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The evolution of pelvic aspiration in archosaurs

David R. Carrier and Colleen G. Farmer

Abstract.—Movements of the pelvic girdle have recently been found to contribute to inspiratory
airflow in both crocodilians and birds. Although the mechanisms are quite different in birds and
crocodilians, participation of the pelvic girdle in the production of inspiration is rare among ver-
tebrates. This raises the possibility that the pelvic musculoskeletal system may have played a role
in the ventilation of basal archosaurs. Judging from the mechanism of pelvic aspiration in croco-
dilians and the structure of gastralia in basal archosaurs, we suggest that an ischiotruncus muscle
pulled the medial aspect of the gastralia caudally, and thereby helped to produce inspiration by
increasing the volume of the abdominal cavity. From this basal mechanism, several archosaur lin-
eages appear to have evolved specialized gastralia, pelvic kinesis, and/or pelvic mobility. Kinetic
pubes appear to have evolved independently in at least two clades of Crocodylomorpha. This con-
vergence suggests that a diaphragmatic muscle may be basal for Crocodylomorpha. The pelvis of
pterosaurs was long, open ventrally, and had prepubic elements that resembled the pubic bones of
Recent crocodilians. These characters suggest convergence on the pelvic aspiratory systems of both
birds and crocodilians. The derived configuration of the pubis, ischium and gastralia of non-avian
theropods appears to have enhanced the basal gastral breathing mechanism. Changes in structure
of the pelvic musculoskeletal system that were present in both dromaeosaurs and basal birds may
have set the stage for a gradual reduction in the importance of gastral breathing and for the evo-
lution of the pelvic aspiration system of Recent birds. Lastly, the structure of the pelvis of some
ornithischians appears to have been permissive of pubic and ischial kinesis. Large platelike pre-
pubic processes evolved three times in Ornithischia. These plates are suggested to have been in-
strumental in an active expansion of the lateral abdominal wall to produce inspiratory flow. Thus,
many of the unique features found in the pelvic girdles of various archosaur groups may be related
to the function of lung ventilation rather than to locomotion.
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Introduction

Basal archosaurs are generally believed to
have pumped air in and out of their lungs
through the active movements of their ribs.
The axial muscles are thought to have rotated
the ribs cranially and laterally, increasing tho-
racic volume to produce inspiration, and to
have rotated the ribs caudally and medially,
decreasing thoracic volume to produce expi-
ration. Indeed, analysis of extant tetrapods
suggests that this type of costal aspiration was
present in the earliest amniotes and was likely
to have been the primary ventilatory mecha-
nism of basal amniotes (Liem 1985; Carrier
1989; Brainerd et al. 1993). To this basal mode
of ventilation several groups have added
mechanisms that serve an accessory role, such
as gular pumping in some lizards (Owerkow-
icz et al. 1999) or mechanisms that have come
to function as a primary pump, such as the di-

aphragm of mammals and the ‘‘diaphragmat-
ic’’ and pectoral mechanisms of turtles (Gans
and Hughes 1967; Gaunt and Gans 1969).

Among archosaurs, the lineage that gave
rise to crocodilians also evolved a secondary
ventilatory mechanism (Fig. 1) that uses a he-
patic piston driven by a diaphragmatic muscle
(Boelaert 1942; Naifeh et al. 1970; Gans and
Clark 1976). In Recent crocodilians, diaphrag-
matic breathing appears to be the primary
mechanism of aspiration (Gans and Clark
1976). Modifications of the basal ventilatory
system also occurred in the lineage that gave
rise to birds (Fig. 1). In birds, contraction of
the intercostal muscles causes a ventral rota-
tion of the sternum (Zimmer 1935). Most of the
inspiratory change in volume of the body cav-
ity results from this ventral expansion, rather
than the lateral expansion observed in most
amniotes. Thus, Recent crocodilians breathe
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FIGURE 1. Phylogeny of extant archosaurs showing the
distribution of costal aspiration, diaphragmatic breath-
ing, and rotation of the sternum for ventilation.

with costal and diaphragmatic aspiration,
whereas birds use a modified form of costal
aspiration in which the sternum rotates dor-
soventrally.

Recent observations in alligators and birds
have led us to suspect that there is another
component to the breathing of archosaurs that
has been overlooked previously. Some croco-
dilians (Farmer and Carrier 2000a) and some
birds (Baumel et al. 1990) appear to use move-
ments of the pelvic skeleton to assist in pump-
ing air in and out of their lungs. We call this
pelvic aspiration because it involves kinesis of
pelvic elements, or movement of the entire
pelvis, in a manner that changes the volume
of the coelomic cavity and thereby assists in
the production of ventilatory airflow. The
mechanisms of pelvic aspiration in crocodil-
ians and birds are quite different from each
other. Nonetheless, although the abdominal
muscles associated with the pelvic girdle are
known to play an important role in expiration,
it is unusual among vertebrates for the pelvic
musculoskeletal system to play an active role
in inspiration. Galloping mammals (Bramble
and Carrier 1983; Young et al. 1992) and some
marsupials (T. White personal communication
1988) are the only other examples we are
aware of in which the pelvis contributes to in-
spiration. Consequently, the presence of pelvic
aspiration in both birds and crocodilians rais-
es the possibility that the pelvis may have
played an important role in the ventilation of
the common ancestor of these two groups. Be-
cause the lineages that gave rise to crocodil-

ians and birds are believed to have diverged
very early in the history of archosaurs (mid-
Triassic), a pelvic role in ventilation may have
been a basal character of the class.

Here we review what is known of pelvic as-
piration in extant crocodilians and birds. We
then attempt to reconstruct the primitive role
of the pelvis in the breathing of archosaurs,
and provide a speculative analysis of possible
mechanisms of pelvic aspiration in selected
extinct archosaurs. Our analysis suggests that
the pelvic musculoskeletal system of basal ar-
chosaurs aided costal aspiration in the pro-
duction of inspiration, but the basal archosaur
pelvis was not kinetic and did not move to
change the volume of the body cavity. Nev-
ertheless, from its early involvement in inspi-
ration, the pelvic musculoskeletal system of
basal archosaurs appears to have undergone
independent specialization for pelvic aspira-
tion in crocodilians, pterosaurs, birds, and
some ornithischians.

Pelvic Aspiration in Extant Archosaurs

Crocodilians.—In addition to using costal
and diaphragmatic mechanisms of ventila-
tion, crocodilians have recently been shown to
use a pelvic mechanism that rotates the pubic
bones dorsoventrally to change the volume of
the abdominal cavity (Farmer and Carrier
2000a). Crocodilians are unique among extant
tetrapods in having pubic bones that are ex-
cluded from the acetabulum and are attached
at their proximal end to the ischia via movable
joints (Fig. 2A). From these joints the pubic
bones extend cranially and ventrally. At their
distal ends, the pubic bones expand laterally
and medially into broad plates that form the
ventral margin of the posterior belly. Two
muscles, the ischiopubic and the ischiotrun-
cus, extend from the ischia to the cranial edge
of the pubic plates and the last two (most cau-
dal) gastralia. Activity of these muscles is as-
sociated with a ventral rotation of the pubic
bones, a drop in intra-abdominal pressure,
and inspiratory airflow. Ventral rotation of the
pubic bones expands the posterior abdominal
cavity, presumably to provide space for the
caudal displacement of the viscera by the di-
aphragmatic muscle during inspiration. Dur-
ing expiration, contraction of the rectus ab-
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FIGURE 2. Illustrations of the mechanisms of ventilation
in the American alligator and the pigeon. A, In alliga-
tors, expiration is produced by caudal rotation of the
ribs and constriction of the abdominal cavity, which
produce a cranial translation of the viscera. Constriction
of the abdomen results from activity of the transversus
abdominis muscle and the rectus abdominis muscle, the
latter of which rotates the pubes dorsally. Inspiration is
produced by cranial rotation of the ribs and caudal
translation of the viscera. The viscera are pulled cau-
dally by contraction of the diaphragmaticus muscle. The
ischiopubic muscle increases the volume of the posterior
abdomen by rotating the pubes ventrally. From Farmer
and Carrier 2000a. B, During inspiration in pigeons the
sternum rotates ventrally (ventrally pointing arrows)
and activity of the longissimus dorsi muscle elevates the
pelvic girdle on the dorsal vertebrae (dorsally pointing
arrows). During expiration, activity of the suprapubic
abdominal and infrapubic abdominal muscles depress-
es the pelvis and tail. Modified from Baumel et al. 1990.

