be tested.

A series of diapsids from the later Permian
and early Triassic are placed on the basis of
primitive characters, within the order “Eo-
suchia.” They are small, and most are poorly
known. The assigned genera appear to con-
stitute a number of distinct lineages. The
main stock is represented by Youngina from
the Upper Permian Daptocephalus zone of
South Africa. This species is known from sev-
eral skulls described by Broom (1914), Olson
(1936), Gow (1975) and Carroll (1977) and
from posteranial skeletons described by
Broom (1924), Watson (1957) and Gow
(1975). The skull of Youngina is in many
significant features similar to that of Petro-
lacosaurus, including large upper temporal,
lower temporal, post-temporal and suborbital
fenestrac. There is no otic notch, but the
posterior margin of the quadrate is not cov-
ered by the squamosal. The vertebrac are
quite primitive and close to the pattern seen
in captorhinomorphs, but they also have
slightly swollen neural arches and powerful
zygapophyses, with nearly horizontal articu-
lating surfaces, as seen in Petrolacosaurus.

Heleosaurus ( Broom, 1907; Carroll, 1976a)
from the Cistecephalus zone, is known from
a single partially preserved specimen appar-
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ently combining primitive “eosuchian” fea-
tures with a number of highly specialized, and
possibly archosaurian, adaptations. In this
specimen only the palate, marginal bones of
the cheek region, lower jaws, an articulated
series of presacral vertebrae and ribs, dermal
armour-plates along the vertebral column, in-
complete girdles and femora are preserved.
The known parts of the skull of Heleosaurus
are similar to the corresponding parts in
Petrolacosaurus and Youngina despite the the-
codont marginal dentition. Heleosaurus also
resembles Petrolacocaurus in a number of
postcranial features including elongated cer-
vical vertebrae with long prezygapophyses,
tilted centrosphenes, mammillary processes on
the neural spines and well-developed ventral
keels. According to Carroll (1976a) the fe-
mur in Heleosaurus is far advanced from the
primitive reptilian configuration, in correla-
tion with an upright posture. Careful exami-
nation of the specimen reveals, however, that
the exposed posterior surface of the femur
was mistakenly identified by Carroll as the
ventral surface. The exposed surfaces of both
the proximal and distal heads and the curva-
ture of the femur correspond closely to those
of primitive captorhinomorphs and is not spe-
cialized in the manner suggested by Carroll.

Another genus from the Cistecephalus
zone, Galesphyrus, was originally described
by Broom (1915) as a therapsid, but its
“eosuchian” nature has since been recognized
by Romer (1966) and Carroll (1976b). Al-
though this small reptile is known only from
two incomplete posteranial skeletons it has
been associated with the “Eosuchia” on the
basis of general similarities in size and pro-
portions to Youngina, and the particular simi-
larities of the vertebral, carpal and tarsal
structures. Many of these morphological
characters are also seen in Petrolacosaurus.

The posteranial skeleton of a new “eosuch-
ian” reptile, Kenyasaurus, from the Triassic
beds near Mombasa, Kenya has been de-
scribed by Harris and Carroll (1977). The
type specimen of Kenyasaurus has a series of
articulated vertebrae that extend from the

posterior end of the pectoral girdle to the tip
of a long tail. Crushing makes interpretation
of the trunk vertebrae difficult, but it appears
that, as in Petrolacosaurus, the neural arches
are massively built, the zygapophyses extend
far laterally and the articular surfaces for the
ribs in the anterior dorsal region are elongate
with expanded dorsal and ventral ends. Al-
though the preserved appendicular skeleton
of Kenyasaurus is in some features similar to
that of Petrolacosaurus, the forelimb is spe-
cialized in having a wide paddle-like humerus
and the fifth tarsal appears to have fused to
the fourth tarsal.

A number of primitive, but apparently dis-
tinct aquatic eosuchians from the Lower
Triassic of Tanzania and Madagascar are cur-
rently being described by Mr. Philip J. Currie
at the Provincial Museum of Alberta, Edmon-
ton. The early descriptions by Haughton
(1924) and Piveteau (1926) reveal little de-
tail, but show general posteranial proportions
similar to those noted in Petrolacosaurus.

