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In 1868 Thomas Huxley first proposed that dinosaurs were the direct ancestors of birds and subsequent
analyses have identified a suite of ‘avian’ characteristics in theropod dinosaurs. Ossified uncinate processes
are found in most species of extant birds and also occur in extinct non-avian maniraptoran dinosaurs. Their
presence in these dinosaurs represents another morphological character linking them to Aves, and further
supports the presence of an avian-like air-sac respiratory system in theropod dinosaurs, prior to the evolution
of flight. Here we report a phylogenetic analysis of the presence of uncinate processes in Aves and non-avian
maniraptoran dinosaurs indicating that these were homologous structures. Furthermore, recent work on
Canada geese has demonstrated that uncinate processes are integral to the mechanics of avian ventilation,
facilitating both inspiration and expiration. In extant birds, uncinate processes function to increase the
mechanical advantage for movements of the ribs and sternum during respiration. Qur study presents a
mechanism whereby uncinate processes, in conjunction with lateral and ventral movements of the sternum
and gastral basket, affected avian-like breathing mechanics in extinct non-avian maniraptoran dinosaurs.
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1. INTRODUCTION
Uncinate processes extend from the caudal edge of the
vertebral ribs. In modern birds (with the exception of
the Sphenisciformes and Apteryx), the processes are
ossified to the thoracic ribs and typically have a bell-
shaped base and taper distally (figure la—c). Avian
uncinate processes were originally interpreted as having
a primary function in stiffening the rib cage and
stabilizing the shoulder musculature (Bellairs & Jenkins
1960). However, recent work has demonstrated that
uncinate processes are crucial ventilatory structures in
birds, involved in both inspiration and expiration (Codd
et al. 2005). Morphological adaptations including
differences in wing shape, leg morphology and the rib
cage are commonplace in birds with adaptations to
different forms of locomotion. Interestingly, recent work
has indicated that uncinate length also correlates with
locomotor mode in birds: being short in walking
(figure la); intermediate length in flying (figure 15);
and long in diving species (figure 1lc¢; Tickle er al.
2007). The appendicocostal muscle attaches the
uncinate process to the following rib and is active
during inspiration in the giant Canada goose (Codd
et al. 2005). The uncinate processes also act as a
strut for the insertion of the external oblique muscle,
which pulls the sternum dorsally during expiration
(Codd et al. 2005).

Recently, we have developed a geometric model to
relate uncinate function to morphological differences
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associated with locomotor specializations in birds. Our
geometric model indicates that uncinate processes act as
levers which improve the mechanical advantage for the
forward rotation of the dorsal ribs and therefore lowering
of the sternum during respiration in birds (Tickle ez al.
2007; figures 2—4). Given their lever arm action and site
for muscle attachment, the length of the processes is
functionally important as it will alter the mechanical
advantage and area available for muscle attachment.

The aim of this paper is to review the occurrence and
morphology of uncinate processes in non-avian manir-
aptoran dinosaurs. In particular, we have examined the
phylogenetic distribution of these processes to determine
whether these are homologous structures. The wider
distribution of uncinate processes and analogous
structures will also be determined. Furthermore, the
occurrence of these processes, in conjunction with move-
ments of the sternum and a kinetic gastral basket, has
reconstructed avian-like breathing mechanics in extinct
non-avian maniraptoran dinosaurs.

2. UNCINATE PROCESSES IN NON-AVIAN MANIR-
APTORAN DINOSAURS

Recent discoveries have improved our understanding of
the phylogenetic relationships of theropods and indicate
that origin of Aves (Archaeopteryx to Neornithes: Padian
1998) is embedded within maniraptoran theropod dino-
saurs (Clark er al. 2002; figure 2). Within non-avian
maniraptoran dinosaurs, ossified uncinate processes are
found in oviraptorids and many dromaeosaurs.
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Figure 1. Uncinate processes (arrows) of (a) a running bird, the Cassowary (Casuaris casuaris), (b) a flying bird, the Eagle Owl
(Bubo bubo), (¢) a diving bird, the Razorbill (Alca torda); canonical variate analyses indicates that the uncinate processes are
shorter in running, long in diving and intermediate in all other birds (Tickle ez al. 2007), (d) AMNH 6517, (Oviraptor
philoceratops), (¢) MPD 100/25 (Velociraptor mongoliensis). Anterior is to the right in all figures. Scale bars, 5 cm. Photographs

taken by J.R.C.

