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SYNOPSIS. Past approaches to understanding the evolution of locomotory strate-
gies among Paleozoic amniotes (‘‘primitive reptiles’’ of previous parlance) have
been influenced by preservational bias: early occurrences of some amniote taxa
were used to polarize the acquisition or development of locomotory structures
among the earliest amniotes. Using a phylogeny representing the current consensus
in the literature, we investigate the major locomotory strategies that have been
posited for Paleozoic amniotes (basal synapsids on one hand and early reptiles on
the other) by optimizing the major locomotory styles identified for these taxa onto
the consensus tree, in order to present an overview of the pattern of evolution of
locomotory strategies inherited and adopted by various amniote lineages.

INTRODUCTION

Understanding of the earliest amniotes
has been a central pursuit of vertebrate pa-
leontologists over the past century (e.g.,
Case, 1911; Olson, 1947; Parrington, 1958;
Vaughn, 1962; Carroll, 1969a, b, 1995;
Gauthier et al., 1988; Laurin and Reisz,
1997, 1999). Until Reisz (1980, 1986)
pointed out that Synapsida should be con-
sidered as a basal amniote lineage distinct
from reptiles, ‘‘origin of amniotes’’ was
synonymous with ‘‘origin of reptiles.’’ The
most influential of these earlier studies were
those of Carroll (1969a, b, 1970) wherein
he proposed the morphotype of a hypothet-
ical reptilian ancestor, which he found
amongst gephyrostegid anthracosaurian am-
phibians. Notably, these studies were
amongst the last to address the question of
amniote origins without a cladistic context.
This approach was characterized by a num-
ber of factors. First, the earliest known rep-
tiles were assumed to be the most primitive

1 From the symposium Beyond Reconstruction: Us-
ing Phylogenies to Test Hypotheses About Vertebrate
Evolution presented at the Annual Meeting of the So-
ciety for Integrative and Comparative Biology, 4–8
January 2000, at Atlanta, Georgia.

2 E-mail: ssumida@csusb.edu
3 Current address: Department of Paleobiology,

Royal Ontario Museum, 100 Queen’s Park, Toronto,
Ontario M5S 2C6, Canada;
E-mail: sean.modesto@eudoramail.com

reptiles. As protorothyridid reptiles (‘‘pro-
torothyrid reptiles’’ of Carroll, 1969a, b,
1970) were known from middle Pennsyl-
vanian sediments (Carroll and Baird, 1972),
they were taken as the model of the prim-
itive reptilian morphotype. Second, taxa
that departed from the small, gracile, insec-
tivorous bauplan exhibited by protorothyr-
idids were generally considered to be more
derived (such as in the case of captorhinid
reptiles and many taxa now assigned to Par-
areptilia) or aberrant (such as in the case of
groups lumped into ‘‘Cotylosauria’’). Last,
the ‘‘search for a reptilian ancestor’’ was
exactly that, a search for an ancestor. As
such, it endeavored to define successively
more primitive taxa appropriate to provid-
ing a structural origin for reptiles. Although
this provided a taxon-to-taxon path without
morphological reversals, it also resulted in
an ancestral taxon that shared only primi-
tive features with any basal amniote group.

Recent phylogenetic work

By the mid-1970s, the advent of cladistic
methods of phylogenetic analysis began to
gain popularity in vertebrate paleontologi-
cal studies. However it was not until the
work of Gauthier et al. (1988) that the first
truly global consideration of early amniote
phylogeny utilized that methodology in
conjunction with commercially-available
microcomputer software (PAUP 2.4) for
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analysis of Paleozoic tetrapod interrelation-
ships. As such, this study became a bench-
mark for subsequent investigators. Gauthier
et al. (1988) corroborated earlier phyloge-
netic work that had focused on more re-
stricted branches of the amniote tree (e.g.,
Heaton, 1980; Reisz, 1981; Heaton and
Reisz, 1986), and they provided the stron-
gest evidence to date for their identification
of the closest fossil relatives of amniotes
(diadectomorphs and Solendonsaurus).
More importantly, Gauthier et al. (1988)
were able to draw attention to several for-
merly problematic amniote groups by iden-
tifying an unsuspected evolutionary radia-
tion of amniotes that had no modern rep-
resentatives. Interestingly, Gauthier et al.
(1988) had little faith that their enigmatic
assemblage would sustain careful scrutiny
by later workers, and christened the group
with the informal name ‘‘parareptiles.’’
Reisz and Laurin (1991) later proposed that
the closest relatives of turtles were to be
found among these ‘‘parareptiles’’ (specifi-
cally: procolophonoids), thereby bringing
taxonomic legitimacy to the group. How-
ever, a detailed analysis did not appear until
several years later (Laurin and Reisz, 1995).
In the meantime, Lee (1993) also an-
nounced that turtles had affinities with
‘‘parareptiles,’’ but regarded pareiasaurs
rather than procolophonoids as the closest
relatives of testudines, a hypothesis he ex-
amined in greater detail in a subsequent
publication (Lee, 1995).