dominis and transversalis muscles draws the
pubic plates dorsally, decreasing abdominal
volume. This apparently helps to shift the vis-
cera cranially, decreasing thoracic volume.
Thus, the highly derived pelvis of crocodil-
ians, in which the pubic bones are separated
from the acetabulum and form movable joints
with the ischia, appears to play a role in lung
ventilation. Furthermore, two pelvic muscles
that originate on the ischia and insert on the
cranial end of the pubes and the last two gas-
tralia function in the production of inspira-
tion.

Another factor that associates the pelvic
musculoskeletal system of crocodilians with
the function of inspiration is the diaphrag-
matic muscle. As explained above, this muscle
originates on the pelvic girdle and posterior
most gastralia. Rather than receiving its in-
nervation from a series of spinal nerves that
correspond to its location in the body, as do
hypaxial muscles such as the rectus abdominis
and transversalis, the diaphragmaticus is in-
nervated via its caudal end by branches of the
twenty-second and twenty-third spinal nerves
(Nishi 1938). These spinal nerves contribute to
the lumbo-sacral plexus, and it is branches
from the plexus that innervate the diaphrag-
matic muscle (Carrier unpublished observa-
tion). Both its origin and innervation suggest
that the diaphragmaticus is derived from
muscles associated with the pelvis, possibly
the caudalmost segment of the rectus abdom-
inis muscle or the ischiotruncus muscle. Thus,
the diaphragmaticus is an inspiratory muscle
that appears to be part of the pelvic muscu-
loskeletal system.

Birds.—Baumel (1988) observed that the tail
moves during vocalization of some birds (e.g.,
crows, warbling vireos, and lovebirds). These
observations led Baumel et al. (1990) to study
the role of the pelvic and tail musculature in
the ventilation of pigeons. They found that in
anesthetized pigeons, resting on their ster-
nums, one of the epaxial muscles, the longis-
simus dorsi, was consistently active during in-
spiration. It elevated the pelvis at the notarial-
synsacral joint and increased the volume of
the thoracoabdominal cavity (Fig. 2B). De-
pression of the pelvis during expiration was
attributed to the action of the infrapubic ab-
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FIGURE 3. Structure of the pelvis of the basal archosaur
Euparkeria capensis. A, Lateral view. All three bones meet
in distinct sutures to form the acetabulum. B, Anterior
view. The pubic bones are united ventrally to form an
anteriorly facing apron. Modified from Ewer 1965.

dominal muscles, which had previously been
shown to be active during expiration (Kadano
et al. 1963; Fedde et al. 1969). Baumel and his
coworkers also found that three extrinsic tail
muscles (the caudofemoralis, pubocaudalis
externus, and pubocaudalis internus) and one
suprapubic abdominal muscle (the transver-
sus cloacae) were active during expiration.
These muscles depress the tail and constrict
the caudal abdominal wall, decreasing the vol-
ume of the thoracoabdominal cavity. Baumel
and his collaborators speculated that in pi-
geons the ventilatory movements of the pelvis
and tail may be important for ventilation
when a bird is resting on its chest and possibly
during flight.

Some evidence indicates that birds use pel-
vic aspiration during flight. Cineradiographic
studies of black-billed magpies (Pica pica)
showed that in some individuals the synsa-
crum rotates ventrally on the vertebral col-
umn during the downstroke of the wing in a
manner that would contribute to abdominal
compression, and it rotates dorsally during
the upstroke of the wing, contributing to ab-
dominal expansion (Boggs et al. 1997). Wheth-
er these pelvic movements are passive effects
of the lift and recovery phases of the wing-
beat cycle or the result of active recruitment of
the axial muscles remains to be determined.
Nevertheless, the timing of activity of the lon-
gissimus dorsi, levator caudae, and depressor
caudae muscles (Gatesy and Dial 1993) and
the pattern of ventilatory airflow (Boggs 1997)
are consistent with the possibility that the pel-
vis is actively elevated and depressed to facil-
itate ventilation during flight in pigeons.

Cuirassal Breathing in Basal Archosaurs

The Pelvic Girdle.—Although the mecha-
nisms of pelvic aspiration in crocodilians and
birds are very different from each other, it is
nevertheless unusual among vertebrates for
the pelvis to play an active role in inspiration.
The inspiratory role of the pelvis in both birds
and crocodilians raises the possibility that the
pelvis may have played a role in the ventila-
tion of the common ancestor of these two
groups. To provide a basis for a discussion of
a potential involvement of the pelvis in inspi-
ration of basal archosaurs, we briefly review

the structure of the pelvic girdle of basal ar-
chosaurs.

Primitively, the three elements of the pelvis
(ilium, ischium, and pubis) joined to form the
acetabulum (Fig. 3). These bones were joined
in broad, well-formed, joints. The ilium was
relatively small and is thought to have been
important as a site of attachment for axial
muscles, but not particularly important as a
site of attachment of limb muscles (Romer
1956). Below the acetabulum, the pubis and is-
chium formed a broad expanse of bone that
faced ventrally and laterally and was a site for
the attachment of limb muscles, most notably
for the puboischiofemoralis externus muscle.
Both the pubes and ischia met at the ventral
midline to form a symphysis.

The pelvic girdles of Recent crocodilians
and birds are both highly derived. The pubis
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FIGURE 4. Phylogeny of tetrapods showing the distribution of gastralia and our hypothesis (denoted by question
mark) for the origin of cuirassal breathing in archosaurs. We suspect that the absence of gastralia in ornithischian
and sauropod dinosaurs reflects the large gut mass of these animals rather than a loss of gastralia in the lineage
that gave rise to dinosaurs. Phylogeny is compiled from Gauthier et al. 1988 and from Hedges and Poling 1999.
Distribution of gastralia as described by Romer (1956) and Claessens (1997).

of Recent crocodilians is an elongated rod that
is excluded from the acetabulum and extends
forward from a movable joint with the ischi-
um (Fig. 2A). In birds, the ilium is greatly ex-
panded cranially and caudally, and both the
pubis and ischium have rotated so that they
project caudally and are aligned parallel to the
caudal expansion of the ilium (Fig. 2B). Nei-
ther the pubes nor the ischia of birds meet
ventrally. Given the highly derived pelvic gir-
dles of crocodilians and birds, we cannot ex-
pect basal archosaurs to have had a ventilatory
system that resembled the pelvic aspiration of
either crocodilians or birds.