Prolacerta (Camp, 1945; Gow, 1975) from
the Lower Triassic Lystrosaurus zone of South
Africa represents yet another “eosuchian”
lineage. Although the skull of Prolacerta has
an unusual combination of lizard-like and
thecodont-like features, it also shares a large
number of primitive characters with Youngina
and Petrolacosaurus. There is a well devel-
oped upper temporal fenestra, but the lower
temporal bar is absent, Although there is an
otic notch formed by the quadrate, the squa-
mosal extends far ventrally, preventing strep-
tostyly. Well developed post-temporal and
suborbital fenestrae are also present. The
dentition is apparently thecodont (Gow,
1975), although the anterior and posterior
edges of the teeth are not serrated. The post-
cranial skeleton of Prolacerta is surprisingly
similar to that of Petrolacosaurus. The atlas-
axis complex and the other cervical vertebrae
are nearly identical, the configuration of cervi-
cal, dorsal and sacral ribs and their pattern
of articulation are similar. In contrast to the
condition in Petrolacosaurus, the caudal re-
gions of Prolacerta and Youngina are short
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and the laterally directed ribs appear to be
firmly fused to the centra. The pelvic girdle
is similar to that of Petrolacosaurus. The limbs
are lightly built, with the distal paired limb
elements equal in length or longer than the
proximal elements. The tarsus of Prolacerta
is derived compared to Petrolacosaurus in
lacking a discrete fifth tarsal bone and in
having a hooked fifth metatarsal.

This group appears to have the equiva-
lent position among diapsid reptiles as the
eothyridids have had among pelycosaurs
(Romer and Price, 1940)—a provisional “gar-
bage bag” assemblage of primitive forms. As
it now stands the “Eosuchia” has no taxonomic
validity because it cannot be defined in terms
of shared derived characters not found in any
other group. Until this group is thoroughly
reviewed, and proper diagnosis provided, no
new forms should be placed within it.

SHARED DERIVED CHARACTERS TESTING
THE HYPOTHESIS OF RELATIONSHIP
BeTweEen Petrolacosaurus Axp
Paleothyris.

The following characters correspond to
characters 1-6 in Fig. 26.

1.—Loss of contact between the postorbi-
tal and supratemporal. In Eothyris, other
pelycosaurs, millerosaurs and other early am-
niotes the postorbital has a long posterior
process that extends to the supratemporal.
None of the ecaptorhinomorphs, Petrolaco-
saurus or diapsids show this primitive condi-
tion, and the loss of contact between these
bones is considered derived for captorhino-
morphs and diapsids.

2—Reduction in the size of the supra-
temporal bone. In Eothyris and most pelyco-
saurs, in millerosaurs and even in cotylo-
saurian “amphibians” the supratemporal is a
large sheet of bone wedged between elements
of the skull table. In Paleothyris, captorhino-
morphs, and in Petrolacosaurus and other
primitive diapsids this bone is modified into
a small, slender element generally located in
a shallow trough of the parietal bone. This

condition is considered derived for capto-
rhinomorphs and diapsids. In carnivorous
pelycosaurs the same advanced pattern is
seen, but is probably arrived to independently
within the synapsids.

3.—Reduction in size or loss of the tabular
bone. In Eothyris, and all other pelycosaurs
the tabular bone is a large sheet located on
the occiput. In Paleothyris, and other protoro-
thyridid captorhinomorphs, in Petrolacosaur-
us, Youngina and some other diapsids the
tabular bone is greatly reduced in size, a con-
dition considered derived for these forms. In
captorhinid captorhinomorphs and in many
diapsids the tabular bone is lost.

4.—Proximal and distal limh elements are
elongate and lightly built. In primitive pely-
cosaurs (Reisz, in press) the limb elements
are relatively thick and massively built. Be-
cause the postcranial skeleton of Eothyris is
unknown, no direct comparison is possible.
In both Paleothyris and Petrolacosaurus the
proximal and distal limb elements the shaft
is exceedingly slender, usually less than 10 per
cent of the length; the extremities of the bones
are also reduced in size, with the areas of in-
sertion and origin of muscles important in the
power stroke and recovery concentrated near
the ends. Although this condition is consid-
ered advanced for these forms, the heavy
captorhinid captorhinomorphs and the aquatic
diapsids appear to have secondarily acquired
massive limbs.

5—The crus and pes are narrow and long
with overlapping metatarsals and metacar-
pals. In most pelycosaurs (Romer and Price,
1940) the pes and crus are broad and the
metatarsals and metacarpals do not overlap.
In both Paleothyris and Petrolacosaurus as
well as most protorothyridid captorhino-
morphs and primitive non-aquatic “eosuchian”
diapsids, the crus and pes are narrow and
thus the proximal heads of the metacarpals
and metatarsals overlap extensively. Although
this condition is considered derived for the
above forms, captorhinid captorhinomorphs
appear to have either retained or secondarily
developed the primitive condition.
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6.—Presence of a single centrale in the
pes. In most pelycosaurs (Romer and Price,
1940) two centralia pedis are present. In
Paleothyris, as reconstructed by Carroll
(1969), there is a tiny lateral centrale, but
the medial centrale has the outline of a pea-
nut. This suggests that the tiny lateral ele-
ment may have been an artifact and the much
larger unusually shaped centrale represents
the fusion of the two centrale seen in pelyco-
saurs. In all other captorhinomorphs, in Petro-
lacosaurus and in diapsids a single large
centrale is present, considered to represent
the derived condition, In a few advanced
carnivorous pelycosaurs the same derived
condition has been observed, but this prob-
ably represents convergence.