The study of Laurin and Reisz (1995) is
the second global treatment of early amni-
ote phylogeny. Those authors corroborated
the validity of Gauthier et al.’s (1988) clade
of ‘‘parareptiles,’’ which they recognized
officially by giving it Olson’s (1947) nomen
Parareptilia, and they provided strong evi-
dence that procolophonid parareptiles were
the closest fossil relatives of turtles. In rec-
ognizing turtles as parareptiles, Laurin and
Reisz (1995) greatly augmented the taxo-
nomic composition of Reptilia. They also
identified mesosaurs as the only non-syn-
apsid amniotes to fall outside of this en-
larged concept of Reptilia, but the addition
of new data and a slight modification to
their data matrix (Modesto, 1999) results in
mesosaurs having the same relative position

among other reptiles as reported by Gau-
thier et al. (1988).

The position of turtles remains hotly con-
tested. Lee (1997) advocated an origin
among pareiasaurs, whereas Rieppel and
deBraga (1996; see also deBraga and Riep-
pel, 1997; Rieppel and Reisz, 1999) pro-
posed the more unorthodox hypothesis that
turtles are aberrant lepidosauromorph diap-
sids. The likely phylogenetic position of
turtles is not critical to our review, primar-
ily because they make their first appearance
only in the Lower Mesozoic. However, the
view that turtles are parareptiles is followed
here because it appears to be the general
consensus, and it allows us to retain the
phylogenetic taxonomy that concerns early
amniotes and has become established in the
recent literature (e.g., deBraga and Reisz,
1996; Modesto, 1999). It should be noted
that the larger analysis of deBraga and
Rieppel (1997) did not alter the relation-
ships among Paleozoic taxa outlined by
Laurin and Reisz (1995).

Several recent studies have examined the
interrelationships of tetrapods in global
analyses and are crucial to considerations of
the origins of locomotory features in am-
niotes. Parenthetically, it is important to
point out that although the above survey of
studies of reptilian origins appears critical
of Carroll’s (1969a, b, 1970) work, he has
more recently adopted a phylogenetic sys-
tematic approach wherein his proposed hy-
potheses of relationship amongst basal am-
niotes differ significantly from his earlier
work. In one such study (Carroll, 1995), he
suggested lepospondyls as closer relatives
of amniotes than such reptiliomorph an-
amniotes as seymouriamorphs and anthra-
cosaurs, a view supported by Laurin and
Reisz (1997) and Laurin (1998).

A cladogram summarizing the current
consensus of the interrelationships of Paleo-
zoic amniotes and their nearest relatives is
shown in Figure 1. By mapping character-
state distributions onto this phylogenetic
framework, functional hypotheses and sce-
narios for taxa spanning the amphibian to
amniote transition may be tested. In this re-
view we examine the major locomotory
strategies exhibited by basal amniotes and
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FIG. 1. Consensus of cotylosaurian phylogeny drawn
from Gauthier et al. (1988), Laurin and Reisz (1995),
deBraga and Reisz (1996), and Modesto (2000). Pri-
mary vertebral forms (s, swollen and expanded neural
arches; n, narrow neural arches) are placed on branch-
es they first appear on this cladogram; alternative sce-
narios within Eureptilia result from accelerated (A) or
delayed (D) transformation options and are indicated
by reverse image capital letters. See Laurin and Reisz
(1995) and Modesto (2000) for stratigraphic distribu-
tions for most of these taxa. See Figure 6 for justifi-
cation of plesiomorphic state for Amniota.

their anamniote sister taxon Diadectomor-
pha.

PHYLOGENETIC CONTEXT: AMNIOTE

OUTGROUPS AND BASAL AMNIOTES

Schultze (1987) and Hopson (1991) have
argued convincingly that defensible phylo-
genetic analyses must include, whenever
possible, all members of a group being con-
sidered. If this is impractical, it is impera-
tive that basal members of any clade be em-
ployed in an analysis in order to avoid bi-
asing hypotheses of transformation between
clades on highly derived, terminal taxa. By
logical extension, a consideration of func-
tional transformations must also include
such basal taxa. Thus, we begin our func-
tional survey by examining locomotory fea-
tures in basal amniotes, as well as basal rep-
resentatives of the tetrapod clades closest to
amniotes as a necessary prerequisite for es-
tablishing ancestral locomotory abilities in
Amniota. Although the interrelationships of
more distant ‘‘reptiliomorph’’ taxa contin-
ues to be debated, the Diadectomorpha have
been confirmed as the sister group of am-

niotes in a variety of recent studies and re-
views (Gauthier et al., 1988; Lombard and
Sumida, 1992; Laurin and Reisz, 1997).
Berman et al. (1992) even went so far as to
suggest that diadectomorphs share a more
recent common ancestor with synapsids
than with any other tetrapod group, making
them de facto amniotes. Diadectomorphs
are known from the Permo-Carboniferous
of both Europe and North America (Ber-
man et al., 1997).