Cuirassal Breathing?—An ischiotruncus mus-
cle that attached to the gastralia, similar to the
arrangement in Recent crocodilians, could
have functioned as a highly effective inspira-
tory pump in basal archosaurs. Gastralia are
primitive for amniotes and appear to be ho-

mologous with the ventral body armor of bas-
al Paleozoic tetrapods (Romer 1956) (Fig. 4).
In amniotes, they are present in the ventral
body wall as a series of narrow chevrons. The
number varies from taxon to taxon, but the
apex of the chevron always points cranially.
Each chevron consists of a variable number of
slender bones that angle laterally and caudally
across the belly from the midline. In some
taxa, the lateral ends of the chevrons curve
dorsally into the lateral hypaxial muscles. The
function of gastralia has generally been asso-
ciated with mechanical protection of the ven-
tral body wall (Romer 1956), but several au-
thors have suggested that gastralia may par-
ticipate in lung ventilation (Lambe 1917; Perry
1983; Claessens 1996, 1997). Claessens (1996)
proposed a ventilatory mechanism in thero-
pods that involves the hypaxial muscles of the
belly wall. We suspect that Claessens is cor-
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FIGURE 5. Illustration of proposed cuirassal breathing mechanism in the archosauromorph Euarkeria capensis. Dur-
ing expiration, contraction of the rectus abdominis muscle pulled the medial portion of the gastralia anteriorly,
causing an elevation of the ventral body wall. During inspiration, contraction of the ischiotruncus muscle pulled
the medial portion of the gastralia posteriorly, causing a depression of the ventral body wall and an increase in the
volume of the body cavity. Modified from Ewer 1965.

rect, but we also hypothesize that gastralia
could have contributed to ventilation through
the action of a parasagittally located ischio-
truncus muscles that had the motor pattern
observed in Recent alligators.

An ischiotruncus muscle that pulled the me-
dial aspect of the gastralia caudally would
function to swing the apex of the chevrons
ventrally and thereby increase the volume of
the abdominal cavity (Fig 5). Such a mecha-
nism would be analogous to expansion of the
buccal and gular cavities of fishes and many
tetrapods by the hyobranchial (i.e., sternohy-
oideus) muscles acting on the hyoid arches. If
the lateral ends of the gastralia were anchored
against caudal translation by hypaxial mus-
cles, such as the external oblique muscle, a
caudally directed force on the apex of the

chevrons would cause a caudoventral rotation.
For this mechanism to work, the point of ro-
tation (i.e., fulcrum) of the gastralia would
have been located dorsally to the distal end of
the pubes. This would have allowed the pubes
to function as a guide that directed the mus-
cular force so that a moment was applied to
the fulcrum of the gastralia.

This mechanism, which we call cuirassal
breathing, provides a plausible functional ex-
planation for the architecture that character-
izes gastralia in many taxa: rhynchosaurs
(Romer 1956); basal archosauriformes such as
Euparkeria (Romer 1956; Ewer 1965), and pseu-
dosuchians (Colbert and Mook 1951; Crush
1984; Sereno 1991); pterosaurs (Wellnhofer
1978); and prosauropod and theropod dino-
saurs (Lambe 1917; Claessens 1997). Thus,
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FIGURE 6. Phylogeny of Crocodylomorpha showing the distribution of characters associated with parasagittal limb
posture and kinetic pubes, and our hypotheses (denoted by question marks) for the origins of a diaphragmaticus
muscle and pelvic aspiration. Phylogenetic scheme follows that of Sereno and Wild (1992) and Wu et al. (1994).
Distribution of characters is described and referenced in text.

judging from the inspiratory role of the pelvic
musculoskeletal system in crocodilians, the
function of the ischiotruncus muscle in croc-
odilians, and the presence of well-developed
gastralia in basal archosauriforms such as Eu-
parkeria, we suggest that basal archosaurs used
cuirassal breathing (Fig. 4).

Crocodylomorpha

Three groups are recognized within the
Crocodylomorpha: Sphenosuchia, Protosu-
chia, and Mesoeucrocodylia (Fig. 6) (Sereno
and Wild 1992; Wu et al. 1994). The Poposau-
ria, such as Postosuchus (Chatterjee 1985), are
generally considered to be the sister group of
the Crocodylomorpha (Wu et al. 1994). Basal
Crocodylomorpha and their sister group, the
Poposauria, were characterized by limbs that
were long relative to those of Recent croco-
dilians (Cobert and Mook 1951; Crush 1984;
Chatterjee 1985) and by parasagittal limb pos-
ture, as indicated by the following characters:

posteriorly directed glenoids (Chatterjee 1985;
Benton and Clark 1988), posteriorly directed
calcanei (Parrish 1987), bilaterally symmetri-
cal feet (Chatterjee 1985; Benton and Clark
1988; Parrish 1991), supra-acetabular crests
(Chatterjee 1985; Benton and Clark 1988), and
fenestrated acetabula (Chatterjee 1985; Parrish
1991). In this analysis, we ask which members
of Crocodylomorpha possessed a system of
pubic kinesis similar to that of Recent croco-
dilians. We focus on members of Crocodylo-
morpha in which pelvic material is relatively
well known: Terrestrisuchus and Hesperosuchus
within the Sphenosuchia, Protosuchus and Or-
thosuchus within Protosuchia, and Alligator
within Mesoeucrocodylia (discussed above).

Terrestrisuchus gracilis.—The pelvis of Terres-
trisuchus was fairly typical of basal Pseudo-
suchia (Fig. 7). The ilium had a low profile and
a laterally compressed anterior process
(Crush 1984). The acetabulum was fenestrated
and the bone that formed the medial wall of
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FIGURE 7. Lateral views of the pelvic girdles of selected Crocodylomorpha. A, Terrestrisuchus gracilis (Crush 1984).
B, Hesperosuchus (Parrish 1991). C, Protosuchus richardsoni (Colbert and Mook 1951). D, Orthosuchus stormbergi (Nash
1968). E, Alligator (Romer 1956).

the acetabulum was thin. The ilium was thick-
ened where it articulated with the pubis and
ischium. The pubis formed the anterior mar-
gin of the acetabulum; the anterior rami of the
pubes joined medially and extended for a con-
siderable distance anteroventrally to form a
long, but typical, pubic apron. The ischial
rami were shorter and projected caudally in
the horizontal plane beneath the caudal ex-
pansion of the ilium. The gastralia were single
ossifications that were broad, flattened, and V-
shaped, and their lateral projections curved
slightly dorsally (Crush 1984). Crush (1984)
did not report the number of gastralia, but his
reconstruction of Terrestrisuchus shows five el-
ements adjacent to the distal end of the pubes.

Crush’s reconstruction indicates that the
pubes of Terrestrisuchus formed solid articu-
lations with the ilia and ischia. This suggests
that the pubic bones of Terrestrisuchus were not
free to rotate as in Recent crocodilians. The
elongate pubic apron and the V-shaped gas-
tralia with dorsally curved distal ends lead us
to suspect that Terrestrisuchus used a cuirassal

breathing mechanism similar to what we sug-
gest was present in basal archosaurs.

Hesperosuchus.—The pelvis of Hesperosuchus
is represented by parts of both pubes from
specimen UCMP 129740 (Parrish 1991). The
right pubis is nearly complete, and the distal
end of the left pubis is also preserved. The pu-
bis of Hesperosuchus was nearly as long as its
femur and was slightly recurved both ven-
trally and laterally (Fig. 7). The distal end was
enlarged and had a dorsoventrally aligned
groove that faced the ischium. The proximal
articulation with the ilium and/or ischium,
although not rounded, was much reduced in
relative size from that seen in Postosuchus or
Terrestrisuchus. The medial symphyseal re-
gions of both pubes are missing, but there is
some indication that Hesperosuchus had a thin
pubic apron. Nevertheless, the pubes are much
more rodlike in shape than those of Terrestri-
suchus.

