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ABSTRACT
Recent reports of region-speciﬁc vertebral pneumaticity in nonavian
theropod dinosaurs have brought attention to the hypothesis that these
animals possessed an avian-style respiratory system with ﬂow-through
ventilation. This study explores the thoracic rib and vertebral anatomy of
Sinraptor, Allosaurus, Tyrannosaurus, and Deinonychus; four nonavian
theropods that all show well-preserved thoracic vertebrae and ribs.
Comparisons to the osteology and soft tissue anatomy of extant saurians
provide new evidence supporting the hypothesis of ﬂow-through ventilation in nonavian theropods. Analyses of diapophyseal and parapophyseal
position and thoracic rib morphology suggest that most nonavian theropods possessed lungs that were deeply incised by the adjacent bicapitate
thoracic ribs. This functionally constrains the lungs as rigid nonexpansive
organs that were likely ventilated by accessory nonvascularized air sacs.
The axial anatomy of this group also reveals that a crocodilian-like
hepatic-piston lung would be functionally and biomechanically untenable.
Taken together with the evidence that avian-like air sacs were present in
basal theropods, these data lead us to conclude that an avian-style pulmonary system was likely a universal theropod trait. Anat Rec, 292:1501–
C 2009 Wiley-Liss, Inc.
1513, 2009. V

Key words: axial skeleton; respiration; theropod dinosaur;
avian; lung

Several recent studies on the evolutionary history of
the avian respiratory system have indicated that several
characters that deﬁne modern avian respiration extend
back into the nonavian theropod lineage, possibly indicating the group had a more avian-like respiratory system (O’Connor, 2004, 2006; O’Connor and Claessens,
2005). Given the strong support for the placement of
theropod dinosaurs between modern birds and crocodilians, the extant phylogenetic bracket (EPB) method
(Witmer, 1995a) could potentially be used to provide further support for a more avian-like respiratory system in
nonavian theropods. However, while this method has
provided reliable reconstructions of theropod soft tissue
anatomy, including aspects of tyrannosaur myology (e.g.,
Carrano and Hutchinson, 2002) and craniofacial morphology (Witmer, 1995b, 1997), the method’s reliability is
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V

constrained by the number of homologous characters
identiﬁed in the morphology of the bracketing extant
taxa. Unfortunately the respiratory biology, and indeed
speciﬁc lung morphology of extant birds and crocodilians
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is highly divergent from one another, likely reﬂecting
very different evolutionary pressures upon each lineage;
thus, based on the EPB alone, it is impossible to determine whether nonavian theropods possessed a more
bird-like or crocodilian-like pulmonary anatomy. Nonetheless, there have been numerous attempts to impart
nonavian theropods with either a more crocodilian-style
hepatic-piston pulmonary system (e.g., Ruben et al.,
1997, 1999, 2003; Chinsamy and Hillenius, 2004) or an
avian-like lung-air sac respiratory system (e.g., Paul,
2001; O’Connor and Claessens, 2005; O’Connor, 2006).
The hepatic-piston hypothesis posits that theropod
dinosaurs possessed septate crocodilian-like lungs that
were ventilated by the diaphragmaticus muscle, which
runs from the pubes to the liver. When this muscle contracts, it shifts the abdominal viscera caudally, decreasing the pressure within the thoracic cavity, resulting in
inspiration (Gans and Clark, 1976; Farmer and Carrier,
2000). Relaxation of this muscle returns the abdominal
viscera to their former positions, forcing the air out of
the lungs. The hepatic-piston hypothesis is based upon
an EPB level II inference, negative evidence, and putative osteological similarities between theropods and
extant crocodilians (e.g., Ruben et al., 2003), as well as
the untested assumption that the crocodilian lung is plesiomorphic for Archosauria.
The main competing hypothesis proposes that theropod dinosaurs possessed a more avian-like respiratory
system with rigid dorsally adhered lungs that are ventilated by cranial and caudal air sacs that variably pneumatize the postcranial skeleton (e.g., Britt et al., 1998;
O’Connor and Claessens, 2005; O’Connor, 2006). Using
rigorous methods to differentiate pulmonary pneumaticity from fossae and vascular foramina in the axial skeleton, O’Connor (2006) argued that the extensive vertebral
pneumaticity in the axial skeleton of theropods is homologous to that seen in extant birds. The region-speciﬁc
pneumaticity in the postcranial skeleton of Majungatholus atopus (and other theropods—see O’Connor and
Claessens, 2005 supplemental materials) has been
unequivocally correlated with diverticula from the lungs
and cranial and caudal air sacs of extant birds (O’Connor and Claessens, 2005). The avian hypothesis has
been further supported by Klein and Owerkowicz (2006)
study demonstrating that the complex septal coelomic division of the avian thorax is homologous to, and likely
derived from, the postpulmonary septum that supports
the saccular lung chambers of lizards. Other key osteological characters (e.g., hypapophyses and uncinate processes) have been used as evidence for at least a
protoavian respiratory system in nonavian theropods
(Klein and Owerkowicz, 2006; Codd et al., 2007).
Alternatively, it is possible that both avian and crocodilian pulmonary anatomies are highly derived, with
neither representing the basal archosaurian state. Perhaps, theropod lungs were morphologically similar to or
evolved from an animal possessing the saccular multicameral lungs of lizards (e.g., Varanus sp.) as proposed
by Perry (1992). The lung morphology for each of these
hypotheses is very distinct: the varanid lung is multichambered and elastic; the crocodilian lung is similar
but also includes the hepatic-piston accessory ventilation
mechanism; and the avian lung is small, rigid, and nonexpansive, and has associated nonvascularized air sacs.
Furthermore, the craniodorsal surface of the lungs in all