In general morphology the diadecto-
morph postcranial skeleton suggests a high
degree of terrestriality (Sumida, 1997). The
best preserved forms possess highly ex-
panded neural arches that range about three
to four times the diameter of the centrum
in transverse width (Sumida, 1990). The
arches can be described as ‘‘swollen’’ in
that their dorsal surfaces are conspicuously
convex when viewed from anterior or pos-
terior aspects. The great breadth of the arch-
es, together with the approximately hori-
zontal orientation of the zygapophyseal fac-
ets, suggest strongly that the diadectomorph
vertebral column primarily facilitated lat-
eral bending during locomotion. Diadecto-
morphs feature accessory intervertebral ar-
ticulations that would have further restrict-
ed movements of the vertebral column to
the horizontal plane. Apart from some le-
pospondyls (microsaurs), diadectomorphs
are the only anamniotes known to exhibit
alternation of neural spine height and struc-
ture (Sumida, 1990). (Seymouriamorphs
exhibit such alternation, but it is extremely
inconsistent in pattern.) Although the incli-
nation of the zygapophyseal surfaces is at
a slight angle to the horizontal plane in re-
gions of alternation, it is not so extremely
expressed as to suggest that diadectomorphs
engaged in other than predominantly lateral
bending during locomotion.

The appendicular elements are robustly
constructed. Propodials (humeri and femo-
ra) lack shafts and have massive proximal
and distal heads. Epipodial segments mea-
sure 70% or greater that of humeri and fem-
ora. The diadectomorph manus and pes are
short and broad with stout digits. Together,
the axial and appendicular skeletons sug-
gest that although appendicular elements
are relatively longer and better developed
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than in anamniotes (Sumida, 1997), the lo-
comotory strategy of these animals contin-
ued to accentuate the plesiomorphic, trans-
verse undulatory action of the vertebral col-
umn.

Synapsids

Paleozoic synapsids have been the focus
of many large-scale treatments over the past
century and their anatomy and interrelation-
ships are well known (Romer and Price,
1940; Reisz, 1986). We concentrate here on
the basal, non-therapsid synapsids, known
colloquially as ‘‘pelycosaurs.’’ These early
synapsids span a temporal range from the
Late Carboniferous through to the Late
Permian. The overwhelming majority of
‘‘pelycosaurs’’ are from North American
and European deposits; a single species is
known from southern Africa. Although an
amphibious habitus is thought to have aris-
en in one group, Ophiacodontidae, most
early synapsids are regarded generally to
have been highly terrestrial animals. Nar-
row neural arches are found in the over-
whelming majority of taxa. Although the
term ‘‘narrow’’ is never defined in phylo-
genetic studies that use neural arch width
as a phylogenetic character, the term here is
applied to arches whose zygapophyses do
not extend laterally beyond the vertebral
centrum. The sole synapsid in which nar-
row arches are absent is the small ophia-
codontid Varanosaurus, where they are ex-
panded transversely and feature horizontal
zygapophyseal articulating facets. The de-
gree of dorsolateral expansion of the neural
arches in Varanosaurus is not as great as
that in diadectomorphs (Sumida, 1990);
nonetheless, these two features of the dorsal
neural arches suggest that undulatory
movements of the vertebral column were
emphasized during locomotion in this form
(Sumida, 1989). Considering that Varano-
saurus is nested deeply within Synapsida
(Fig. 1), its locomotory strategy is best re-
garded as a derived for synapsids.

In all narrow-arched synapsids the artic-
ulating facets are tilted throughout the col-
umn. In caseids and ophiacodontids they
are tilted an average of 30 degrees to the
horizontal, whereas in edaphosaurids and
sphenacodonts the facets are tilted even fur-

ther, averaging 40 degrees (Reisz, 1986).
The great angulation of the zygapophyseal
facets in these taxa suggests that, in addi-
tion to the plesiomorphic side-to-side
movement, rotation of the vertebral column
was a general feature of locomotory action
in synapsids. Tall neural spines are also a
characteristic of early synapsids. In basal
taxa (caseosaurs, varanopseids) the dorso-
ventral measures of the spines are only a
little greater than their anteroposterior
length. In the more crownward forms, the
height of the spines is at least twice their
length; in edaphosaurids and some sphen-
acodontids the neural spines are greatly
elongated and form ‘‘sails’’ on the back of
the animal. The function of such ‘‘sails’’
has been the subject of much speculation
and modeling with thermodynamic control
the favored hypothesized function (Haack,
1986). The possible role of the relatively
shorter spines of closely related forms has
not been explored. The tall neural spines of
early synapsids, which in life would have
been connected to neighboring spines by
equally tall interspinous ligaments, may
have served to prevent hyper-rotation of the
vertebral column during locomotion.