The most striking feature of the pubic bones
of Hesperosuchus is the relatively small size of
the proximal articulation with the pelvis. The
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articular surface is similar both in size and
shape to that of Alligator (Fig. 7) (see Romer
1923c). This small proximal end could not
have contributed to the acetabulum in any sig-
nificant way. Parrish (1991) suggests that the
dorsoventrally aligned groove on the distal
rugosity of the pubis served as the attachment
site of a puboischiadic ligament. Alternatively,
this groove may have been the attachment site
of an ischiopubic muscle. Thus, pubic kinesis
in Hesperosuchus seems very likely, given the
shape and the small size of the pelvic articu-
lation of the pubis. In fact, it is difficult to
imagine how mobility of the pubes would
have been avoided.

Protosuchus richardsoni.—The pelvis of Pro-
tosuchus differed from the basal configuration
(i.e., that of Postosuchus and Terrestrisuchus) in
at least three aspects that are relevant to our
discussion of pelvic aspiration (Fig. 7). First,
the acetabulum was formed primarily by the
ilium and the ischium (Colbert and Mook
1951). The rounded proximal end of the pubis
articulated with both the ilium and ischium,
such that it formed only a small portion of the
anterior margin of the acetabulum. Second,
the pubis was elongated and had a rodlike
shaft that curved medially. Distally the two
pubes met along the midline in a flat expan-
sion. Thus, the pubic apron that characterized
basal archosaurs was not present. Third, the
ischium was similar to that of Recent croco-
dilians, forming a ventrally directed expan-
sion beneath the acetabulum. Thus, the pelvis
of Protosuchus was similar to the pelvis of Re-
cent crocodilians in most respects (Colbert
and Mook 1951). Protosuchus also had gastralia
that appear to have been concentrated near
the distal end of the pubis (Colbert and Mook
1951).

Similarities between the pelvis and gastral-
ia of Protosuchus and those of Recent crocodil-
ians lead us to suggest that Protosuchus pos-
sessed the crocodilian mechanism of pubic ki-
nesis. Although it is true that the pubis did ar-
ticulate with both ilium and ischium and
formed a small part of the acetabulum, there
was nothing about the structure of these bones
that would have precluded dorsoventral ro-
tation of the pubes at the acetabula. The rod-
like shape and distal expansion of the pubis,

as well as the concentration of gastralia near
the pubes, resemble the configuration of Re-
cent crocodilians and are consistent with the
crocodilian mechanism in which the ischio-
pubic and ischiotruncus muscles shorten to
rotate the pubes ventrally and caudally.

Orthosuchus stormbergi.—The pelvis of Or-
thosuchus stormbergi was remarkably similar in
structure and appearance to that of Recent
crocodilians (Nash 1968) (Fig. 7). The ischia
were situated directly below the acetabula and
were oriented vertically. The pubes were fully
separated from the acetabula and had small
rounded articular surfaces that made contact
with rounded processes on the ilia and ischia.
There was no fusion along the length of the
pubes to form a pubic plate, although they
may have met distally. All aspects of this pel-
vis lead us to propose that Orthosuchus pos-
sessed the mechanism of pubic kinesis ob-
served in Recent crocodilians.

Evolution and Significance of Pubic Kinesis.—
This analysis of pelvic anatomy suggests that
pubic kinesis evolved independently at least
twice in clades of Crocodylomorpha (Fig. 6).
Assuming basal archosaurs used cuirassal as-
piration to assist breathing, as suggested
above, relatively small changes of pelvic struc-
ture would have been required to evolve the
system of pubic kinesis present in Recent al-
ligators. The pubic-pelvic joint had to change
in a way that allowed pubic mobility, and the
attachment site of the ischiotruncus muscle
had to switch from the gastralia to the cranial
end of the pubis. These two changes would
have produced a system in which active ro-
tation of the pubes would have expanded the
abdominal cavity and could have assisted in-
spiration.

If the ancestors of Crocodylomorpha al-
ready had a system of cuirassal aspiration,
why would they have switched to a system of
pubic kinesis to accomplish the same func-
tion? We suspect that the main advantage of
pubic kinesis is that it facilitates diaphrag-
matic breathing. Because the diaphragmaticus
of Recent crocodilians envelops the abdomi-
nal viscera, it tends to pressurize the abdom-
inal contents when it contracts. This could
pose problems for effective venous return to
the heart from the hindlimbs and tail (Farmer
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FIGURE 8. Pelvic girdle of selected pterosaurs. Lateral view (A), dorsal view (B), and ventral view (C) of Pteranodon.
From Eaton 1910. Dorsal view of prepubis (D) and pelvis (E) of Rhamphorhynchus musensteri. After Wellnhofer 1978.
Dorsal view of articulated pelvis and prepubis of Rhamphorhynchus musensteri (F). Ventral view of prepubis (G) and
pelvis (H) of Campylognathoides liasicus. After Wellnhofer 1978.

and Carrier 2000a). In alligators, pressuriza-
tion of the abdomen during inspiration is min-
imized by the active ventral rotation of the pu-
bes (Fig. 2A). In contrast, ventral rotation of
the gastralia would not reduce visceral pres-
sure during diaphragmatic contraction be-
cause the gastralia are outside the volume en-
closed by the diaphragmaticus. (Motion of the
gastralia would displace the viscera ventrally
but cannot influence the visceral pressure gen-
erated by contraction of a diaphragmaticus
that envelops the viscera.) Thus, we suspect
that the repeated evolution of pubic kinesis in
Crocodylomorpha is associated with dia-
phragmatic breathing. This suggests that di-
aphragmatic breathing evolved very early in
the Pseudosuchia and may be basal for Cro-
codylomorpha (Fig. 6).

If diaphragmatic muscles were present in
basal crocodylomorphs, it is likely that this
muscle represents an adaptation to increase
metabolism during activity rather than an ad-
aptation to control buoyancy in the relatively
recent amphibious Mesoeucrocodylia. As stat-

ed above, early crocodylomorphs were fully
terrestrial animals with parasagittal limb pos-
ture; some had very long, gracile limbs. In
modern alligators, the diaphragmatic muscle
helps to make simultaneous ventilation and
locomotion possible (Farmer and Carrier
2000a,b). Thus, the presence of diaphragmatic
muscles in basal crocodylomorphs would be
consistent with the suggestion that this group
of archosaurs was specialized to sustained
vigorous activity early in its evolutionary his-
tory and that the limited aerobic capacity of
modern crocodilians represents a secondary
specialization to their modern lifestyle of
aquatic sit-and-wait predators (Walker 1970;
Carrier 1987).

Pterosaurs

The pelvis of pterosaurs had several char-
acters that were convergent with birds and
others that were convergent with crocodilians
(Fig. 8). As in birds the three pelvic bones
were solidly fused into a single unit, and an
increased number of dorsal vertebrae were in-
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corporated into the sacrum (three to five in
Rhamphorhynchus and as many as ten in Pter-
anodon) (Wellnhofer 1978, 1991). The preace-
tabular process of the ilium was very long and
in pterodactyloids it was fused with addition-
al dorsal vertebrae to form a synsacrum-like
structure (Eaton 1910). The distal ends of the
pubic bones did not meet on the ventral mid-
line, but the ischiadic portion of the pubois-
chiadic plate was fused at the midline (Padian
1983), making the pelvis partially open ven-
trally. In Pteranodon and other large pterodac-
tyloids, as many as eight dorsal vertebrae of
the thorax were fused into a notarium. Be-
tween the notarium and synsacrum were sev-
eral dorsal vertebrae that may have provided
some level of dorsoventral mobility. Such spe-
cialization for dorsoventral mobility of the
synsacrum appears to have been present in
basal pterodactyloids (Jensen and Padian
1989). The notarium and synsacrum-like pel-
vic girdle appear to be convergent with birds
and are generally associated with the need for
trunk stabilization during flapping flight (Ea-
ton 1910; Wellnhofer 1978).