extant archosaurs and lizards are attached to the adjacent vertebral bodies and to varying degrees (depending
on the taxon) to the associated rib heads (Perry, 1988;
McLelland, 1989; pers. obs. 2007). This close relationship
between the lung and the axial skeleton affects the gross
morphology of the lung surface in all diapsids, and all
three groups possess speciﬁc skeletal adaptations that
assist in the ventilation of the lungs. Thus, the anatomy
of the vertebral column and ribs appear to be reliable
indicators of lung morphology in extant diapsids, providing osteological correlates to help reconstruct the respiratory system in extinct diapsids, including nonavian
theropods.
Previous reconstructions of nonavian theropod respiratory anatomy focus primarily on the air sac system or
pelvic and abdominal morphology, as opposed to the
actual pulmonary morphology (although see Perry, 2001;
O’Connor, 2006, pp.1216-1219 and Figs. 3D, 8A, and
8B). While these anatomical characteristics correlate
with respiratory anatomy, they do not necessarily
directly reﬂect the gross anatomy of the lung. In this
study, we test the hypothesis that theropod dinosaurs
possessed avian-like rigid nonexpansive lungs that were
dorsally attached to the vertebral column and were
incised by adjacent bicapitate thoracic ribs. Paul (2001,
2002) presented a generalized review of the anatomical
characters of the theropod rib cage that supported the
inference of an avian lung in Theropoda. We present
additional evidence supporting this hypothesis by analyzing vertebral and rib morphology and positions of the
articulation points between the ribs and vertebrae from
individual theropod specimens with a well-preserved
vertebral series. Our data indicate that rigid, dorsally
anchored, nonexpansive lungs were present in Neotetanurae (sensu Sereno, 1999 and Avetheropoda of Paul,
1988 and Padian et al., 1999).

RESPIRATORY ANATOMY OF EXTANT
SQUAMATES AND ARCHOSAURS
Respiration in Basal Amniotes
Aspiration breathing is plesiomorphic in extant
amniotes, derived from a buccal pump respiratory mechanism that is still present in many extant taxa (e.g.,
Brainerd, 1999; Klein and Owerkowicz, 2006). Inspiration results from negative internal pressure generated
by expansion of the thoracic cavity (except in Testudines)
(Brainerd, 1999). In modern lepidosaurs, aspiration is
primarily driven by rotation of the ribs, which provides
the negative pressure in the lungs required to force air
into the thoracic cavity (Brainerd, 1999; Carrier and
Farmer, 2000b). Expiration results from contraction of
the axial muscles, which rotates the ribs in the reverse
direction and forces the air out of the pleural cavity
(Brainerd, 1999; Carrier and Farmer, 2000b).
Two major complications are associated with costal
aspiration that all amniotes counteract to varying
degrees using different anatomical adaptations. The ﬁrst
problem is the movement of the abdominal viscera in
association with the decrease in internal pressure produced by costal aspiration, resulting in a diminished
pleural cavity available for ventilation (Perry, 1985;
Brainerd, 1999). To circumvent this potential problem,
many animals have either a muscular or membranous
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septum separating the pleural cavity from the abdominal cavity (Klein and Owerkowicz, 2006).
The second issue resulting from costal aspiration is
the potential asymmetrical inﬂation of the lungs, which
can lead to lung collapse (Klein and Owerkowicz, 2006).
Mammals solve this dilemma by having homogenously
structured lungs that are completely encased by a ﬂuid
lined pleural cavity (Klein and Owerkowicz, 2006). In
contrast, in Reptilia, the lungs are attached to the dorsal
surface of the body cavity (Perry, 1992) and attached to
a series of pulmonary septa, which prevent the multiple
bellows-like septate chambers from collapsing (Perry,
1988).

Osteology. Varanids generally have 21–22 procoelous
dorsal (¼thoracic) vertebrae, with short and broad centra (Romer, 1956). The thoracic ribs are holocephalous,
as in other lizards, and articulate with the thoracic vertebrae via a single synapophysis (fused parapophysis
and diapophysis) (Hoffstetter and Gasc, 1969). This single articular site permits a ﬂexible rib cage, which facilitates costal aspiration. The interior ceiling of the
thoracic cavity is relatively smooth, allowing the caudal
compliant portion of the lungs that is not attached to
the vertebral column to expand unencumbered during
inhalation.

Respiration in Varanids

Respiration in Crocodilians

Lung morphology. Varanids (and helodermatids)
are the only lizards that possess multichambered lungs
(Perry, 1998). They are generally large and heterogeneously subdivided into various chambers, with the apical
chambers supplied with inspired air through a cartilagereinforced secondary bronchus (Perry, 1998). The dorsomedial region of the varanid lung is where the majority
of gas exchange occurs via dense parenchyma, while the
caudal sacculated sections are poorly vascularized,
highly compliant (Perry, 1998, 1983), and are believed to
serve as ventilatory bellows (Klein and Owerkowicz,
2006). The dorsal and medial chambers of the lungs in
varanids are essentially immobile due to the tight
attachment of the dorsal lung surface to the body wall
(Perry, 1992; pers. obs. 2009). In addition, a complete
nonmuscular postpulmonary septum (PPS) that lies caudal to the lungs and cranial to the liver has evolved in
varanids (Klein and Owerkowicz, 2006).
The lungs are primarily ventilated by costal aspiration; the craniolateral movement of the ribs is assisted
by the PPS, which prevents the caudal regions of the
lung from collapsing (Klein and Owerkowicz, 2006). The
saccular caudal regions of the varanid lung are poorly
vascularized (Perry, 1998) and generally do not participate in gas exchange; however, they are thought to aid
in the ventilation of the immobile cranial portion of the
lung that contains the dense respiratory parenchyma
(Klein and Owerkowicz, 2006). Costal aspiration, however, is only completely effective when the animal is
immobile (Owerkowicz et al., 1999). During locomotion,
the intercostal muscles, M. external oblique and M. rectus abdominis actively produce lateral undulations of
the trunk, diminishing their capacity to help ventilate
the lungs (Ritter, 1996; Owerkowicz et al., 1999). This
results in a reduced capacity to maintain the necessary
blood oxygen concentrations required for intense activity; however, some derived lizards (i.e., Varanus exanthematicus) mitigate this axial constraint by using a gular
pump in association with costal-driven respiration
(Owerkowicz et al., 1999). Nevertheless, the lateral
undulations associated with locomotion restrict squamate aerobic activity to short infrequent bursts (Carrier
and Farmer, 2000a). Interestingly, varanids possess a
cardiopulmonary system that permits oxygen uptake
comparable to that of some mammals of similar size
(Hicks and Farmer, 1999); however, their ability to ventilate the lung is greatly constrained by their axial morphology (Owerkowicz et al., 1999).