The appendicular skeleton of basal syn-
apsids is markedly less robust in construc-
tion than that of diadectomorphs. The rel-
ative sizes of the propodial and epipodial
elements are essentially the same as in
those anamniotes. The manus and pes are
short, broad structures in large-bodied taxa,
particularly caseids, ophiacodontids and
large sphenacodontids, but they appear lon-
ger and more gracile in taxa at the smaller
end of the size spectrum (e.g., Varanops,
Haptodus). The variance in the general
build of the manus and pes is presumably
due to scaling with respect to the wide
range in body sizes seen among synapsids.
Data from the axial skeleton suggest that
synapsids adopted a locomotory strategy
that incorporated a substantial degree of ro-
tary action into vertebral column. Why syn-
apsids acquired this modification of general
vertebral movement is not entirely clear, but
it could be related to the slightly more elon-
gated nature of the vertebral column as
compared to diadectomorphs and such rep-
tiles as captorhinids (Reisz, 1986). Vara-
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590 S. S. SUMIDA AND S. MODESTO

nosaurus represents an exception to this
strategy in its independent adoption of the
pattern described for diadectomorphs. The
latter have relatively shorter bodies, yet the
vertebral column in Varanosaurus does not
appear to be relatively shorter than that of
other synapsids (Sumida, 1989). Accord-
ingly, the role of vertebral rotation in syn-
apsid locomotion might be better investi-
gated in terms of its effect on limb exten-
sion and recovery. This is a postulate that
is beyond the scope of this review; how-
ever, it is interesting to note that Ritter
(1996) has pointed out that lateral rotatory
movement plays an important role in limb
recovery mechanics in a variety of extant
lepidosaurs.

Eureptilia

Whereas the Protorothyrididae was once
considered the basal stock for all amniotes
(e.g., Carroll, 1969a, b, 1970) a series of
studies (Heaton and Reisz, 1986; Lombard
and Sumida, 1992; Laurin and Reisz, 1995;
Sumida, 1997) now indicate that it is nested
well within the Eureptilia (sensu Gauthier
et al., 1988). Eureptilia includes the Cap-
torhinidae, Protorothyrididae, Araeosceli-
dia, and Neodiapsida, with the latter two
taxa forming the clade Diapsida.

The postcranial skeletons of captorhinid
reptiles demonstrate clearly terrestrial fea-
tures. In general, their axial and appendic-
ular skeletons are robustly constructed. Ver-
tebral neural arches are ‘‘swollen’’ and ex-
panded laterally beyond the lateral margins
of the centrum, though not to the degree
seen in diadectomorphs. Whereas the neural
arches may measure as much as four times
the width of the centrum in diadectomophs,
those of captorhinids usually measure ap-
proximately 1.2 to 2 times the width of the
centrum. Greater relative measures of the
neural arch are associated with a more cau-
dad position in the presacral column. Vir-
tually all genera of captorhinids for which
adequate materials are known demonstrate
alternation of neural spine height and struc-
ture. Sumida (1990) pointed out that in this
group zygapophyseal angle is greater in re-
gions of alternation; however, the angula-
tion is still significantly less than in narrow-
arched synapsids, protorothyridids, and ar-

aeoscelidians (including basal diapsids). In
regions of the captorhinid column where al-
ternation is either absent or muted, zyga-
pophyseal surfaces are nearly parallel to the
horizontal plane. Despite the minor regional
occurrence of zygapophyseal tilting in re-
gions of extreme neural spine alternation,
captorhinids still appear to have retained a
plesiomorphic pattern dominated by lateral
undulatory movement of the vertebral col-
umn.

Although not as large as those of pely-
cosaurian-grade synapsids, the appendicular
elements of captorhinids demonstrate com-
parable development of markers of muscu-
lar development in propodial and epipodial
segments. Particularly well-developed
structures common to captorhinids, diadec-
tomorphs, and synapsids include the inser-
tion for the latissimus dorsi, the humeral
entepicondyle for antebrachial flexors, and
an extremely well developed olecranon pro-
cess for attachment of triceps musculature
(Sumida, 1997). Although not as large as
most diadectomorphs, it is noteworthy that
certain larger captorhinids such as Labido-
saurus, Labidosaurikos, and other moradi-
saurine captorhinids do demonstrate diadec-
tomorph-like proportions.