SHARED DERIVED CHARACTERS TESTING
THE HYPOTHESIS OF RELATIONSHIP
BeETwWEEN Petrolacosaurus ANp Youngina

The following characters correspond to
characters 7-14 in Fig. 26.

T.—Presence of superior temporal fenestra.
The most significant departures in Petrolaco-
saurus, Youngina and other “eosuchian™ diap-
sids from the captorhinomorph skull pattern
involve the development of fenestrae in the
skull roof. The upper and lower temporal
fenestrae, typical of diapsid reptiles, have the
same position and orientation in Petrolaco-
saurus as in Youngina. The lower temporal
fenestra is, however, similar to that in Eothy-
ris. The derived characters listed in the pre-
vious section shared by the unfenestrated
Paleothyris and the diapsid Petrolacosaurus
with Eothyris as the outgroup suggests that
the lower temporal fenestrae in the latter two
species developed independently.

8.—The shape and interrelationship of the
circumfenestral bones are modified as a result
of diapsidy. In Petrolacosaurus the postorbital
is triradiate in outline as in Youngina, Prola-
certa (Camp, 1945; Gow, 1975), Euparkeria
(Ewer, 1965) and numerous other diapsids.
The dorsal ramus of the postorbital is in con-
tact with a small lateral projection of the
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parietal. The ventral ramus extends down
onto the anterodorsal margin of the jugal and
the posterior ramus of the postorbital comes
in contact with the squamosal forming the
anterior half of the intertemporal bar. In
Prolacerta, and even in the “eosuchian” de-
rivatives, Kuhneosaurus (Robinson, 1962) and
Euparkeria, where the skulls are known in
great detail, specific relationships of the post-
orbital to surrounding bones are the same
as in Petrolacosaurus, despite differences in
other cranial features. In all four genera, the
dorsal ramus of the postorbital sends a small
wedge between the parietal and the post-
frontal. The anteroventral ramus replaces
much of the postfrontal and jugal in forming
the posterior margin of the orbit, and extends
far down onto the inside surface of the latter
element, close to the jugal-ectopterygoid su-
ture.

The lateral portion of each parietal is also
modified as a result of fenestration. In capto-
rhinomorphs the contact between the parietal
and the postorbital and squamosal is exten-
sive. In Petrolacosaurus, as in Youngina and
all other diapsids, these contacts are greatly
reduced and the lateral margin of the parietal
is deeply emarginated to form much of the
edge of the superior temporal fenestra. In
addition, the parietal in Petrolacosaurus has
a narrow lateral process that forms the antero-
ventral corner of the upper temporal fenestra,
a condition also seen in Prolacerta, Kuhneo-
saurus and Euparkeria.

In Prolacerta, Euparkeria and Kuhneo-
saurus a well developed flange of the parietal
is directed ventrolaterally, roughly parallel to
the direction of the adductor muscle action.
The condition in Youngina, where the parietal
has a very small ventrolateral process, prob-
ably represents an intermediate stage between
Petrolacosaurus and the Triassic diapsid rep-
tiles. A well developed ventrolateral process
of the parietal is also seen in modern lizards
and Sphenodon. 1t is to the dorsal surface of
this flange that much of the adductor muscu-
lature is attached. This adaptation represents
a secondary stage in the evolution of the
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upper temporal fenestra and probably devel-
oped in response to the need for more secure
muscle attachment. The presence of the
temporal opening provided the opportunity
of attaching muscle fibers to the outside sur-
face of the parietal. A similar development is
seen in advanced mammal-like reptiles, where
the adductor musculature also invades the
dorsal surface by passing through the lateral
temporal opening. This occurs long after
initial fenestration and extensive adaptive
radiation of early mammal-like reptiles—the
pelycosaurs.

The squamosal of Petrolacosaurus, al-
though retaining its plate-like configuration,
is modified anteriorly and dorsally to form
the margins of the temporal openings and the
intertemporal bar. As in Youngina and all
other diapsids, the contact between the squa-
mosal and the postorbital is much reduced
over the condition in captorhinomorphs. The
posterior part of the jugal is modified from a
plate-like sheet to two relatively narrow bands
that extend dorsally and posteriorly. The
large suture between the jugal and squamosal
of captorhinomorphs is replaced in Petrolaco-
saurus by the lower temporal opening.

9.—Presence of a well developed suborbi-
tal fenestra. Elongate, well developed sub-
orbital fenestrae are seen in Petrolacosaurus,
Youngina and all other diapsids. No suborbi-
tal fenestrae are present in Paleothyris, capto-
rhinomorphs or pelycosaurs.