Loosely articulated with the anteroventral
margins of the pubic bones were prepubic el-
ements that extended forward and curved me-
dially to join at the ventral midline (Fig. 8;
Wellnhofer 1978, 1991). In Rhamphorhynchus,
the prepubic elements formed a broad U-
shaped structure with lateral processes at the
anterior margin. Among the Pterodactylo-
idea, the distal ends of the prepubes were ex-
panded horizontally to form a flat platelike
structure. These prepubic elements strongly
resemble the organization of the pubic bones
in crocodilians and suggest that pterosaurs
were able to actively expand their posterior
abdominal cavity.

Gastralia were present in pterosaurs (Well-
nhofer 1978, 1991) but appear to have been
somewhat reduced compared with basal ar-
chosaurs. Rhamphorhynchus had six anteriorly
pointing, V-shaped elements in the ventral
belly wall between the sternum and the pelvis.
The gastralia were composed of a single
curved medial element and a lateral element
on each side. The medial element had an an-
teriorly directed process on the midline.

The convergent features of the pelvic girdles

of pterosaurs, birds, and crocodilians provide
grounds for speculation on the mechanism of
lung ventilation in this group of archosaurs.
The ventrally open, synsacrum-like pelvis and
dorsoventral mobility at the notarial-synsa-
cral joint suggest that pterosaurs, such as Pter-
anodon, used a pelvic aspiration pump similar
to what has been described in pigeons, in
which the epaxial muscles rotate the pelvis on
the notarium to cause inspiration. Further-
more, the structure of the prepubic plates of
pterosaurs is consistent with a crocodilian-
like mechanism of posterior abdominal ex-
pansion. Observations in American alligators
suggest that the kinetic pubes of crocodilians
facilitate aspiration with a hepatic piston driv-
en by a diaphragmatic muscle that originates
on the pelvic girdle (Farmer and Carrier
2000a). Thus, the prepubic plates raise the
possibility that pterosaurs breathed with a
crocodilian-like diaphragmatic system. The
craniolateral processes on the prepubic plates
of the genus Rhamphorhynchus (Fig. 8) may
have served as a site of origin for a diaphrag-
matic muscle. Alternatively, a birdlike mech-
anism for dorsoventral rotation of the pelvis
and a crocodilian-like mechanism for abdom-
inal expansion may indicate that pterosaurs
possessed abdominal air sacs or diverticula of
the lungs.

Dinosauria

The principal mechanism of ventilation in
dinosaurs was almost certainly costal aspira-
tion. Nevertheless, there are reasons to sus-
pect that the pelvic musculoskeletal system
may have played an important role in the ven-
tilation of these animals. Compared with bas-
al archosaurs, both ornithischian and sauris-
chian dinosaurs had (1) a large preacetabular
process on the ilium, (2) a reduction and dor-
sal relocation of the attachment sites of mus-
cles that were basally associated with the pu-
bis and ischium, and (3) exceptionally long
and isolated pubes and ischia. It is generally
agreed that the first two of these characters
were a consequence of the shift from a sprawl-
ing limb posture to one in which the limbs
were held more or less vertically in the para-
sagittal plane (Romer 1923a,b, 1927; Charig
1972; Walker 1977). A question that has not yet
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been adequately addressed, however, is why
the pubes and ischia of this group of archo-
saurs became so long, and, in some cases,
loosely attached to the ilia. In the sections be-
low, we suggest that many of the modifica-
tions observed in the pelvis of dinosaurs may
be related to lung ventilation.

Pelvic Aspiration in Ornithischians?

Gastralia were lost in the lineage that gave
rise to ornithischians (Claessens 1997) (Fig. 4).
Thus, cuirassal breathing, which appears to
have been important in many archosaurs, was
not possible in these dinosaurs. The large her-
bivorous gut may have made cuirassal breath-
ing uneconomical because of the energy re-
quired to lift the viscera with each expiration.
The same circumstance may explain the loss
of gastralia in sauropods. Nevertheless, the
lack of gastralia leaves three possibilities for
lung ventilation in ornithischians: (1) they re-
lied solely on costal aspiration, (2) they used
both costal and diaphragmatic breathing, and
(3) in addition to costal aspiration, they used
some unique form of pelvic aspiration. The
first possibility seems unlikely for many
groups of ornithischians. If one accepts the hy-
pothesis that the ancestors of ornithischians
used cuirassal breathing, it seems reasonable
to expect that active ornithischians augment-
ed costal ventilation in some way. Although
we cannot exclude the possibility that ornith-
ischians had a diaphragmatic muscle, we can-
not provide any direct evidence of it. What is
clear is that Ornithischia had pelvic organi-
zation that was completely distinct from that
in any other group of tetrapod.

The ilium was elongated both cranially and
caudally and appears to have played a greater
role in the attachment of hindlimb protractors
and retractors than was the case primitively
(Romer 1927; Charig 1972; Fastovsky and
Weishampel 1996). It was attached to the axial
skeleton by an increased number of sacral ver-
tebrae, at least 5 and as many as 11 in some
ceratopsians (Fastovsky and Weishampel
1996). Ossified tendons ran along the neural
spines and these ossifications appear to have
been centered over the pelvic girdle, rendering
the axial skeleton relatively immobile in this
region (Romer 1927; Fastovsky and Weisham-

pel 1996). In bipedal forms, the neural spines
were very long and exceptionally broad in the
sagittal plane, which also limited dorsoflexion
of the spine. In these aspects, the ilium and sa-
cral vertebrae give the impression of great
strength and limited iliosacral mobility.

In contrast, the pubis and ischium were rel-
atively delicate bones that were loosely artic-
ulated to each other and to the ilium (Romer
1956). Instead of the distinct, well-defined
joint surfaces that were present in basal ar-
chosaurs, the ilium had broad hemispherical
knobs that served as articulation sites for the
other two bones (Romer 1956). Both pubis and
ischium are thought to have made little or no
contribution to support of the femur at the hip
joint (Charig 1972). This ‘‘looseness’’ leads to
some ambiguity in how the three bones were
articulated in life; in our experience museum
mounts reflect this ambiguity in that the right
and left sides of the same specimen are often
reconstructed in different fashions.

The absolute magnitude of locomotor forces
applied to joints increases as body size in-
creases and locomotor performance improves.
Consequently, reductions in the relative size
and precision of pelvic girdle articulations are
characters that one would not expect to find in
very large, active tetrapods. Similarly, a sig-
nificant reduction in the contributions by the
pubis and ischium to the support of the femur
at the hip joint is unexpected. These characters
suggest that the pubis and ischium of ornith-
ischians played a reduced role in the genera-
tion of locomotor forces. Nonetheless, instead
of disappearing, the pubis and ischium of or-
nithischians acquired elaboration. At least
three groups of ornithischians independently
developed a broad and paddle-shaped ante-
rior prepubic process on the pubis (Fig. 9). The
prepubis was small in primitive ornithischi-
ans such as Lesothosaurus (Weishampel and
Witmer 1990a). It was also small in basal Or-
nithopoda (Weishampel and Witmer 1990b)
and in basal Ceratopsia (Dodson and Currie
1990; Sereno 1990). Thus, a large platelike pre-
pubis evolved independently in ceratopsians,
stegosaurs, and ornithopods. In many ornith-
opods, the ischia were as long as, or longer
than, the femora and were directed almost
horizontally beneath the tail. In contrast, in
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FIGURE 9. Phylogeny of Ornithischia showing the distribution of characters associated with elaborated pubes and
ischia, and our hypotheses (denoted by question marks) for the origins of pubic and ischial kinesis. Phylogeny
follows that of Sereno (1986) and Dodson and Currie (1990). IPK 5 hypothesized ischial and pubic kinesis; PrL 5
prepubic process long; PrLF 5 prepubic process laterally flattened; SIPJ 5 sliding ischiopubic joint; PK 5 hypoth-
esized pubic kinesis; RP 5 reduced pubis. Character distribution is described and referenced in text.