Of araeoscelidians and protorothyridids,
only certain members of the former share
vertebral features and proportions in com-
mon with captorhinids. Araeoscelidians are
characterized by elongate ‘‘cervical’’ ver-
tebrae, but those of the mid-dorsal region
are extremely similar to the laterally ex-
panded dorsal vertebrae of captorhinids.
The araeoscelids Araeoscelis and Zarcasau-
rus and at least one specimen of the prim-
itive diapsid Petrolacosaurus (University of
Kansas Vertebrate Paleontology Collections
specimen 33605) possess expanded neural
arches and alternation of neural spine struc-
ture. As in captorhinids, there is minimal
tilt to the zygapophyseal surfaces, and when
present is usually less than 15 degrees in
Araeoscelis and Zarcasaurus (Sumida,
1990), and less than 10 degrees in Petro-
lacosaurus (Reisz, 1981). Whereas some
specimens of Petrolacosaurus retain mod-
erately swollen neural arches, most exam-
ples depart from the pattern of conical neu-
ral spines alternating with tall narrow ones
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to being consistently elongate and nearly
quadrangular in section. This condition re-
calls the approximate shape of the neural
spines of basal synapsids, but they are rel-
atively smaller when compared that group.

All araeoscelidians for which data are
available possess appendicular skeletons
that are significantly more lightly built than
those of any of the taxa described herein.
Epipodials and propodials are elongate with
well-defined shafts and, when present,
proximal and distal processes are not as ro-
bustly developed. The femur is conspicu-
ously sigmoidal. Manual and pedal ele-
ments are similarly gracile and elongate. As
in certain extant lepidosaurians, the fourth
digit of the manus and pes is significantly
more elongate than the others, a condition
suggestive of rotation of podal elements to
allow enhanced lateral pushoff (Sumida,
1997). Basal araeoscelidians appear to have
been an early experiment as a small, grac-
ile, lizard-like organism. However, their
vertebral structure appears to have retained
the primitive undulatory movement of the
axial column.

Other than basal synapsids, protorothyr-
idids are the only basal group of amniotes
to possess conspicuously narrow neural
arches. In concert with this, their zygapo-
physeal articulations are inclined between
30 and 40 degrees (Carroll, 1969a, c), yet
their neural spines are relatively less tall
than in pelycosaurs. Appendicular elements
of protorothyridids are also more gracile in
construction than those of diadectomorphs,
captorhinids, or parareptiles. Only meso-
saurs and araeoscelidians demonstrate more
lightly built limbs than protorothyridids. As
in araeoscelidians, manual and pedal con-
struction of protorothyridids is gracile and
the fourth digit of both is conspicuously
elongate. Protorothyridids appear to have
developed a gracile, lizard-like habitus that
included significant axial rotation.

Anapsid reptiles

In concert with the ongoing debate on
turtle origins, the clade of basal reptiles
comprising parareptiles and mesosaurs, and
now known as Anapsida (sensu Gauthier et
al., 1988; see Modesto, 1999), has received
much attention in recent systematic studies

and there is considerable disagreement con-
cerning the interrelationships of the constit-
uent taxa. If we disregard the phylogenetic
position of turtles, the remaining disagree-
ment does not bear on this review, inas-
much the postcrania of the group of con-
tention, Lanthanosuchidae, are not known
in adequate detail (Ivakhnenko, 1980). The
vast majority of anapsids are restricted to
the Permian, with only the procolophonids
surviving into the succeeding Mesozoic.
The most basal anapsids were limited to
southern distributions in the Pangean su-
percontinent, but some advanced lineages
were restricted to northern portions of Pan-
gea, whereas the more crownward taxa,
specifically procolophonoids and pareia-
saurs, separately attained cosmopolitan dis-
tributions (Modesto, 2000).