Lung morphology. Crocodilians possess the most
complex lung of any extant nonavian reptile (Fig. 1A);
they are completely enclosed in a separate pleural cavity and frequently attached to the dorsal parietal
pleura (Perry, 1988). The multicameral pattern is comparable to the sacculated multichambered lung of varanids; however, the crocodilian lung is composed of
multiple tubular monopodial branching chambers that
are connected by intrapulmonary bronchi and lined
with perforated interedicular septa (Perry, 1988). The
monopodial branching pattern and low number of cranial chambers are similar to the structure found in embryonic avian lungs (Perry, 1988). Crocodilians possess
a PPS (like varanids) as well as a posthepatic septum
(PHS) that augment the effectiveness of costal aspiration (Perry, 1998). The lungs of crocodilians are partially adhered to the thoracic body wall along their
craniodorsal surfaces (as opposed to the entire surface
as in varanids) as well as to the viscera along their
caudal surfaces, which prevents lung collapse during
expiration (Perry, 1998).
Lung ventilation is achieved by costal aspiration in
association with a hepatic piston pump, a derived mechanism utilizing a novel respiratory muscle, the diaphragmaticus (Fig. 1A) (Brainerd, 1999; Carrier and Farmer,
2000a,b; Claessens, 2004a). This muscle takes its origin
from the caudal gastralia and cranial surface of the
pubes and inserts on a collagenous fascia on the caudal
surface of the liver; contraction of this muscle pulls the
liver and viscera caudally, thus decreasing the pressure
within the thoracic cavity (Carrier and Farmer, 2000b;
Farmer and Carrier, 2000). The pelvis of crocodilians is
highly derived and modiﬁed relative to the basal archosaurian condition in that the pubis articulates only with
the ischium, forming a mobile joint (Farmer and Carrier,
2000). This mobile pubis of extant crocodilians is a synapomorphy of Crocodyliformes (Claessens, 2004a). In
addition to the movement of the liver by the diaphragmaticus, two other muscles (the ischiopubic and ischiotruncus muscles) assist in respiration by rotating the
pubic bones ventrally, thus decreasing the pressure
within the body cavity initiating inspiration (Carrier
and Farmer, 2000b). Relaxation of the diaphragmaticus,
ischiopubic, and ischiotruncus muscles, in conjunction
with contraction of the rectus abdominus and transversalis muscles, returns the liver and pubic bones to their
more cranial orientation commencing expiration (Carrier
and Farmer, 2000b).
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Figure 1.
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Osteology. In extant crocodilians, the 15 procoelous
dorsal vertebrae can be subdivided into thoracic and
lumbar (rib free) vertebrae (Hoffstetter and Gasc, 1969).
The ﬁrst three (and sometimes four) dorsal centra possess hypapophyses, which serve as the origin sites for
the M. longus colli muscles that run cranially. The ﬁrst
two thoracic vertebrae (like the cervical vertebrae) articulate with their corresponding ribs via two distinct costal processes, the ventral capitulum and the dorsal
tuberculum (Fig. 2A). The parapophyses in both vertebrae are located on the body of the centrum, beneath the
neurocentral suture, while the diapophyses are located
on the distal ends of the transverse processes (Fig. 1C).
The ribs that articulate with the ﬁrst two vertebrae are
strongly bicapitate with the capitulum located directly
ventrally to the tuberculum, with a deep notch separating the two rib heads. The third thoracic vertebra is
transitional; the parapophysis is located above (or
directly on in some specimens) the neurocentral suture.
The capitulum is reduced in this rib and the tuberculum
becomes the primary articular process (Fig. 3A). In the
remaining vertebrae the transverse processes are very
broad and thin, each with two articular surfaces, the
craniomedial surface for the capitulum and the caudolateral one for the tuberculum. In each of the successive
vertebrae, the parapophyses shift further out on the
transverse process toward the diapophysis until they
become almost one articular surface (Fig. 1C). The result
of this shift in rib articulation is a thoracic cavity with a
very ﬂat and smooth ceiling caudal to the ﬁrst two ribs
(Fig. 1B). This facilitates the cranial and caudal movement of the lungs when inﬂated and deﬂated by the hepatic-piston pump. The cranial portion of the thoracic
cavity is furrowed by the capitula of the ﬁrst two ribs,
which leave impressions on the craniodorsal surface of
the lungs (Perry, 1988; pers. obs. 2008). The ribs that
articulate only with the transverse processes of their corresponding vertebrae (dorsals 4–15) are generally much
more mobile than the preceding ribs because the two
articulations lie on the same plane horizontally, allowing
the ribs to rotate laterally during costal aspiration.
Respiration in Extant Birds
Lung morphology. The avian respiratory tract is
composed of two main components: the rigid gas
exchanging bronchial lungs and the nonvascularized
ventilatory air sacs (Duncker, 1972, 1974). The air sac
system permits unidirectional airﬂow over the paleopulmonic parabronchi during both inspiration and expiration (Maina, 2005). This system, enabled by the rigid
structure of the lung, provides birds with the most efﬁ-