Ceratopsidae ceratopsians the ischia were ori-
ented more vertically and had a dramatic cra-
nially directed curve (i.e., decurved) (Dodson
and Currie 1990), and they appear to have en-
closed and supported the posterior abdomi-
nal contents. As suggested above, the reduc-
tion in pelvic joints and the limited involve-
ment of the ischium and pubis in the hip joint
imply that these elaborations of the pubes and
ischia were not associated with locomotion. If
not locomotor function, what role did the
unique features of ornithischian pubes and is-
chia play?

We suspect that the pubis and ischium of
some ornithischians may have been special-
ized for lung ventilation. Although the ideas
that follow are highly speculative and will
likely be difficult to test, we believe they war-
rant mention for three reasons. First, many of

the unique and strange aspects of the pelvic
girdles of ornithischians do not yet have com-
pelling functional interpretations. Second, as
argued above, many of the derived aspects of
the ornithischian pubes and ischia may not be
related to locomotor function. Third, there is
ample reason to believe that the pelvic mus-
culoskeletal system of the ancestors of ornith-
ischians functioned in cuirassal breathing.

Neoceratopsians.—In neoceratopsians, such
as Triceratops, the anterior process of the pubis
formed a vertically oriented plate that extend-
ed forward under the preacetabular process of
the ilium, and the shaft of the ischium formed
a gently curved, vertically oriented arc be-
neath the postacetabular process (Fig. 10A)
(Marsh 1891; Dodson 1996). The iliopubic and
ilioischial joints were formed by rounded
bosses on each of the articulating bones rather
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FIGURE 10. Illustration of the proposed mechanisms of
pubic and ischial kinesis in derived ornithischian di-
nosaurs. A, The pelvis of Triceratops prorsus. We suggest
that during inspiration, contraction of an ischiocaudalis
muscle caused a caudal rotation of the ischium at the il-
ioischial joint. Translational motion at the ischiopubic
joint would have resulted in a ventral rotation of the
prepubis at the iliopubic joint. We hypothesize that dur-
ing expiration, contraction of the rectus abdominis mus-
cle produced a cranial rotation of the ischium, which
pushed on the pubis and caused a dorsal rotation of the
prepubis. B, Pelvis of the hadrosaur Corythosaurus cas-
uarius, illustrating the proposed mechanism of pubic ki-
nesis in Ornithopoda and Stegosauria. The lateral view
shows the hypothesized configuration an iliopubic mus-
cle. The dorsal views show the lateral rotation of the pre-
pubic plate on the iliopubic and ischiopubic joints re-
sulting from contraction of the iliopubic muscle.

than by distinctly fitted sutures. The pubois-
chial joint was formed by an arm of the ischi-
um that extended forward beneath the acetab-
ulum to abut a broad articular surface on the

pubis. We suggest that all three pelvic joints
were kinetic and that motion at the iliopubic
and ilioischial joints was primarily rotational
in the parasagittal plane, whereas motion at
the puboischial joint was translational in the
parasagittal plane (Fig. 10A).

If this were true, contraction of the rectus
abdominis muscle would have caused a cra-
nial rotation of the ischium, which in turn
would have levered the prepubic blade of the
pubis dorsally. The rectus abdominis muscle
is recognized as an expiratory muscle in mam-
mals (De Troyer and Loring 1986), birds (Fedde
et al. 1969; Fedde 1976), and crocodilians
(Farmer and Carrier 2000a). If shortening of
this muscle functioned to rotate the ischium of
ceratopsians anteriorly it would have reduced
the volume of the pleuroabdominal cavity by
pushing the abdominal viscera cranially into
the thorax. At the same time, the requisite dor-
sal rotation of the prepube would have al-
lowed a medial collapse of the lateral abdom-
inal body wall. Caudal rotation of the ischium,
by the ischiocaudalis muscle or an ischioilium
muscle, would have produced a ventral rota-
tion of the prepube that would likely have
caused a lateral expansion of the abdominal
body wall. Thus, both caudal rotation of the
ischium and ventral rotation of the prepube
could have increased the volume of the body
cavity. In Triceratops prorsus, the gear ratio of
this mechanism was approximately 2, such
that one degree of rotation of the ischium
would have produced two degrees of rotation
of the prepube (Fig. 10A).

Ornithopoda and Stegosauria.—In basal or-
nithischians such as Lesothosaurus, the pubis
and ischium were equal in length and lay par-
allel, in close approximation (Fig. 11) (Weis-
hampel and Witmer 1990a). Furthermore, the
structure of the pelvic joints was such that the
ischiopubic interosseous margin (i.e., margin
between the two bones) was roughly colinear
with the iliopubic and ilioischial joints. This
architecture made possible a long-axis rota-
tion of the pubis along its long contact with
the ischium (Fig. 11). It is unlikely that a long-
axis rotation of the pubis in basal ornithischi-
ans would have served any function. However,
both ornithopods and stegosaurs indepen-
dently evolved large, laterally flattened pre-
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FIGURE 11. Lateral view of the pelvic girdles of selected
ornithischian dinosaurs. A, The basal ornithischian Le-
sothosaurus diagnosticus (Thulborn 1972; Santa Luca
1984; Weishampel and Witmer 1990a). B, Stegosaurus
(Gilmore 1914; Ostrom and McIntosh 1966; Galton
1990). C, The iguanadon Ouranosaurus nigeriensis (Ta-
quet, 1976; Norman and Weishampel 1990). D, The had-
rosaur Corythosaurus casuarius (Brown 1916; Weisham-
pel and Horner 1990).

pubic processes (Galton 1990; Norman and
Weishampel 1990; Weishampel and Horner
1990) (Figs. 9, 11). In both groups, the prepu-
bic process was directed cranially under the
preacetabular process of the ilium, such that
the prepube was set at an acute angle to the
long-axis of the pubis proper. If the pubis were
to rotate along its long-axis, the prepubis
would swing laterally and expand the volume
of the abdomen (Fig. 10B).

In this scenario, the prepubic plates of or-
nithopods and stegosaurs functioned as rotat-
ing flaps that produced a lateral expansion of
the belly wall. Two muscles that potentially
could have produced the lateral rotation of the
prepubes are ischiopubic and ischiotruncus
muscles, which are associated with inspira-
tion in extant crocodilians (Farmer and Car-
rier 2000a). This, however, would have re-
quired that the pubic attachment of the ischio-
pubic muscle migrate from the distal end of
the pubic bone to the cranial end of the pre-
pubic process. An intermediate function dur-
ing such a migration is hard to imagine. Sim-
ilarly, an ischiotruncus muscle would likely
have been lost from the lineage with the loss
of gastralia. An alternative is a new muscle
that originated on the supra-acetabular crest
of the ilium and inserted on the cranial mar-
gin of the prepubic process (Fig. 10B).