Ouwiraptor philoceratops (AMNH FR 6517) has four
ossified uncinate processes present on the first four
thoracic ribs (Clark ez al. 1999; figure 1d). The processes
extend from the caudal edge at the midpoint of the
thoracic ribs and overlap the preceding ribs. The uncinate
processes are flat, broad and bell shaped at the base, then
taper distally and have a characteristic ‘L-shaped’
morphology, most closely resembling that of flying avian
species (figure 15). The processes on the first and fourth
ribs are reduced in length and thickness. However, the
uncinate processes on the second and third ribs exhibit
both uniform geometry and morphology. The processes
are not ossified to the ribs.

Five long uncinate processes are present on the left
hand side of Velociraptor mongoliensis (MPD 100/25;
Kielan-Jaworowska & Barsbold 1972; Norell & Makovicky
1999, 2004), extending from the caudal edge at the
midpoint of the third to the seventh thoracic ribs to the
edge of the second following rib (figure 1e). As described
for Owirapror, the processes are not ossified to the rib
(figure le). In this taxon, the uncinate processes most
closely resemble those of the diving avian species
(figure 1¢). The processes are flattened and uniform in
morphology; they are thin and taper towards the tip. The
uncinate process on the seventh rib is reduced in size and
length and has been displaced from the thoracic rib. Rib
scars indicate that the uncinate processes on the first and
second thoracic ribs are missing.

The description of Deinonychus antirrhopus (Ostrom
1969) made no mention of uncinate processes; however,
‘probable venrral ribs’ were figured (see Ostrom 1969, fig. 52).
A review of Deinonychus (YPM5246, YPM5247
and YPM5250) material has identified these ‘probable’
elements as uncinate processes (P. L. Manning 2006,
personal observation). The ‘articular scars’ on Deinonychus
ribs (Ostrom 1969) were almost certainly cartilaginous
attachment sites between the thoracic rib and proximally
expanded articular surface of each uncinate process.
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Deinonychus uncinates are typically bell shaped proximally,
taper distally and were not ossified to the ribs. The uncinates
may have been attached via cartilage as is suggested by
corresponding roughened areas. The length of the uncinates
indicates that they would have caudal-dorsally spanned
several (2—4) ribs. It follows that gastral elements described
in other non-avian maniraptoran theropods may also
represent misidentified, unfused uncinate processes.

The smallest known non-avian theropods, Microraptor
zhaotanus (V12330; Xu er al. 2000; Hwang et al. 2002)
and Microrapror gui (IVPP V13352; Xu et al. 2003), are
often well preserved in life positions and have uncinate
processes (figure 3). The uncinate processes of Microraptor
expand from the caudal edge of the ribs to a bell-shaped
articulation with a distal tapering shaft and are homolo-
gous to, but much smaller than, those identified in this
study for Deinonychus. Each process spans three ribs at an
angle of 55° and was not fused to the ribs.

The occurrence of uncinate processes is patchy among
the non-avian maniraptoran dinosaurs (figure 2). In the
species so far described (Velociraptor, Microraptor,
Deinonychus, Khaan and Citiparr), the morphology of the
uncinate processes indicates that they were attached via
cartilage as shown by characteristic rough regions on both
the ribs and the posterior articular surface of the
processes. Cartilage does not readily fossilize as it has a
lower structural density than bone (Lyman 1994) mean-
ing the processes may have become detached and lost
during disarticulation, weathering or scavenging of the
skeleton. Given the diminutive size of these bones, it is also
possible that they have been routinely overlooked during
collection or simply not recognized as uncinate processes
(e.g. Ostrom 1969). The cartilaginous attachment of the
process to rib would also make disarticulation and mixing
with gastralia elements potentially problematic for
identification. Uncinate processes have also been
described in some basal avian species, Confuciusornis
(Zhonghe & Lianhai 2002) and may also be present in
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Figure 2. Summary cladogram of maniraptoran dinosaurs showing the occurrence of ossified uncinate processes. Uncinate
processes: plus, ossified uncinate processes present; minus, ossified uncinate processes absent; question mark, presence of ossified
uncinates unknown. Material: C, complete postcranial skeleton; I, incomplete postcranial skeleton; F, fragmentary postcranial
skeleton. (Adapted from Clark ez al. (2002).)

Archaeopteryx (Mayr et al. 2005; see figure 2b; P. L.
Manning 2007, personal observation). Using parsimony,
the presence of uncinates in early avian species, their
presence in several non-avian maniraptoran groups and
their phylogenetic distribution indicate that they are
homologous structures.