Fig. 1. A: Dorsal view of the lungs, trachea, liver, and diaphragmaticus muscles (cut) of an alligator. Scale bar ¼ 5 cm. B: Interior of the
thoracic cavity of an alligator (Alligator mississippiensis) with the viscera removed. Arrow points cranially. Scale bar ¼ 5 cm. C: Diagrammatic images of the ﬁrst six dorsal vertebrae of an American crocodile
(Crocodylus acutus) redrawn and modiﬁed from Mook (1921). The diapophyses are indicated in blue and the parapophyses are indicated in
pink. 1a–6a ¼ dorsals 1–6 in cranial view, 1b–6b ¼ dorsals 1–6 in left
lateral view. D: Dorsal view of the lungs, trachea, and extrapulmonary
bronchi of an ostrich (Struthio camelus). Image reproduced/adapted
with permission from Maina and Nathaniel (2001). Scale bar ¼ 2 cm.
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cient respiratory apparatus of any air-breathing vertebrates (Maina, 2002). The rigidity of the avian lung and
constant volume throughout the respiratory cycle provide the mechanical foundation for an enlargement of
the oxygen exchange surfaces into a three-dimensional
mesh network of blood capillaries 10 times larger than
the gas exchange surfaces found in mammalian lungs
(Duncker, 1974).
The body of the lung is positioned in the craniodorsal
region of the thoracic cavity; the costal surface is tightly
attached to the costal wall and the vertebral (medial)
surface of the lung adheres to the adjacent vertebral
bodies (Duncker, 1972). The vertebral and costal surfaces of the lung are deeply incised by the proximal section
of each bicapitate rib (Fig. 1D), so that approximately
one-ﬁfth to one-third of the lung tissue is located in
between the neighboring thoracic ribs (Duncker, 1972;
Maina and Nathaniel, 2001; Maina, 2005). Respired air
enters the lung through the primary bronchus, which
gives off four ventrobronchi and 7–10 dorsobronchi; both
the ventro and dorsobronchi further subdivide into the
smaller parabronchi and capillaries which anastomose
with one another and are the primary site for gas
exchange (Duncker, 1972). The lungs are bordered ventrally by a horizontal septum that separates the pleural
cavity from the abdominal viscera (Duncker, 1972), and
an oblique septum dividing the peritoneal cavity into
two separate regions (Klein and Owerkowicz, 2006).
During both inspiration and expiration the avian lung
remains rigid, changing in volume by, at the most,
1.4% (Jones et al., 1985). The horizontal septum arises
from the hypapophyses of the thoracic vertebrae to
insert on the lateral thoracic wall forming the ﬂoor of
the pleural cavity (Duncker, 1972), and the ceiling of the
subpulmonary cavity, which houses most of the air sacs
in extant birds (except for Apteryx) (Klein and Owerkowicz, 2006). This series of septa is likely homologous to
the reptilian PPS that assists the multicameral lungs
during respiration, and it is believed to have a similar
function in birds (Klein and Owerkowicz, 2006).
The system of air sacs in the avian lung was likely
modiﬁed from the nonvascularized caudal chambers of
the sacculated reptilian lung (Perry, 1992; Ruben et al.,
1997; Maina, 2002) into the unpaired cervical, and paired
interclavicular, cranial thoracic, caudal thoracic, and abdominal sacs found in extant birds (Duncker, 1972, 1974;
Kürtül et al., 2004; Çevik-Demirkan et al., 2006). The air
sacs serve as air storage chambers and ventilatory bellows, generating airﬂow through the lungs (Scheid and
Piiper, 1989; Heard, 1997; Powell, 2000). Extrapulmonary
diverticulae from the air sac system invade the postcranial skeleton resulting in the pneumaticity of variable

E: Interior of the thoracic cavity of an ostrich (Struthio camelus) with
the thoracic and abdominal viscera removed and trachea and esophagus cut. Arrow indicates direction of the head. Scale bar ¼ 5 cm. F:
Diagrammatic image of the ﬁrst six dorsal vertebrae of an ostrich (S.
camelus). The diapophyses are indicated in blue and the parapophyses are indicated in pink. 1a–6a ¼ dorsals 1–6 in cranial view, 1b–6b
¼ dorsals 1–6 in left lateral view. C ¼ capitulum; Dm ¼ diaphragmaticus muscle (cut); E ¼ esophagus (cut); Lc ¼ longus coli muscle; Li ¼
liver; Lu ¼ lung; S ¼ costal sulci; Sy ¼ syrinx; T ¼ tuberculum; Tr ¼
trachea; V ¼ ventral surface of the dorsal centra.
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viding unidirectional and near-continuous ventilation of
the avian lung (Duncker, 1971).

Fig. 2. Diagrammatic images demonstrating the differences in rib
morphology and articulation in an alligator (A) and two extant birds (B,
C). Dorsal ribs are indicated in gray, images are not to scale. A: Left
lateral view of the thoracic skeleton of the American alligator (A. mississippiensis) with the forelimbs, hindlimbs, and gastralia removed. B:
Left lateral view of the thoracic skeleton of the Argus pheasant (Argus
giganteus) with the forelimbs removed. Redrawn from Shufeldt (1909).
C: Left lateral view of the thoracic skeleton of the Trumpeter swan
(Olor columbianus) redrawn from Shufeldt (1909) with the forelimb and
shoulder girdle removed.

Osteology. The avian lung is structurally and functionally different from that of other extant archosaurs,
and as a result is associated with different axial skeletal
morphology (Fig. 2B,C). Unlike costal aspirators with
elastic inﬂatable lungs, which require a ﬂexible rib cage,
the rigid avian lung requires an equally rigid dorsoventrally incompressible thoracic cavity. It has been proposed
that the biomechanics and architecture of the avian rib
cage and lung exist in a tensegrity (tensional integrity)
state, which allowed for the decoupling of the rigid lung
and the ventilatory air sacs (Maina, 2007). The rigidity
and volume-constant state of the avian lung is a prerequisite for the extreme subdivision of the parabronchial
tissue, which would not be possible if the lung were compliant since surface tension would have to be overcome
(Duncker, 2004; Maina, 2007). To support the lung structure, the thoracic ribs articulate with the dorsal vertebrae
in a manner so that rib rotation during inspiration is uniform and restricted by an axis of rotation that near vertically through both the parapophysis and diapophysis
(Claessens, 2008). As in crocodilians, the tuberculum
articulates with the diapophysis on the transverse process; however, the diapophysial surface is located slightly
more ventrally than in the crocodilian vertebrae. The
transverse processes are generally short and subtriangular in cross section (Fig. 1F). The capitulum is offset and
ventral to the tuberculum (Figs. 2B,C and 3B), articulating with its corresponding parapophysis, which is located
on the centrum and below the neurocentral suture for the
entire dorsal series (Fig. 1F) (King, 1993). The ventrally
located capitular articulations produce a deeply furrowed
thoracic ceiling (Fig. 1E), with the capitula themselves
incising the dorsally adhered lungs (resulting in grooves
in the lung tissue (Fig. 1D), or costal sulci), further reducing pulmonary movement or volumetric change.
MATERIALS AND METHODS

portions of both the axial and appendicular skeleton (e.g.,
Hogg, 1984; O’Connor, 2004, 2006).
Ventilation of the avian lung is functionally very different from that of other vertebrates and has been well
summarized in the literature (e.g., Duncker, 1971;
Scheid and Piiper, 1989; Powell, 2000; Maina, 2005;
Claessens, 2008). Inspiration results from a ventral shift
of the sternum, which decreases the internal thoracic
pressure drawing air in through the trachea. The
inspired air ﬂows to the abdominal air sacs and the caudal thoracic sacs via the laterobronchus of the lung
(Powell, 2000). Air also ﬂows through the lung, across
the gas exchange surfaces of the ventrobronchi and parabronchi, to the cranial sacs due to the decrease in thoracic pressure (Scheid and Piiper, 1989). During
expiration, the sternum returns to its original position
through a hinge-like motion against the intracostal
articulations, and the resulting increase in thoracic pressure causes the air in the cranial sacs to be exhaled
through the trachea (Claessens, 2008). Also, the air in
the abdominal sacs ﬂows through the dorsobronchi, parabronchi, and ventrobronchi of the lungs to the cranial
sacs and then out through the trachea as well, thus pro-