In summary, we are suggesting that a mech-
anism of pubic and ischial kinesis evolved in
advanced ceratopsians, and that the ornitho-
pod and stegosaur lineages independently
evolved mechanisms of lateral rotation of their
prepubic plates (Fig. 10). In all three cases, the
proposed pelvic kinesis would have func-
tioned to assist costal ventilation in pumping
air in and out of the lungs. If this scenario
were true, the three examples of convergent or
parallel evolution within ornithischians
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FIGURE 12. Illustration of the proposed mechanism of
cuirassal breathing in the theropod Allosaurus sp. A,
During expiration, contraction of the rectus abdominis
muscle pulls the medial portion of the gastralia anteri-
orly, causing an elevation and lateral compression of the
ventral body wall. During inspiration, contraction of the
ischiotruncus and caudotruncus muscles pulls the me-
dial portion of the gastralia posteriorly, forcing the body
wall to expand ventrally and laterally. B, Ventral view
of the gastralia of Allosaurus sp. showing the lever mech-
anism that is proposed to cause lateral expansion of the
abdominal cavity. We suggest that the ischiopubic mus-
cle inserted on the expanded facets of the medial ends
of the gastralia. Contraction of this muscle would have
pulled the medial ends posteriorly, producing cranial
rotation of the lateral ends of the gastralia and expand-
ing the body wall laterally. Contraction of the rectus ab-
dominis muscle would have pulled the medial ends of
the gastralia anteriorly, forcing the lateral ends of the
gastralia to swing posteriorly and reducing the volume
of the body cavity.

would suggest strong selection for pelvic as-
piration. We can imagine two plesiomorphic
conditions in which the evolution of pelvic as-
piration would be strongly favored. If basal
ornithischians had a diaphragmatic muscle
similar to that of extant crocodilians, a pelvic
mechanism to expand the posterior abdomen
would have helped to eliminate restrictions on
venous return, as has been suggested to be the
case in crocodilians. Alternatively, if basal or-
nithischians had air sacs or lung diverticula
that extended into the lumbar region, the pro-
posed mechanism could have provided a
more effective means of ventilating these lung
diverticula than the more cranially located
thoracic ribs.

Non-avian Theropods

The anatomy of non-avian theropods is con-
sistent with the mechanism of cuirassal
breathing that we propose for basal archo-
saurs. Non-avian theropods were character-
ized by well-developed gastralia in the belly
wall between the pubes and sternum (Claes-
sens 1997). The pubis was elongate and had
cranial and caudal expansions at the distal
end called a boot or foot. The ventral margin
of the boot was often convex in shape, covered
by cartilage, and aligned with the distal end
of the long ischium (Fig. 12A). This alignment
was such that an ischiotruncus muscle, origi-
nating on the distal end of the ischium, would
have crossed the ventral surface of the pubic
foot to reach the gastralia. If an ischiotruncus
muscle did extend from the ischium to the
gastralia, then the long pubis would have
served as a guide that oriented the force of the
ischiotruncus muscle on the gastralia.

The gastralia of non-avian theropods were
highly derived (Claessens 1997). Instead of a
simple union of lateral elements at the ventral
midline, the gastralia of theropods crossed the
midline and articulated with two gastralia
from the opposite side of the body (Fig. 12B).
The crossing arrangement of the gastralia con-
stituted a lever system, which, through the ac-
tion of hypaxial muscles, could have widened
or narrowed the cuirassal basket (Claessens
1997). Small fossae on the ventral side of the
proximal ends of the gastralia may have been
the site of attachment of the ischiotruncus
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muscle. If the medial ends of the gastralia
were drawn caudally by the ischiotruncus
muscle, the lever system of the gastralia would
have produced a lateral expansion of the belly
(Fig. 12B). Furthermore, the latticelike articu-
lations of theropod gastralia would have re-
duced the ventral expansion of cuirassal
breathing we have proposed for basal archo-
saurs (L. Claessens personal communication
1999). Instead, cuirassal breathing in non-avi-
an theropods was likely to have been a com-
bination of mediolateral and dorsoventral ex-
pansion and contraction of the belly.

We have attempted to model the relative
volume change that would have occurred as a
result of this lever system in Allosaurus. In
specimen No. 11541 from Dinosaur National
Monument, the ratio of the out-lever to the in-
lever of the cuirassal system was approxi-
mately 9 to 1 (Fig. 12B). We assumed a starting
angle of 758 between the gastralia on the two
sides of the body at the beginning of inspira-
tion. (This angle varies from approximately
758 next to the pubis to 1058 next to the ster-
num in specimen No. 11541.) We also assumed
that the ischiotruncus muscle could shorten to
produce a 10% decrease in the distance be-
tween adjacent gastralia, and that shortening
of the ischiotruncus muscle would draw the
gastralia caudally. When we modeled the sys-
tem in this way, shortening of the ischiotrun-
cus muscle caused a lateral rotation of the gas-
tralia to a new angle of approximately 1058,
and this increased the volume of the abdom-
inal cavity by 14%.

In summary, we suggest that the highly de-
rived pubis and ischium of non-avian thero-
pods are modifications of the basal archosaur
condition that facilitated cuirassal breathing
in animals with parasagittal limb posture. The
exceptionally long pubis and ischium provide
proper alignment for an ischiotruncus muscle
to effect increases in abdominal volume by
drawing the medial aspect of the gastralia
caudally; through the special lever system of
theropod gastralia, this would have produced
a lateral and ventral expansion of the belly. In
this scheme, the ischium functioned as the site
of origin of the ischiotruncus muscle, and the
expanded foot of the pubis acted as a guide to
direct the force of the muscle.

Another mechanism to assist costal aspira-
tion has recently been proposed by Ruben et
al. (1999). They suggest that theropod dino-
saurs used a hepatic piston driven by a dia-
phragmatic muscle to produce ventilation. Al-
though non-avian theropods may have pos-
sessed a diaphragmatic muscle, our analysis
provides no support for this possibility. In-
stead, the specialized gastralia and pelvic gir-
dle of basal theropods and the presence of
pneumatic openings in all presacral vertebrae
of oviraptors and dromaeosaurs (Britt et al.
1998) lead us to suspect that theropods used
cuirassal breathing to ventilate abdominal di-
verticula of the lung.

Aves

The mechanism of pelvic aspiration in Re-
cent birds (Baumel et al. 1990) is very different
from what has been observed in Recent alli-
gators (Farmer and Carrier 2000a), and very
different from the cuirassal breathing mecha-
nism that we are suggesting was present in
non-avian theropods. A fair criticism of our
scenario is that the pelvic aspiration system of
birds may in no way be homologous to that of
crocodilians. Nevertheless, changes in struc-
ture of the pelvic musculoskeletal system that
are plesiomorphic for Aves and its sister
group, the Dromaeosauridae, may have set the
stage for a gradual reduction in the impor-
tance of cuirassal breathing and the evolution
of the pelvic aspiration system of Recent birds.