10.—The maxilla, palatine, ectopterygoid
and jugal bones and their interrelationships
are modified as a result of the presence of the
suborbital fenestra. As in Youngina, Heleo-
saurus and other diapsids the suture between
the cheek (maxilla) and the palate (palatine
and ectopterygoid) in Petrolacosaurus is in-
terrupted by the suborbital fenestra. The
suture between the palatine and maxilla is
reduced in length and part of the alveolar
shelf of the maxilla is smooth. The ectoptery-
goid in Petrolacosaurus is smaller than in
Paleothyris and other protorothyridids (Car-
roll and Baird, 1972) and has a robust lateral
projection. The contact between the ecto-
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pterygoid and the cheek is greatly reduced,
as the jugal develops a small oval medial
process for attachment to the lateral process
of the ectopterygoid. There is no contact
between the ectopterygoid and the maxilla.
The same arrangement is found in Youngina,
Heleosaurus, Euparkeria and even Kuhneo-
saurus. In Paleothyris and other protorothy-
ridids the palato-maxillary suture extends to
the posterior end of the palatine. In addition,
it is probable that the ectopterygoid also
attached suturally to the maxilla, since in
these forms the ectopterygoid was a posterior
extension of the plate-like palatine (Carroll,
1969). In captorhinids the ectopterygoid is
lost, and the maxillary contact with the ecto-
pterygoid is replaced by a strong contact
between the jugal and the pterygoid (Heaton,
1979). In advanced pelycosaurs such as Di-
metrodon, the jugal also comes to brace the
pterygoid, while the ectopterygoid-maxilla
suture is reduced.

11.—A pair of well developed post-tem-
poral fenestrae are bounded in Petrolaco-
saurus, by a narrow occipital flange of the
squamosal, the small tabular, the supraoccipi-
tal and the well developed paroccipital proc-
ess of the opisthotic. In Youngina these fenes-
trae are somewhat larger than in Petrolaco-
saurus, but are of fundamentally similar con-
figuration. In Paleothyris and primitive cap-
torhinomorphs the occiput is poorly known,
but the post-temporal fenestra appears to be
much smaller than in Petrolacosaurus (Car-
roll, 1969). In pelycosaurs the post-temporal
fenestra is greatly reduced as a result of the
plate-like configuration of the tabular and of
the supraoccipital-opisthotic complex (Romer
and Price, 1940, Fig. 8).

12.—The relative size of the skull, as indi-
cated by the ratio between the length of the
skull and trunk, is considerably smaller in
Petrolacosaurus than in Paleothyris and cap-
torhinomorphs, and is similar to that in
Youngina and Heleosaurus. The postorbital
region of the skull is much reduced in Petro-
lacosaurus and Youngina. The orbits in
Petrolacosaurus, Youngina and other early
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diapsids are, on the other hand, relatively
larger than in captorhinomorphs.

13.—The limbs are long. The humerus
and femur in Petrolacosaurus are equal in
length to about seven mid-dorsal vertebrae.
In Youngina and Kenyasaurus the femora re-
tain the same relative length, but the humeri
are relatively shorter, equal in length to about
five trunk vertebrae. In Paleothyris and most
primitive captorhinomorphs the femora and
humeri are equal in length to from 4.5 to 5
dorsal vertebrae. In “eosuchians” the radius
and ulna, tibia and fibula are nearly equal to
(Youngina Galesphyrus, Kenyasaurus) or
even longer than the humerus and femur re-
spectively (Prolacerta). The distal end of
the tibia of the above genera is relatively
much larger than that of the captorhinomorph
Paleothyris, suggesting a firmer joint with the
astragalus.

14.—Locked tibio-astragalar joint. The
pes of Petrolacosaurus is generally similar to
that of Galesphyrus, Prolacerta, Kenyasaurus,
and Tangasaurus (the pes of Youngina is
poorly known) except for the relatively large
size of the proximal elements (Carroll, 1977).
The tibial facet of articulation on the astra-
galus of Petrolacosaurus, formed by two lon-
gitudinal ridges separated by a deep trough
fits snugly onto the distal articular surface of
the tibia to form a firm, locked joint. This
configuration can be detected only if the
tarsus is exposed in ventral or medial views.
Thus, only Petrolacosaurus and Kenyasaurus
are now known to have this character, but it
is probable that other “eosuchians” have the
same pattern. No pelycosaur, millerosaur or
captorhinomorph has this advanced condition.

Petrolacosaurus CompAreDp WiTH
Araeoscelis

The reptile Araeoscelis from the Lower
Permian of Texas has been often allied by
Romer (1956, 1966) and Williston (1925)
with a group of poorly known late Permian
and early Triassic genera, referred to as pro-
torosaurs. Both Vaughn (1955) and Carroll
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(1969) felt, however, that Araeoscelis and a
closely related form, Kadaliosaurus from the
Lower Permian of Europe, should be placed
within the captorhinomorphs on the basis of
their similarities to the primitive captorhino-
morphs.