This study describes the vertebral anatomy of extant
birds, crocodilians, and varanids, as well as specimens of
nonavian theropods. Complete vertebral series in theropod dinosaurs are limited; however, there are a few taxa
that are either represented by multiple specimens or are
complete enough for this study. These taxa include the
following: Sinraptor dongi (IVPP 10600), Allosaurus fragilis (UUVP 6000), Tyrannosaurus rex (FMNH PR 2081),
and Deinonychus antirrhopus (YPM 5204, YPM 5210).
All of the nonavian theropods selected for this study are
represented by detailed photographs and illustrations in
the literature (IVPP 10600, UUVP 6000, FMNH PR
2081) (Madsen, 1976; Currie and Zhao, 1993; Brochu,
2003) or were examined directly (YPM 5204, YPM 5210).
Data on the pulmonary anatomy of the extant taxa are
derived from dissections of fresh and preserved specimens, as well as descriptions in the literature. Dissections were completed on two alligators (Alligator
mississippiensis), an ostrich (Struthio camelus), a whitethroated monitor lizard (Varanus albigularis albigularis), and a Nile monitor lizard (Varanus niloticus).
To obtain the most parsimonious reconstruction of
theropodan pulmonary anatomy, we follow the methodology of Bryant and Russell (1992) and Witmer (1995a).
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Fig. 3. Diagrammatic images of select dorsal ribs of living and
extinct archosaurs with the capitulum indicated in pink and the tuberculum indicated in blue. Drawings are not to scale. A: Illustration of left
dorsal ribs 1, 3, 5, 7, and 9 in cranial view of Crocodylus acutus
redrawn from Mook (1921). B: Illustration of left dorsal ribs 1, 3, 5, 7,
and 8 in cranial view from a Rhea americana specimen provided by
Peter Dodson. C: Illustration of left dorsal ribs 1, 3, 5, 7, and 9 in cra-

nial view of Allosaurus fragilis redrawn from Madsen (1976). D: Illustration of left dorsal ribs 1, 3, 5, 7, and 9 in cranial view of Sinraptor
dongi redrawn from Currie and Zhao (1993). E: Illustration of left dorsal
ribs 1, 3, 5, 7, and 9 in cranial view of Tyrannosaurus rex redrawn from
Brochu (2003). F: Idealized composite illustration of select dorsal ribs
in cranial view of two different specimens of Deinonychus antirrhopus.

The EPB method (Witmer, 1995a) facilitates the identiﬁcation of soft tissue anatomical structures in extinct
taxa by analyzing homologous tissues present in phylogenetically related extant taxa. Skeletal morphology is
used to avoid restoring features that vary greatly from

those found in extant relatives (Rowe, 1986). Data on
the skeletal anatomy of extant taxa are from direct examination of specimens from the avian collections of the
ANSP and descriptions in the literature. See Table 1 for
abbreviations.
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RESULTS
Respiration in Nonavian Theropods
As the lungs are partially, if not completely dorsally,
adhered to the vertebral column in extant archosaurs
and lepidosaurs, it is most parsimonious to assume that
this was also the anatomical state in nonavian theropods. Because of the intimate relationship between lung
morphology, function and axial osteology in all diapsids,
predictions of the gross anatomy of the lung in nonavian
theropods may be made based upon their vertebral morphology. Speciﬁc osteological characters associated with
lung type in each of the three extant groups described
earlier (Table 2) were used as indicators for lung morphology in extinct theropods.

Sinraptor dongi (IVPP 10600). Sinraptor dongi
Currie and Zhao, 1993 is a large allosauroid theropod
from the Middle to Late Jurassic Shishugou Formation
of China, and is known from a mostly complete skeleton
with a well-preserved series of dorsal vertebrae (Currie
and Zhao, 1993). The transverse processes of the dorsals
are subtriangular in cross-section, are connected to the
vertebral bodies via the cranial and caudal centrodiapophyseal laminae and to the prezygapophysis by the
prezygopophyseal lamina (sensu Wilson, 1999). The
transverse processes remain relatively short throughout
the entire dorsal series without any signiﬁcant change
in length (Fig. 4A1,A2). The parapophyses are located on
the body of the centrum in the ﬁrst four dorsal vertebrae, just cranial to pneumatic openings that invade the
body of each centrum. The parapophysis of the ﬁfth
dorsal is slightly transitional, shifting further up the
centrum to occupy the suture between the centrum and
the neural arch, while the remaining dorsals have parapophyses at the bases of their respective neural arches
(Fig. 4A1,A2). For the entire dorsal series, the parapophyses and diapophysis remain strongly separated and
offset, with the diapophysis located slightly caudal to
the parapophysis in the vertical plane (Fig. 4A2). All of
the dorsal ribs of S. dongi are strongly bicapitate, with
the capitulum ventral to and offset from the tuberculum;
the two rib heads are connected via a thin lamina
(Fig. 3D). Interestingly, only one rib is hollow, demonstrating some of the same variation in postcranial pneumatization seen in some extant birds (Hogg, 1984;
O’Connor, 2004). There is no rib-free lumbar region in
S. dongi. When the thoracic ribs are articulated with
their corresponding vertebrae the result is a deeply furrowed ceiling adjacent to the ﬁrst ﬁve dorsals, followed
by shallower furrows in the thoracic ceiling associated
with D6 and the remaining dorsal vertebrae.
Allosaurus fragilis (UUVP 6000). Allosaurus fragilis Marsh 1877 is a well-known theropod from the
Late Jurassic Morrison Formation of North America.
The transverse processes are generally robust and
remain similar in length along the entire dorsal series.
In the cranial dorsal vertebrae (D1–D4), they extend out
at an 90-degree angle to the neural spine; in the more
caudal dorsals the transverse processes are elevated to
at least 30 above the horizontal axis and 60 caudal to
the transverse axis (Fig. 4B1,B2) (Madsen, 1976). The
transverse processes in all of the dorsal vertebrae are
connected to the prezygapophyses by prezygopophyseal