The pelvis of dromaeosaurs differed from
that of other non-avian theropods in ways that
would have influenced cuirassal breathing. In
dromaeosaurs, the pubes were directed cau-
dally rather than cranially (i.e., retroverted)
and the ischia were much shorter than the pu-
bes (Norell and Makovicky 1997) (Figs. 13A,
14). This anatomical arrangement is not com-
patible with an ischiotruncus muscle. Dro-
maeosaurs, however, did retain both a well-
developed foot on the pubis and gastralia that
were typical of non-avian theropods. These
characters lead us to believe that dromaeo-
saurs used cuirassal breathing. However, for
cuirassal breathing to work in this group, a
caudotruncus muscle extending from the base
of the tail to insert on the gastralia would have
been required (Fig. 13A). (A caudotruncus
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FIGURE 13. Illustration of the proposed cuirassal breathing mechanism in the theropod Deinonychus antirrhopus and
the early bird Sinornis santensis. A, The orientation and size of the pubes indicate that an ischiotruncus muscle was
not present in maniraptorid theropods. For cuirassal breathing to work, a caudotruncus muscle would have to have
been present. Modified from Ostrom 1969 and Norell and Makovicky 1997. B, In early birds, inspiratory activity of
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the caudotruncus muscle would have required simultaneous activity of the epaxial muscles to stabilize the tail
against ventral rotation. Modified from Sereno and Chenggang 1992. Note that if the caudotruncus muscle origi-
nated on the chevrons and pygostyle, as illustrated, the digestive tract would have had to pass through the belly
of the muscle to reach the vent. Alternatively, the caudotruncus muscle could have taken its origin from the su-
perficial myosepta of the tail, as it does in the American alligator (Farmer and Carrier 2000a).

muscle is present in Recent crocodilians but
does not appear to be involved in ventilation
(Farmer and Carrier 2000a)). If the tail did be-
come the primary anchor for the muscles that
expanded the belly during inspiration, activ-
ity of the epaxial muscles would have been re-
quired at the same time to stabilize the tail
against the force exerted on the gastralia.
Thus, the early shift in Maniraptora to retro-
verted pubes and relatively short ischia may
have set the stage for the association of epaxial
muscle activity with inspiration in Recent
birds by requiring the tail to be stabilized
against the ventrally directed pull of the cau-
dotruncus muscle.

Among basal birds (Fig. 14), gastralia have
been observed in Archaeopteryx (Ostrom 1976;
Wellnhofer 1992), in confuciusornithids (Hou
et al. 1996; Ji et al. 1999), and in one enantior-
nithid, Sinornis (Sereno and Chenggang 1992).
Gastralia have not been observed in any hes-
perornithiforms or in Neornithes. Pubic boots
were present in both Archaeopteryx (Ostrom
1976) and Sinornis (Sereno and Chenggang
1992), but are absent in confuciusornithids
(Hou et al. 1996), most enantiornithids (L.
Chiappe personal communication), and all
known ornithurids (Padian and Chiappe
1998). Confuciusornithes, Enantiornithes, and
Ornithurae shared a shortened tail with a py-
gostyle (Hou et al. 1996), and a well-formed
synsacrum with seven or more vertebrae (Pa-
dian and Chiappe 1998; Ji et al. 1999). Orni-
thurae are characterized by the absence of pu-
bic and ischial symphyses and the presence of
a long sternum that reached the abdominal re-
gion (Padian and Chiappe 1998).

The Late Jurassic and Early Cretaceous con-
fuciusornithids and the enantiornithid Sinor-
nis possessed well-formed gastralia but had
tails that were almost modern in size and
structure. The structure of the pelvis in these
birds suggests that an ischiotruncus muscle
was not present and that a caudotruncus mus-

cle would have originated on the pygostyle of
the tail (Fig. 13B). For cuirassal breathing to
work in these birds, as suggested above for
dromaeosaurs, activity of the epaxial muscles
would have been required during inspiration
to stabilize the tail against the ventral pull of
the caudotruncus muscle. Thus, confuciusor-
nithids and Sinornis may represent an inter-
mediate stage in the transition from cuirassal
breathing of non-avian theropods to the pelvic
aspiration of Recent birds.

The absence of gastralia and pubic symphy-
ses in Ornithurae make it clear that basal Hes-
peronithiformes and Neornithes did not sup-
plement their costal ventilation with cuirassal
breathing. Although we believe that a pubic
boot is not essential for cuirassal breathing,
particularly in small animals, it is hard to
imagine the proposed mechanism of cuirassal
breathing working in animals that lacked pu-
bic and ischial symphyses. In this context, it is
significant that there are no known species
that possessed gastralia but lacked pubic and
ischial symphyses. The evolution of the ven-
trally open pelvis of Ornithurae appears to be
associated with the loss of cuirassal breathing.

The absence of gastralia and pubic symphy-
ses in Ornithurae and the presence of a well-
developed synsacrum lead us to suggest that
the system of pelvic aspiration observed in pi-
geons was present in the common ancestor of
Hesperonithiformes and Neornithes (Fig. 14).
The presence of pneumatic openings in all
presacral vertebrae of oviraptors and dro-
maeosaurs (Britt et al. 1998) suggests that ab-
dominal diverticula of the lung were a prim-
itive feature of the respiratory system of Man-
iraptora. In dromaeosaurs and basal birds, ab-
dominal lung diverticula would likely have
been ventilated by abdominal expansion due
to a cuirassal mechanism. In Ornithurae, the
caudal expansion of the sternum and ventral
opening of the pelvis made cuirassal breath-
ing unworkable. In these birds, abdominal
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FIGURE 14. Phylogeny of Aves showing the distribution of characters associated with the loss of cuirassal breathing
in Ornithurae and our hypothesis (denoted by question mark) for the origin of pelvic aspiration in Ornithurae.
Phylogeny compiled from Padian and Chiappe 1998, Forster et al. 1998, and Ji et al. 1999. Pneumatic openings
indicates clade in which pneumatic openings were present in all presacral vertebrae. Synsacrum indicates clade in
which a synsacrum composed of seven or more vertebrae was present. Pygostyle indicates clade with a pygostyle
on tail. Character distribution is described and referenced in text.

lung diverticula may have been ventilated by
action of the epaxial muscles to dorsally rotate
the synsacrum on the dorsal vertebrae, as has
been observed in pigeons.

Conclusions

1. The pelvic musculoskeletal system appears
to contribute to inspiratory airflow in both
crocodilians and birds. Although the mech-
anisms in birds and crocodilians differ con-
siderably, participation of the pelvic girdle
in the production of inspiration is rare
among vertebrates. This raises the possi-
bility that the pelvic musculoskeletal sys-
tem may have played a role in the ventila-
tion of basal archosaurs.

2. The mechanism of pelvic aspiration in croc-
odilians and the structure of gastralia in
basal archosaurs suggest that an ischio-
truncus muscle pulled the medial aspect of

the gastralia caudally, and thereby helped
to produce inspiration by increasing the
volume of the abdominal cavity. From this
basal mechanism (i.e., cuirassal breathing),
several archosaur lineages appear to have
evolved specialized gastralia, pelvic kine-
sis, and/or pelvic mobility.

3. Kinetic pubes appear to have evolved in-
dependently in at least two clades of Cro-
codylomorpha. Observations in alligators
suggest that kinetic pubes facilitate dia-
phragmatic breathing. Thus, the conver-
gent evolution of kinetic pubes suggests
that diaphragmatic muscles were present
in the basal crocodylomorphs and were as-
sociated with selection for increased me-
tabolism during activity rather than for
buoyancy control.

4. The pelvis of pterosaurs was long, open
ventrally, and had prepubic elements that
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resembled the pubic bones of Recent croc-
odilians. These characters suggest conver-
gence on the pelvic aspiratory systems of
both birds and crocodilians. The prepubic
elements are consistent with the possibility
that pterosaurs ventilated their lungs with
a crocodilian-like hepatic piston driven by
diaphragmatic muscles that originated on
the pelvic girdle.

5. The structure of the pelvis of some ornith-
ischians appears to have been permissive of
pubic and ischial kinesis. Large platelike
prepubic processes evolved three times in
Ornithischia. These plates may have been
instrumental in an active expansion of the
lateral abdominal wall to produce inspira-
tory flow.

6. The derived configuration of the pubis, is-
chium, and gastralia of non-avian thero-
pods appears to have enhanced the basal
cuirassal breathing mechanism. Changes
in structure of the pelvic musculoskeletal
system that were present in both dromaeo-
saurs and basal birds may have set the
stage for a gradual reduction in the impor-
tance of cuirassal breathing and for the evo-
lution of the pelvic aspiration system of Re-
cent birds.
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