Among the three major Paleozoic amni-
ote groups, Anapsida is remarkable for a
broad scale of locomotory adaptations. The
most basal anapsids, the mesosaurs, are old-
est known fully aquatic reptiles. The enig-
matic Eunotosaurus africanus is character-
ized by a semi-rigid, turtle-like rib cage
(Gow and de Klerk, 1997), one which pre-
sumably necessitated a tortoise-like fashion
of walking. The large, ponderous pareia-
saurs also possessed a relatively short trunk,
but featured the most upright limb postures
of any Paleozoic reptile group. However,
most anapsids evinced a sprawling, lizard-
like stance, and their skeletons are highly
indicative of terrestriality. As in diadecto-
morphs, the neural arches of the vast ma-
jority of anapsids are expanded transversely
and are conspicuously ‘‘swollen.’’ Howev-
er, the neural arches are never wider than
they are long, except in pareiasaurs (Figs.
2, 3), where they become as greatly ex-
panded as in diadectomorphs, a conver-
gence suggestive of the scaling effect of
large body size. Zygopophyseal facets are
oriented roughly horizontally, which to-
gether with the great breadth of the arches
suggest strongly that lateral bending was
the primary movement of the vertebral col-
umn during locomotion, an interpretation
that applies to the terrestrial forms and the
aquatic mesosaurs equally. In the latter,
however, accessory intervertebral articula-
tions are also present, which would have
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FIG. 2. Single dorsal vertebra of the Late Paleozoic
tetrapod Diadectes demonstrating ‘‘swollen’’ construc-
tion of the neural arch. (A) cranial, (B) left lateral, and
(C) caudal views of a single dorsal vertebra.

FIG. 4. Dorsal vertebral structure in the ophiacodon-
tid eupelycosaur Varanosaurus, the only synapsid to
demonstrate expanded neural arches and alternation of
neural spine height and structure. (A) left lateral view
of two articulate dorsal vertebrae. (B) anterior view of
typical dorsal vertebra with large (tall) neural spine
morph. (C) anterior view of typical dorsal vertebra
with small (low) neural spine morph. (Modified from
Sumida, 1990.)

FIG. 3. Reconstructions in left lateral view of single
or paired dorsal vertebrae of representative Late Pa-
leozoic tetrapod taxa. All vertebral bodies are drawn
to approximately the same size to facilitate proportion-
al comparison of structures. Accompanying bar scales
all equal 1 cm except where noted. In each case, ge-
neric name is accompanied by a higher order taxonom-
ic description to facilitate systematic consideration of
the element. (Partially after Sumida, 1997.)

FIG. 5. Reconstructions in dorsal view of the left fe-
mur of representative Late Paleozoic tetrapod taxa. All
femoral bodies are drawn to approximately the same
length to facilitate proportional comparison of struc-
tures. In each case, generic name is accompanied by a
higher order taxonomic description to facilitate sys-
tematic consideration of the element. Accompanying
bar scales all equal 1 cm. (Partially after Sumida,
1997.)

further restricted the mesosaurid vertebral
column to movements in the horizontal
plane (Modesto, 1999). The single excep-
tion to the presence of expanded, swollen neural arches, and thus the inferred exag-

gerated lateral flexure of the vertebral col-
umn during locomotion, is Eunotosaurus,
which features a reduced number of antero-
posteriorly elongated trunk vertebrae (that
articulate with the anteroposteriorly ex-
panded trunk ribs, which in turn form the
carapace-like rib cage: Gow and de Klerk,
1997). The serial anatomy of the dorsal
spines is not well established for most an-
apsid groups, but subtle alternation of neu-
ral spine height is displayed by posterior-
most dorsal vertebrae in tall-spined speci-
mens of Mesosaurus (Modesto, 1996).
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FIG. 6. Justification for interpreting the presence of
expanded, swollen neural arches and the locomotory
strategy they imply as the ancestral condition for am-
niotes. Assuming Amniota is polymorphic with re-
gards to the presence of swollen neural arches (s) or
narrow arches (n), optimization using five successive
outgroups suggests that it is more parsimonious to re-
gard swollen neural arches as the primitive condition
for amniotes. Arrow indicates the morphology that is
decisive for Amniota in accordance with the distribu-
tion of the two states on this tree. Tree topology fol-
lowing Laurin and Reisz (1999).

The appendicular skeleton in general is
more gracile that that seen in synapsids and
diadectomorphs. Pareiasaurs are the sole
exception. Their appendicular elements
evince the robustness seen in diadecto-
morphs. The relative lengths of the propo-
dials and epipodials in anapsids are approx-
imately the same as in other cotylosaurs
(sensu Gauthier et al., 1988), except in the
mesosaurian pectoral limb, where the latter
elements are reduced to half the length of
the former, a reduction common to aquatic
reptiles that employ the tail as a sculling
organ. The manus and pes are generally
short and broad but are comprised of ele-
ments more gracile than the diadecto-
morphs. The locomotory apparatus as a
whole suggests that, as with diadecto-
morphs, anapsids perpetuated the plesio-
morphic undulatory action of the vertebral
column. The two derived locomotory strat-
egies that evolved within Anapsida are the
presumably turtle-like locomotion of Eu-
notosaurus africanus, where sprawling
limbs propelled a semi-rigid body, and the
semi-erect stance and gait of pareiasaurs.