Vaughn (1955) has also recognized the
possibility that Araeoscelis and Petrolaco-
saurus are closely related and suggested that
they may belong within the same family. In
fact, these genera resemble each other so
closely that there is no doubt about their
close relationship in spite of some apparently
significant differences in their skulls. These
two reptiles differ only in a few osteological
features.

The dentition in Araeoscelis is robust and
shows some cusp development in contrast to
the delicate, piercing type of dentition seen
in Petrolacosaurus. In association with this
adaptation to a different type of diet, the
massive prefrontal extends down to the max-
illa and excludes the thin lacrimal from the
orbit. The postorbital has a long posterior
projection that reaches the supratemporal. A
recently uncovered specimen of Araeoscelis
confirms Vaughn’s interpretation of only up-
per temporal fenestrae in the postorbital por-
tion of the skull roof. The postorbital region
of the skull is very deep with the articulation
between the jaws far below the level of the
maxilla. The occipital plate as restored by
Vaughn (1955), is somewhat more extensive
than in Petrolacosaurus and the post-temporal
fenestra are therefore small. This interpreta-
tion is based on a single, poorly preserved
occiput in an immature specimen. The lower
jaw is also relatively massive. All these dif-
ferences in cranial morphology may be adap-
tations of Araeoscelis to a different diet from
the insectivorous Petrolacosaurus.

The atlantal centrum in Araeoscelis is in-
distinguishably fused to the axial intercen-
trum, a condition which is somewhat ad-
vanced over that in Petrolacosaurus. There
are nine elongate cervical vertebrae in Araeo-
scelis, according to Vaughn's reconstruction
versus six in Petrolacosaurus. The neural
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arches of the two genera differ in that those
of Araeoscelis have lower neural spines and
the diapophyses and parapophyses are widely
separated in the dorsal region of the column,
with no bony web to connect them. The
girdles are very similar; the only distinguish-
ing features are the wider scapular blade in
the pectoral girdle and the ischiadic notch of
the pelvis in Petrolacosaurus. The limbs in
Araeoscelis are slightly more specialized than
in Petrolacosaurus in the presence of a fully
enclosed ectepicondylar foramen on the hu-
merus versus a supinator process, in having
a more slender femur, a cnemial process on
the tibia and in occasional fusion of the fourth
and fifth tarsals. These few osteological dif-
ferences in the postcranial skeleton can be
readily accounted for by the fact that Petro-
lacosaurus is the larger (therefore requires
relatively more bony support) and geologi-
cally older animal (therefore more primitive
in structure).

Clearly Petrolacosaurus and Araeoscelis
are closely related, with the younger genus
specialized to a diet that necessitates a
stronger, more massive skull. There are three
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possible ways of interpreting the morphologi-
cal characteristics of these two genera: (1)
they evolved separately from an unfenestrated
ancestor which already achieved some of the
postcaptorhinomorph skeletal features shared
by both genera; (2) they evolved from a rep-
tile with an upper temporal fenestra, by
strengthening the skull in the line leading to
Araeoscelis, and by lightening the skull and
also developing a lower temporal fenestra in
the line leading to Petrolacosaurus; (3) Arae-
oscelis evolved from a diapsid condition like
that of Petrolacosaurus by closure of the lower
temporal fenestra during adaptation to a dif-
ferent diet.

Similarities in the configuration of the
upper temporal fenestra and of the suborbital
fenestra suggests that one of the latter two
possibilities may be valid. A more precise
interpretation of the taxonomic position of
Araeoscelis and the evolutionary relations of
the two genera must await the results of a
study (now in progress) of two recently dis-
covered and well preserved skeletons of
Araeoscelis.
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HEARING IN PETROLACOSAURUS AND
OTHER EARLY REPTILES

Advanced cranial osteological features of
late Permian and early Triassic “eosuchians”
include modifications of the posterior margin
of the cheek, the stapes and the posterior end
of the mandible. The posterior border of the
squamosal in Youngina does not completely
cover the dorsal process of the quadrate, so
that this bone is visible in lateral view. The
posterior border is slightly concave. The
shaft of the stapes is slimmer than in capto-
rhinomorphs and Petrolacosaurus. This ar-
rangement of a light stapes and a slightly con-
cave quadrate is somewhat similar to that
seen in modern lacertilians, where the strong-
ly notched quadrate supports a tympanic
membrane. It has therefore been assumed
that Youngina had a tympanum. The condi-
tion in Euparkeria and Prolacerta is even
closer to that seen in living lizards. The con-
cavity of the posterior edge of the quadrate
is much stronger than in Youngina, there is
a well developed retroarticular process and
the stapes is reduced to a slender rod.

In Petrolacosaurus, on the other hand, the
squamosal forms the slightly convex posterior
border of the skull and the dorsal process of
the quadrate is completely covered. The stapes
is massive (Figs. 5 and 13).