TABLE 1. Institutional abbreviations
ANSP
FMNH
IVPP
UUVP
YPM

Academy of Natural Sciences,
Philadelphia, PA
Field Museum of Natural
History, Chicago, IL
Institute of Vertebrae Paleontology
and Paleoanthropology,
Beijing, China
University of Utah Paleontology
Collection, Salt Lake City, UT
Yale Peabody Museum, New Haven, CT

laminae and to the centra by the caudal centrodiapophyseal laminae (as well as the cranial centrodiapophyseal
laminae in the second and third dorsals). In the ﬁrst
four dorsal vertebrae, the parapophyses are located on
the body of the centrum. In the ﬁfth dorsal it shifts to
the suture between the centrum and the neural canal,
and in the remaining vertebrae, the parapophyses are
located directly on the neural arch (Fig. 4B1,B2). At no
point along the dorsal series do the parapophyses move
to the transverse processes, remaining distinctly separate and ventral to the diapophysis. Like the cranial dorsals of S. dongi, the ﬁrst four dorsal vertebrae of A.
fragilis have a small pneumatic foramen on the lateral
surface of each centrum caudal to the parapophyseal
facet. The dorsal ribs of A. fragilis are also morphologically similar to those of S. dongi; the ﬁrst through the
seventh are strongly bicapitate with two distinct articular surfaces connected via a thin lamina (Fig. 3C). The
thoracic ribs caudal to the seventh remain bicapitate,
but the articular surfaces have shifted so that they are
on the same horizontal plane. The ribs that articulate
with the ﬁrst seven dorsal vertebrae in A. fragilis produce a deeply corrugated thoracic cavity; the costovertebral articulations of the caudal dorsal vertebrae result
in a similarly ridged roof but less strongly so.

Tyrannosaurus rex (FMNH PR2081). Tyrannosaurus rex Osborn 1905 is represented by multiple skeletons; however, the most complete and best preserved
specimen is ‘‘Sue’’ (FMNH PR2081). All of the dorsal vertebrae of T. rex are similarly shaped, and contain pneumatic foramina (or pneumatopores) on both sides of the
centra (Brochu, 2003). The transverse processes are
robust, triangular in cross-section, and ﬂat dorsally with
some containing pneumatic openings along their caudoventral surfaces (Fig. 4C1). Like the other theropods
described earlier, they are connected to the vertebral
body by the cranial and caudal centrodiapophyseal laminae and to the prezygapophyses by the prezygopophyseal
lamina, all of which are more strongly developed in the
cranial dorsal vertebrae. The parapophyses are located
at the craniolateral margin of the neural arch in all of
the dorsal vertebrae, exhibiting a very slight upward
shift in the caudal dorsals (Fig. 4C1,C2). There is a complete separation of the parapophyses and diapophyses
for the entire series of dorsal vertebrae; however, as the
transverse processes become more horizontal in the caudal dorsals, the two processes become closer together in
the vertical plane (Fig. 4C1). All of the dorsal ribs are
deeply curved and bicapitate, with a distinct capitulum
and tuberculum (Fig. 3E). A notch in the ﬁrst rib separates the two processes; the succeeding rib heads are

Cranial most processes are
short and rounded;
following processes
become progressively
longer, thinner and
broader

Very short and robust,
slightly longer in the
caudal dorsal vertebrae,
but no signiﬁcant
morphological change
along the dorsal series
Moderately short and robust,
no signiﬁcant change in
length along the dorsal series

Crocodilians
(Figs. 1A–C,
2A, and 3A)

Birds (Figs.
1D–F, 2B,C,
and 3B)

Theropod
Dinosaurs
(Figs. 3C–F
and 4A1–D2)

Short, simple and generally
similar along the
dorsal series

Transverse processes

Lizards

Taxonomic group

On the body of the centrum
in the cranial dorsals and
on the neural arch in the
caudal dorsals

On the body of the centrum
along the entire dorsal series

Located below the neurocentral
suture on the centrum in
the ﬁrst two dorsals; directly
on the neurocentral suture
in the third; as an accessory
surface on the transverse
process in the remaining
vertebrae

Fused with the diapophysis
forming a synapophysis
(Hoffstetter and Gasc, 1969)

Parapophyseal location

All of the ribs are
bicapitate; the cranial
3–4 dorsal ribs are
more strongly
forked than
the caudal dorsal ribs

The ﬁrst three dorsal
ribs are strongly
bicapitate; the fourth
and subsequent ribs
articulate primarily
via the tuberculum,
the capitulum becomes
an accessory notch on
the rib shaft
All of the dorsal ribs are
strongly bicapitate

Simple unicapitate
(holocephalous) ribs
(Hoffstetter and
Gasc, 1969)

Rib morphology

No

No

Yes

Yes

Rib-free
lumbar
region

Rigid lungs likely
ventilated by air sacs

Rigid lungs ventilated
unidirectionaly by nine
nonvascularized air sacs

Sacculated lungs
ventilated by tidal costal
aspiration sometimes
accompanied by a buccal
pump (Perry, 1998)
Flexible sacculated lungs
ventilated by a hepaticpiston pump that shifts
the viscera fore and aft
resulting in changes in
thoracic pressure