DISCUSSION

Basal amniotes demonstrate two mark-
edly different patterns of vertebral mechan-

ics. Optimization of the two locomotory
strategies onto the amniote consensus tree
(Fig. 1) suggests that the one accentuating
sinusoidal movement of the vertebral col-
umn is plesiomorphic for amniotes. Ac-
cordingly, the narrow-arched condition of
synapsids, Eunotosaurus, Paleothyris and
neodiapsids was acquired independently in
these amniote taxa. Our preferred hypoth-
esis is highly sensitive to the position of the
successive outgroups to Amniota. We have
used the phylogenetic conclusions of Laurin
and Reisz (1999), the most recent workers
to examine the broader scope of tetrapod
interrelationships, to identify outgroup taxa.
The relative positions of Amphibia, Wes-
tlothiana, and Seymouriamorpha as recog-
nized by Laurin and Reisz (1999) are crit-
ical to our identification of expanded neural
arches as the ancestral condition for amni-
otes (Figure 6), as character optimization
suggests that the narrow arched condition
ascribed to Solenodonsaurus is an autapo-
morphy of that taxon (a basal ‘‘anthraco-
saur,’’ using the prioritized phylogenetic
terminology of Laurin and Reisz, 1999).

The alternative to our preferred hypoth-
esis, in which narrow neural arches and the
locomotory strategy that they imply is an-
cestral for amniotes, is supported in a sce-
nario that is marginally less parsimonious
(at 6 steps) than the hypothesis advocated
here (5 steps). In this alternative hypothesis
the evolution of expanded presacral verte-
brae in reptiles becomes complicated by
ambiguous optimization, leading to the pos-
sibility that expanded, swollen neural arch-
es arose independently in anapsids, captor-
hinids, and araeosceloids. That possibility
competes with two equally parsimonious
interpretations: (1) that laterally-expanded,
swollen neural arches arose in the ancestral
reptile and reversed separately in Paleo-
thyris and in neodiapsids; or (2) they arose
in the ancestral reptile and reversed in the
ancestral romeriid (sensu Gauthier et al.,
1988), only to reappear in the ancestral ar-
aeosceloid.

In the more parsimonious interpretation,
in which expanded neural arches is the an-
cestral condition for amniotes, only the last
two scenarios must be considered, but only
in part, as the only uncertainty lies in
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whether narrow arches arose in the ances-
tral romeriid and reversed in araeosceloids
(the accelerated transformation scenario), or
whether narrow arches arose separately in
Paleothyris and neodiapsids (the delayed
transformation scenario). It is currently im-
possible to choose between these latter two
evolutionary histories with regards to the
evolution of locomotory strategies in rom-
eriid reptiles. However, a rigorous interpre-
tation of the vertebral anatomy of the Early
Permian reptile Thuringothyris mahlendorf-
fae could shed some light on this problem.
A fortuitous cross-section through one pre-
sacral vertebra suggests that this taxon was
characterized by expanded neural arches
(Boy and Martens, 1991). Accordingly, if
Thuringothyris is indeed a protorothyridid
as Boy and Martens (1991) have concluded
(there is some question as to the rigor of
their phylogenetic analysis), and if it can be
demonstrated that the taxon is a basal mem-
ber of Protorothyrididae, Thuringothyris
could be decisive in terms of the optimi-
zation of the two locomotory strategies
onto this part of the amniote tree, for it
would support the delayed optimization
scenario which suggests that narrow arches
arose independently in (some) protorothyr-
idids and in neodiapsids.

Our conclusions contrast with those of
earlier workers, primarily Carroll and his
co-workers (Carroll, 1969a, b; Carroll and
Baird, 1972; Clark and Carroll, 1973), who
regarded the narrow neural arches of pro-
torothyridids as representing the primitive
condition for amniotes. That hypothesis,
however, was the logical conclusion of the
evolutionary-systematic methodology that
was popular with vertebrate paleontologists
prior to the advent of phylogenetic system-
atics. Most taxa that were assigned to Pro-
torothyrididae are Late Carboniferous in
age, and this includes the oldest known am-
niote, Hylonomus lyelli. The early appear-
ance of this taxon and other protorothridids
suggested to evolutionary systematists that
narrow arches were ancestral for amniotes,
and that it followed logically that the ex-
panded, swollen vertebrae of anapsid, cap-
torhinid, and araeosceloid reptiles must
have been derived from the narrow-arched
condition. Our phylogenetic perspective

suggests that this scenario is less likely than
the alternative, in which the condition seen
in anapsids, captorhinids, and araeosceloids
was inherited from a remote, anamniote an-
cestor.