Consideration of the functional implica-
tions of structures observed in early reptiles
is impossible without comparisons with living
forms. Although generalizations about the
middle ears in living reptiles are tenuous
because of the morphological differences seen,
even within families, certain overall charac-
teristics can be noted in forms which are
sensitive to airborne sound. Reptiles sensitive
to airborne sound have a well-developed tym-
panum held taut by extensive bony support.
The areal ratio between the tympanum and
stapedial footplate is large (at least 30 to 1)
and the mass of the stapes is low. The stapes
is typically a slender osseous rod with a
slightly expanded footplate that is suspended

within the oval window (Werner and Wever,
1972).

In lizards the quadrate, freed from its
squamosal cover, forms the strongly notched
posterior border of the cheek. In addition,
the lower jaw extends backward, beyond the
articulation between the quadrate and articu-
lar. In most extant lizards the strongly
notched quadrate and the retroarticular proc-
ess of the lower jaw support a large tympanic
membrane. The posterior border of the tym-
panum is in part supported by the M. de-
pressor mandibularis which originates from
the top of the occipital plate of the skull and
inserts on the posterior end of the retroarticu-
lar process. Because similar osteological fea-
tures are seen in such Triassic diapsids as
Prolacerta, Euparkeria, Kuhneosaurus, Paleo-
gama and Paliguana, it is possible that in
these forms the quadrate and the retroarticu-
lar process supported a relatively large tym-
panum. None of these structural features are,
however, seen in Petrolacosaurus, captorhino-
morphs or even pelycosaurs. There is neither
a notch at the posterior edge of the cheek,
nor a posteriorly directed retroarticular proc-
ess. Under these conditions, the M. depressor
mandibularis had to hug the posterior border
of the skull as it extended down to the lower
jaw. There was therefore, no place for the
tympanum. There is no evidence for any
bony support for a tympanum. This support
would be needed to maintain high membrane
elasticity in the hydraulic and curved-mem-
brane level action of the middle ear mechan-
ism (Wever and Werner, 1970; Manley,
1972).

All these features indicate that there could
be no tympanum in Petrolacosaurus, capto-
rhinomorphs or pelycosaurs. Vaughn (1955),
Hotton (1959) and Parrington (1955) have
suggested that the tympanum in primitive
reptiles were located more medially and were
connected to the outside by an external audi-
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tory meatus. These reconstructions did not
take into account that the tympanum had to
be located at the distal end of the stapes
and that the suggested locations of the tym-
panum were occupied by extensive cranial
and neck musculature.

In captorhinomorphs, pelycosaurs and
Petrolacosaurus the stapes is very massive and
is firmly attached both to the quadrate and
the braincase. Its higher inertia makes initia-
tion of movement much more difficult than
in modern forms. The footplate of the stapes
is also very large. This makes high areal ra-
tios between a tympanic membrane and
stapedial footplate impossible. To achieve
comparable areal ratios to those seen in mod-
ern reptiles, the tympanum would have to be
too large to fit anywhere behind the skull.
It is even more significant that the large
footplate was fitted within a bony socket of
the braincase, the fenestra ovalis externa
(Heaton, 1979), and that the distal end of
the stapes was probably continued in a short
cartilaginous process that fitted in the stape-
dial recess of the quadrate. All of this indi-
cates that the stapes could not form an ef-
fective link within a mechanical transducer
system sensitive to airborne sounds. Although
Hotton attempted to show that the massive
stapes of Dimetrodon can be activated by a
relatively small membrane, his poorly cali-
brated experiments (1959, Fig. 1B) provide
no useful evidence in this regard. No attempt
was made during the experiments to establish
the intensity of airborne sound. In addition,
the model was not intended to approach the
structural pattern of the middle ear of any
reptile.

The middle ear in captorhinomorphs, pely-
cosaurs and Petrolacosaurus could not func-
tion as in most modern reptiles. In modern
reptiles a highly effective mechanical trans-
ducer amplifies small sound pressures im-
pinging upon a large tympanic membrane
into strong pressures exerted at the fenestra
ovalis. Without an effective transducer mech-
anism the great difference in impedances of
air and inner ear could not be compensated,

and most of the aerial sound impinging upon
the inner ear through various pathways would
not be transmitted, but absorbed and re-
flected (Wever and Lawrence, 1954). We
would, therefore, expect the ear of these
primitive reptiles to be insensitive to airborne
sound.

In spite of the supposed relative in-
sensitivity of the primitive reptilian type of
ear to airborne sound, there is little doubt
that with reduction of stapes mass and the
development of bony support for a tympa-
num, the ability of the ear to perceive low
frequency airborne sounds would greatly in-
crease. The presence in Euparkeria and Pro-
lacerta of a light stapes and a large area for
a bone supported tympanum, suggests that
these genera have already achieved higher
sensitivity to airborne sounds than captorhino-
morphs, or Petrolacosaurus.