Respiratory mechanism

TABLE 2. Osteological characters in the axial skeleton of extant archosaurs and squamates associated with respiration
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Fig. 4. Diagrammatic images of the dorsal vertebrae of four nonavian theropods with the parapophyses indicated in pink and the diapophyses indicated in blue. Drawings are not to scale. A1: Illustration
of the ﬁrst nine dorsal vertebrae of Sinraptor dongi in lateral view,
redrawn from Currie and Zhao (1993). A2: Illustration of the 1st, 2nd,
4th, and 9th dorsal vertebrae (left to right) in cranial view of S. dongi,
redrawn from Currie and Zhao (1993). B1: Illustration of the ﬁrst nine
dorsal vertebrae of Allosaurus fragilis in lateral view, redrawn from
Madsen (1976). B2: Illustration of the 1st, 4th, 7th, and 9th dorsal ver-

tebrae (left to right) of A. fragilis in cranial view, redrawn from Madsen
(1976). C1: Illustration of the 14th through the 22nd presacral vertebrae of Tyrannosaurus rex in lateral view, redrawn from Brochu (2003).
C2: Illustration of the 14th, 17th, 20th, and 22nd presacral vertebrae
(left to right) of T. rex in lateral view, redrawn from Brochu (2003). D1:
Illustration of the 1st, 4th, 6th, 7th, and 10th dorsal vertebrae (left to
right) of Deinonychus antirrhopus in left lateral view. D2: Illustration of
the 1st, 4th, 7th, and 10th vertebrae of D. antirrhopus in cranial view.

separate but connected by a thin lamina. When
articulated, the ceiling of the ribcage of T. rex is deeply
grooved for its entire length, which extends caudally to
the sacrum. There is no rib-free ‘‘lumbar’’ region, with
last dorsal vertebra (V23) likely possessing a small
vestigial rib.

all of the preserved vertebrae are angled slightly caudally and at 40 above the horizontal plane, except for
the 6th vertebra, in which the processes project horizontally (Fig. 4D2). They remain robust and similar in
length and morphology in all of the vertebrae. The parapophyses are located on the body of the centrum in the
ﬁrst dorsal, shifting to the junction between the centrum
and the neural arch by the fourth, and on to the neural
arch in the succeeding three vertebrae (Fig. 4D1,D2). In
the caudal most vertebra [identiﬁed as either dorsal 10
or dorsal 11 by Ostrom (1969)], the parapophyses are
still completely distinct, offset and ventrally positioned
relative to the diapophyses, which are (as in all of the
archosaurs and lizards described) located on the distal
end of the transverse processes. Numerous dorsal rib
fragments were found associated with YPM 5204 and
YPM 5210; however, the skeletons were completely disarticulated and scattered, thus preventing a complete
reconstruction. All of the thoracic ribs are bicapitate,
with the capitulum and tuberculum separated by a 30mm notch in the ﬁrst rib (Fig. 3F). In the ﬁrst few dorsal
vertebrae, the ribs articulate with the tuberculum
directly above the capitulum; there is a rotation the

Deinonychus antirrhopus (YPM 5204 and YPM
5210). While Deinonychus antirrhopus Ostrom 1969
does not possess a complete dorsal vertebral series, the
vertebrae that are present are extremely well preserved
and the relevant osteological characters associated with
respiratory anatomy are clear. They have been identiﬁed
as dorsals 1, 4, 6, 7, and 10; however, because a complete
vertebral series is not known for D. antirrhopus this
assignment must be considered tentative. Ostrom (1969)
noted that the ﬁve vertebrae are likely from two separate individuals; however, there does not seem to be an
overlap and a composite can be created from the vertebrae based on the central size, height of the neural
spine, parapophyseal location, and shape and orientation
of the transverse processes. The transverse processes in
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middle and caudal ribs, articulating with their corresponding vertebrae at a 45-degree angle that reaches
closer to horizontal in the caudal most dorsals (Fig.
4D1). Like the other theropods, D. antirrhopus possessed
a thoracic cavity with a corrugated ceiling, with deeper
furrows in the cranial half of the rib cage.

DISCUSSION
Lung Morphology and Its Osteological
Correlates in Nonavian Theropod Dinosaurs
Transverse processes. The transverse processes of
crocodilians become progressively elongated and ﬂattened in the middle and caudal dorsal vertebrae providing a ﬂat surface for the expansion of the lungs. In
birds, the transverse processes remain short and robust
for the entire length of the dorsal series; avian lungs are
rigid and nonexpansive, and thus do not require a similar ﬂattening of the ceiling of the rib cage. All of the
nonavian theropods examined exhibited transverse processes that were morphologically similar to those found
in extant birds. In both groups all of the transverse processes were short and rounded, while the parapophyses
and diapophyses remained separate and offset for the
entire vertebral series. Furthermore, none of the theropods exhibited any kind of ﬂattening or extension of the
transverse processes in any of their dorsal vertebrae,
with some theropods (e.g., D. antirrhopus) even exhibiting a shortening of the processes relative to the centrum
in the caudal dorsal vertebrae.
Parapophyseal location. The shift of the parapophysis from the lateral aspect of the centrum to the
transverse process is very distinct and consistent in
extant crocodilian taxa in that the shift occurs no later
than the fourth dorsal vertebra. The successive movement of the parapophysis out on the lengthening processes toward the diapophysis in crocodilians is coupled
with the ﬂattening and elongation of the transverse process, providing a smooth inner surface for contact with
the lungs. In contrast to the crocodilian state, the entire
parapophysis remains completely on the craniolateral
aspect of the centrum in all of the dorsal vertebrae in
birds. The parapophyses of the nonavian theropods
examined did have a shift in location; however, the articular surface never reaches the transverse processes (Fig.
4) as in crocodilians (Fig. 1C). In all four taxa examined,
the cranial dorsal vertebrae possess parapophyses
located on the craniolateral surfaces of their centra; the
parapophyses shift up to the neural arch at around the
fourth dorsal in D. antirrhopus and T. rex, and the ﬁfth
dorsal in A. fragilis and S. dongi. While the parapophyses do exhibit an upward shift in their location in the
nonavian theropods, they do not move to the transverse
processes as they do in crocodilians, and remain distinctly separate and ventral to the diapophyses for the
entire dorsal series.
Rib morphology. The ﬁrst two thoracic ribs of crocodilians resemble those of their avian counterparts; they
are strongly bicapitate with a large notch between the
two heads. The more caudal crocodilian ribs retain both
articular surfaces but the ribs become unicipital, with
the capitulum migrating closer to the tuberculum in
each successive rib (Fig. 3A). In all of the thoracic ribs
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caudal to the ﬁrst four, the capitulum and tuberculum
are on the same plane horizontally so that the rib is dorsoventrally ﬂattened, similar to its corresponding transverse process. Avian thoracic ribs are morphologically
similar throughout the entire series, with a distinct
capitulum and tuberculum separated by a large notch
(Fig. 3B). The nonavian theropods observed possess
avian-like ribs with distinctly separate capitula and
tubercula along the entire thoracic sequence. The capitulum and tuberculum are connected by a thin lamina in
the nonavian theropods and are not as distinctly offset
as the avian ribs (Fig. 3C–F). However, when articulated
the ribs produce a deeply furrowed thoracic cavity, similar to the avian rib cage.