Our results have interesting paleobiolog-
ical implications with regards to the loco-
motor strategies that were inherited or
adopted by various early amniotes. It ap-
pears that those amniotes that evolved nar-
row neural arches and adopted a locomo-
tory strategy that placed less emphasis on
lateral undulation of the backbone were
highly precocious as far as the fossil record
is concerned. During the Carboniferous,
which records the first 15 million years of
early amniote history, there is only a single
amniote taxon (the diapsid genus Petrola-
cosaurus of the Late Stephanian) with ex-
panded neural arches; all other Carbonifer-
ous amniotes are assigned either to Proto-
rothyrididae or to Synapsida. Other broad-
arched amniotes do not appear for many
millions of years. Captorhinids appear dur-
ing the late Asselian (equivalent to the early
or middle Wolfcampian), anapsid reptiles
during the Sakmarian (late Wolfcampian),
and the synapsid Varanosaurus in the Ar-
tinskian (Leonardian). In the case of the an-
apsid reptiles, their late appearance in the
fossil record (drawn from the observation
that members of their sister group Eurepti-
lia are preserved in Westphalian strata)
could be explained by an early history spent
in Permo-Carboniferous Gondwana, which
records no continental sedimentation until
the late Kazanian. That hypothesis is sup-
ported by a biogeographic analysis of an-
apsids using phylogenetic frameworks (Mo-
desto, 2000). The relatively late entry into
the amniote record by captorhinids, whose
protorothyridid relatives appear in West-
phalian sediments, is harder to explain, and
the same applies to the synapsid Varano-
saurus, whose narrow-arched sister taxon
Ophiacodon appears at the close of the Ste-
phanian.

Based on the construction of the neural
arches and alternation of neural spines in
most of the taxa surveyed above, Sumida
(1990, 1997) suggested that the hypotheti-
cal ancestral amniotes did indeed engage in
undulatory locomotion. It was further spec-
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ulated that the pattern of vertebral neural
spine construction and associated transver-
sospinalis musculature of basal amniotes
and their immediate anamniote sister taxa
must have been active in other functions in
addition to undulatory movement. It was
suggested that the transversospinalis group
also provided postural support ipsilateral to
the contact limb during undulatory loco-
motion. This hypothesis of muscular and
locomotor function was, however, based on
fossil taxa and was thus was not easily test-
able. Furthermore, it lacked a rigorous phy-
logenetic context. Given the constraints on
the survey, it remained an untested hypoth-
esis. More recently, using electromyograph-
ic, kinematic, and denervation studies, Rit-
ter (1995) demonstrated that although ver-
tebral elements may constrain the excursion
arcs of the axial column, epaxial muscula-
ture did not contribute to actually generat-
ing undulatory movement and was instead
restricted to the function of postural sup-
port. Additional study (Ritter, 1996) further
demonstrated that lateral axial bending is a
function of the hypaxial musculature, par-
ticularly the external oblique and rectus ab-
dominus muscles.

The distribution of this pattern amongst
lepidosaurian reptiles and the stabilizing
function of the transversospinalis muscula-
ture in mammals lead Ritter (1995, 1996)
to suggest that this division of labor be-
tween epaxial and hypaxial musculature
was most parsimoniously interpreted as a
basal amniote characteristic. If Ritter is cor-
rect, it may be suggested that the preferred
hypothesis of vertebral movement patterns
summarized above may now be linked to a
demonstrated pattern of axial muscular ac-
tivity. Given the congruence between the
most parsimonious pattern of observed and
inferred muscular pattern, this suggests that
the pattern of undulatory locomotion pow-
ered by hypaxial musculature with epaxial
musculature acting in postural stability
probably extended to Diadectomorpha as
well. Such a prediction could not have been
made with any confidence without the phy-
logenetic context outlined above.

This survey of postcranial structure in
Late Paleozoic terrestrial tetrapods demon-
strates the utility of phylogenetic trees in

generating simple, yet powerful interpreta-
tions for patterns of locomotor evolution. A
phylogeny generated independent of func-
tional scenarios allows actual testing of al-
ternative hypotheses of the development of
locomotor complexes without the introduc-
tion of confounding circular arguments.
The suggestion of using phylogenies to map
or predict the evolution of functional com-
plexes appears relatively straightforward.
However, despite the general acceptance of
the importance of phylogeny as a context
for virtually any evolutionary endeavor or
interpretation of character change over
time, the search for ancestors based on a
priori assumptions of locomotor constraint
still persists in certain cases (e.g., Feduccia,
1999; Ruben and Jones, 2000; Geist and
Feduccia, 2000). Fortunately, the predictive
and explanatory ability of cladograms to
generate functional predictions independent
of a priori functional assumptions has ren-
dered such approaches as a distinct minor-
ity.
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gend (Unter-Perm; Ost Deutschland). Paläontogis-
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