It is relatively easy to derive the structural
condition of the ear region of Prolacerta and
Euparkeria from that in captorhinomorphs or
Petrolacosaurus. The lightening of the stapes,
the loss of the squamosal cover of the pos-
terior end of the quadrate and the associated
notching in the quadrate are related with
the middle ear’s increasing efficiency as a
mechanical transducer. The development of
a retroarticular process may, however, have
the dual advantage of (a) increasing the
mechanical advantage of the M. depressor
mandibularis, and (b) increasing the effi-
ciency of the middle ear by both increasing
the available surface area between the quad-
rate and the M. depressor mandibularis, and
by providing better support for the ventral
part of the tympanum. What conditions
would lead to selection of a middle ear sensi-
tive to airborne sound? Vocal communica-
tion has been cited as a possible factor (Man-
ley, 1973). The fossil evidence indicates that
middle ears with efficient transducer mechan-
isms developed from the captorhinomorph
condition at least three times (therapsids,
“eosuchians” and chelonians).

Studies now in progress (Heaton, pers.
comm.) indicate that the stapes in primitive
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reptiles braced the braincase against the quad-
rate in a metakinetic skull. In the lineage
giving rise to lizards anterior rotation of the
braincase relative to the skull roof (metakine-
sis) was limited by the development of ac-
cessory structures on the supraoccipital and
parietal and, to a lesser extent, by the full
ossification of the paroccipital process, there-
by freeing the stapes from its supportive
function. Once freed, the stapes become a
hearing ossicle. The condition seen in Petro-
lacosaurus may represent the first stage in the
sequence, where the stapes is still massive,
but in contrast to the condition seen in primi-
tive captorhinomorphs, the paroccipital proc-
ess is fully ossified and extends far laterally.
Youngina would represent an intermediate
stage, where several modifications of the ear
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region are taking place. The type specimen
of Youngina capensis shows that the squa-
mosal no longer covers the posterior margin
of the quadrate, and the posterior margin of
the quadrate is slightly concave, but not
notched. The type of Youngopsis rubidgei
has a stapes with a relatively slender shaft
and the paroccipital process extends dorso-
laterally to a notch between the squamosal
and the quadrate. Both Youngina and Heleo-
saurus have very short retroarticular proc-
esses. It is unlikely, however, that a tympa-
num was present in these “eosuchians.” The
condition seen in Prolacerta, Palacagama and
Euparkeria represent the final stages in this
sequence, where the osteological modifica-
tions necessary for having a middle ear sensi-
tive to airborne sound have been completed.
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CONCLUSIONS

The detailed study of the osteology of the
Pennsylvanian reptile Petrolacosaurus kan-
sensis adds to our understanding of the anat-
omy of early reptiles. A good knowledge of
the osteology of this form also permits de-
tailed comparisons with other Paleozoic rep-
tiles.

Several authors have suggested that Petro-
lacosaurus should be allied with pelycosaurs.
This association is invalid for the following
reasons: As already indicated, the morpho-
logical features in which this reptile is de-
rived (the synapomorphies of Hennig) over
the captorhinomorph pattern are not at all
similar to the derived features seen in pely-
cosaurs. The similarities between Petrolaco-
saurus and early pelycosaurs are mostly
primitive characters, also shared with the
captorhinomorphs. In addition it has been
argued (Reisz, 1972) that the lower temporal
opening seen in the pelycosaurs developed
in response to selection for more efficient use
of the jaw musculature in forms of increasing
body size. The skulls of the Middle and Up-
per Pennsylvanian pelycosaurs are larger and
considerably more massive than the skulls
of either Petrolacosaurus or early captorhino-
morphs. Early pelycosaurs were, therefore,
able to include into their food supply animals
of greater size, and were probably able to
feed upon captorhinomorphs and other small
contemporary tetrapods. In the postcranial
skeleton, pelycosaurs show advances over the
primitive captorhinomorph pattern that can
be readily attributed to accommodation for
the greater body size. Petrolacosaurus, on the
other hand, evolved in a completely different
direction. Its diapsid skull configuration prob-
ably developed in response to the selective
advantage of maintaining a relatively small,
light-weight skull at the end of a long neck.
The postcranial features indicate that Petro-
lacosaurus was more agile than the capto-
rhinomorphs or pelycosaurs. The combination

of a relatively small, lightly-built skull and

greater agility suggest that this reptile adapt-
ed to a somewhat different food supply than
captorhinomorphs and pelycosaurs. It is dif-
ficult to specify what food was selected, but
it is probable that Petrolacosaurus fed mainly
on terrestrial arthropod invertebrates.