Lung Morphology of Nonavian Theropods
Based on the EPB, nonavian theropods probably had
heterogeneously partitioned multichambered lungs. Similarly, nonavian theropods likely had lungs that were
dorsally anchored to the vertebral column and whose
function was tightly constrained by vertebral and rib
morphology. None of the derived crocodilian characters
are present, including the pronounced elongation of the
transverse processes or parapophyses that migrate progressively toward the diapophyses. The rib-free ‘‘lumbar’’
region of crocodilians is also noticeably absent in both
theropods and birds. The manner in which the bicapitate
ribs articulate with their corresponding vertebrae in
nonavian theropods generates a rigid ribcage around the
lungs with limited dorsoventral mobility compared to
crocodilians. The corrugated ceiling resulting from this
anatomical arrangement (generated by articulation of
the capitulum to a parapophysis located on the centrum)
would have greatly inhibited the inﬂation of the lungs
by a crocodilian hepatic-piston mechanism. The caudal
expansion of the lungs from contraction of the diaphragmaticus is facilitated by the smooth interior of the crocodilian rib cage; this mechanism likely would not function
with lungs that were incised and ﬁxed in place by the
thoracic ribs. The axial osteology of nonavian theropods
contradicts assertions that they may have had a respiratory mechanism similar to that of extant crocodilians.
Another signiﬁcant ﬂaw in the hepatic-piston hypothesis concerns the basic biomechanics of bipedal locomotion; all theropods are obligate bipeds, whereas all
crocodilians are obligate quadrupeds. When the abdominal viscera shift cranially and caudally by action of the
diaphragmaticus in crocodilians, the center of mass also
shifts (Farmer, 2006). This is not a problem for a quadrupedal sprawling animal with a low center of mass;
however, it creates a signiﬁcant equilibrium problem for
a parasagittaly erect biped with, in many cases, an
enlarged head. Shifting the center of mass cranially and
caudally with every breath would substantially disrupt
the balance and agility of any biped, particularly the
large theropods for which a fall could be fatal. Despite
the arguments for the presence of a hepatic-piston based
respiratory apparatus in theropods (e.g., Ruben et al.,
2003), both the biomechanics of bipedalism, and the osteology of the theropod axial skeleton make this hypothesis untenable from a functional perspective.
The case for an avian-style respiratory tract in nonavian theropods is argued elsewhere (e.g., O’Connor and
Claessens, 2005; O’Connor, 2006), and these results lend
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further support to this hypothesis. In the caudal dorsal
vertebrae of the four theropods examined, while the parapophyses do not move to the transverse processes, they
do shift dorsally, and the ribs associated with these vertebrae are markedly less forked. It is more likely that
nonavian theropods had a respiratory system that was
similar to that of modern birds, with cranial and caudal
air sacs as evidenced by the vertebral pneumaticity (see
O’Connor and Claessens, 2005), but was not fully developed into the respiratory apparatus found in extant
birds. The main osteological difference between birds
and nonavian theropods is the enlarged avian sternum
coupled with jointed ribs, which plays a signiﬁcant role
in lung ventilation. The complex avian rib-sternum complex is lacking in nonavian theropods, so the protoavian
lungs must have been ventilated in a different manner,
possibly by gastralial or pelvic aspiration (see Carrier
and Farmer, 2000a; Claessens, 2004a,b). While these
results are restricted to theropods, investigation into the
vertebral and rib anatomy of other dinosaurian groups
and basal archosaurs would provide more information
on the evolution of the avian lung and the plesiomorphic
pulmonary morphology of archosaurs in general.

Evolution of the Avian Lung
Both crocodilians and birds have very specialized and
unique respiratory systems that require certain osteological characteristics to function properly. The extreme
subdivision of the avian lung is only possible because it
is not compliant, so it seems that it would be highly
unlikely for this type of lung to have evolved from one
inﬂated by a hepatic-piston, which would be the case if
the crocodilian respiratory system were indeed the basal
state for dinosaurs. The argument that crocodilian physiology and anatomy does not represent the plesiomorphic
state for all of Archosauria is not new (see Seymour et
al., 2004), and is further supported by these results. It is
more likely that the derived avian respiratory tract
evolved from something similar to that seen in extant
varanids. The heterogeneously partitioned multichambered lung of monitor lizards with its dense parenchyma
in the cranial region, and poorly vascularized compliant
caudal region functioning as ventilatory bellows, represent a possible precursor to the avian air sac system and
ﬂow-through lung. The strong attachment of the entire
dorsal surface of varanid lungs to the body wall (and
resulting immobility) provides a more plausible analogous evolutionary starting point than the more partial
craniodorsal attachment of crocodilian lungs. The ‘‘varanid hypothesis’’ is also supported by developmental evidence that indicates that the avian coelomic
organization and PPS are homologous to the PPS in varanids and other more basal reptiles (Klein and Owerkowicz, 2006). Perry (1992) proposed an interesting and
viable model for the ancestral state of archosaur lungs
and the successive steps that led to the evolution of the
derived avian and crocodilian conditions similar to the
‘‘varanid hypothesis.’’ The basal archosaurian or ‘‘euparkerian grade’’ lung would consist of monopodially
branching tubular chambers in the cranial half of the
lung, which anastamose with a collection of arching tubular chambers in the caudal portion of the lung, features present in all extant archosaurian lungs. The key
evolutionary step from the ‘‘euparkerian-grade’’ lung to-

ward the avian ﬂow-through lung would be the secondary connection between the caudal chambers with the
cranial ones.
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