Close phylogenetic relationships of Petro-
lacosaurus to early “eosuchians” are indicated
by derived characters in common with
Youngina, Galesphyrus, Heleosaurus, Kenya-
sauras, and Prolacerta. Most derived petrola-
cosaurid features, not seen in either capto-
rhinomorphs or pelycosaurs, are found in
Youngina. The similar pattern of fenestration
in the skulls of Petrolacosaurus and Youngina
is the most significant of these advanced fea-
tures. Youngina and other diapsids are more
advanced than Petrolacosaurus in some cra-
nial features, but the latter genus is geologi-
cally much older, and understandably more
primitive. The most significant of these spe-
cialized features, not found in Petrolaco-
saurus, involve osteological modifications to-
wards development of a middle ear system
sensitive to airborne sound. There is evidence
to indicate that such modifications in the re-
gion of the ear may have been initiated by
the adaptations already seen in Petrolaco-
saurus. Similarities in function, shape and
orientation of the temporal openings and the
interrelationship of the circumfenestral bones
are strong indications that the upper and
lower temporal fenestrae in Petrolacosaurus,
Youngina and other diapsids are phylogeneti-
cally related.

The erection of the family Petrolacosauri-
dae by Peabody (1952) is valid because there
are several derived characters that can be
used to define this taxon. These derived char-
acters are: an unusually slender, lightly built
premaxilla, unusually thin walled marginal
dentition, six elongate cervical vertebrae,
mammillary processes on the neural arch of
the first sacral vertebra, a well developed
ischiadic notch and forelimbs equal in length
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to hindlimbs. Placement of the family Petro-
lacosauridae at the base of the order “Eo-
suchia” (Peabody, 1952; Reisz, 1977) is how-
ever inappropriate because the latter taxon
is undefined. The inclusion of early diapsid
reptiles into the order “Eosuchia” solely on
the basis of characters that are primitive for
diapsids is invalid. Both the best known
“eosuchian” family, the Younginidae and the
order “Eosuchia” therefore need to be re-
viewed and testable hypotheses of relation-
ships constructed before their phylogenies can
be reevaluated.

Acceptance of Petrolacosaurus as the old-
est known diapsid reptile indicates a long
hiatus in the fossil record of the diapsid
radiation between its first evidence in the late
Pennsylvanian and the subsequent differentia-
tion in the late Permian. The extent of the
early Triassic diapsid radiation confirms that
the origin of the group should be sought
much earlier, probably well within the Paleo-
zoic, as Petrolacosaurus appears to substan-
tiate, but the intervening gap is puzzling.

The conditions of preservation and the
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nature of the fossils at Garnett, Kansas sug-
gest that Petrolacosaurus and other terrestrial
tetrapods, invertebrates and plants were
washed into a quiet lagoon from dry ground
(Peabody, 1952). The gap in the fossil rec-
ord may indicate that the early diapsids lived
in environmental conditions which were not,
under normal conditions, conductive to pres-
ervation—areas away from standing water,
or that areas where they may have been
buried have either been eroded away or not
exposed by erosion.

Recent studies of Upper Permian and
Lower Triassic diapsid reptiles from South
Africa (Carroll, 1975, 1976, 1977; Gow, 1975;
Harris and Carroll, 1977) and a preliminary
examination of Permo-Triassic diapsids from
Madagascar and Tanzania, show that this
stage of the diapsid evolution is far more
complicated and extensive than formerly be-
lieved. A more complete picture of the early
diapsid adaptive radiation is required in order
to understand fully how Petrolacosaurus re-
lates to later diapsids.
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SUMMARY

Fossil evidence indicates that Petrolaco-
saurus kansensis, a primitive diapsid reptile
from the Upper Pennsylvanian of Garnett,
Kansas presents a combination of morpho-
logical features that place it near the base
of subsequent diapsid lineages, while also
evidencing close relationships to capto-
rhinomorph reptiles. Shared derived char-
acters (synapomorphies) of diapsids and
Petrolacosaurus include the presence of well
developed superior and inferior temporal,
occipital and suborbital fenestrae. Close
phylogenetic relations between Petrolaco-
saurus and protorothyridid captorhinomorph
reptiles is indicated by the following shared
derived characters: the supratemporal is
reduced to a small narrow sliver of bone
that lies in a shallow groove formed by the
parietal and squamosal, the postorbital does
not reach the supratemporal, the tabular is

small, and the limbs are lightly built. Com-
parison of this species with captorhinomorphs
and other early reptiles indicates that the
diapsid skull configuration may have devel-
oped in response to the selective advantage
of maintaining a relatively small, light weight
skull at the end of a long neck. The con-
figuration of the ear region in both primitive
captorhinomorphs and Petrolacosaurus indi-
cates that these animals were insensitive to
airborne sounds. There is, however, evidence
to suggest that the selective forces for modi-
fications towards development of a middle
ear system sensitive to airborne sounds may
have been initiated in Petrolacosaurus.
Petrolacosaurus is the only described
member of a distinct family of diapsid rep-
tiles whose exact position is difficult to ascer-
tain until the younger diapsids, commonly
called the “eosuchians,” become better known.
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Fic. 1.—Petrolacosaurus kansensis. Reconstruction of skeleton, % 0.75. Composite.