3. WIDER DISTRIBUTION OF UNCINATE
PROCESSES AND ANALOGOUS STRUCTURES
Cartilaginous or ossified uncinate processes are reported 2
in crocodiles (Hofstetter & Gasc 1969) and the tuatara G Y S
(Romer 1956); however, their possible role as ventilatory
structures has yet to be determined. Well-developed
gastralia are also present in both crocodilians and tuatara
and have been suggested to play some role during
ventilation (Lambe 1917; Perry 1983; Carrier & Farmer
2000; Claessens 2004). Indeed, in tuatara (Sphenodon
punctatus), the external oblique muscle originates at the

Figure 3. Uncinate processes (arrows) of IVPP V13352
(Microrapror gui). Anterior is to the left. Scale bar, 13 cm.
(Adapted with permission from Xu ez al. (2003).)

2002). For example, Eryops and Dissorophus possessed small
triangular costal expansions on the thoracic ribs (Gregory
1951; Clack 2002). The general morphology of these

margin of the gastral basket and inserts onto the base of
the uncinate processes similar to that described in Aves
(Maurer 1896; figure 4).

Rib flanges which are occasionally referred to as uncinate
processes are also well described in early tetrapods (Clack
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structures and their location on the ribs, which get
progressively more ventral as you move rostrally, are quite
different from uncinate processes found in Aves and the
non-avian Maniraptora. The ventilatory mechanics of early
tetrapods are unclear; however, air gulping, buccal pumping
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Figure 4. Hypaxial musculature of tuatara (Sphenodon
punctatus) demonstrating insertion of external oblique muscle
from the gastralia to the uncinate processes. Anterior is to the
left. (Adapted with permission from Maurer (1896).)

and an early version of rib movement have all been
suggested. Costal breathing is thought to have originated
in early amniotes (Clack 2002; Perry & Sander 2004). The
expanded ribs of early tetrapods may have been associated
with the development of the transverse abdominal muscle
which assists exhalation during aspiration breathing in
tetrapods (Brainerd er al. 1993) or alternatively these
processes are thought to function in the stiffening of the
body during axial locomotion rather than serving any
putative respiratory function (Clack 2002; J. Gauthier
2007, personal communication).

Some ornithischian dinosaurs (e.g. Thescelosaurus)
possessed deep, plate-like intercostal structures attaching
successive thoracic ribs (Fisher er al. 2000; see figure 1).
Uncinates are morphologically distinct structures either
fused to the thoracic ribs (Aves) or connected via cartilage
(Non-Avian Maniraptora), while the multiple (often more
than one per rib) structures observed in ornithischian
dinosaurs consist of proximally and distally attached
cartilaginous sheets connecting rib to rib. The structures
observed in ornithischian dinosaurs are not likely to be
homologous to avian uncinates. Furthermore, skeletal
pneumatization is absent in ornithischian dinosaurs
suggesting that they possessed a less ‘bird-like’ respiratory
system than the theropods (Perry & Sander 2004).
However, the cartilaginous plates of ornithischian dino-
saurs might have functioned as passive elastic structures
assisting expiration, with the recoil energy from inhalation
reducing the volume of the lungs by pulling the rib cage
back to a neutral position.

4. RECONSTRUCTING THE BREATHING
MECHANICS OF NON-AVIAN MANIRAPTORAN
DINOSAURS

Indirect evidence must be used to reconstruct the
mechanics of breathing in extinct dinosaurs as there are
no fossilized soft tissues or lungs. Both crocodiles and
birds have a greater diffusing capacity in more proximal
than distal regions of their lungs. Therefore, dinosaurs,
being phylogenetically bracketed by these two groups
(Witmer 1995), have been suggested to also possess a
highly heterogeneous lung structure (Perry & Sander
2004). Furthermore, the pattern of regional postcranial
pneumatization in theropods is similar to modern birds
and has been used as evidence of the presence of a
cervical and abdominal air-sac system in non-avian
theropods (Britt 1997; Burnham ez al. 2000; Perry 2001;
O’Connor & Claessens 2005). Taken together, these
suggest that a flow through respiratory system is a general
theropod characteristic (O’Connor & Claessens 2005).
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The implications of a putative air-sac system in theropods
are that these were highly active animals.

The morphology of the uncinate processes in extant
bipedal flightless birds is very different from that of extinct
bipedal non-avian maniraptoran dinosaurs (figure 1). The
uncinate processes in non-avian maniraptoran dinosaurs
are not reduced as in running birds but are of intermediate
to long lengths and resemble those of the flying or diving
birds (figure 1). Running avian species lack the large
breast musculature associated with flight, and therefore
have no need for the lever-arm action provided by the
uncinate processes to move a large muscle mass. The
relatively long processes described for non-avian manir-
aptoran dinosaurs therefore suggest that an improved
mechanical advantage, as demonstrated in extant avian
species (Tickle er al. 2007), is functionally important.
Birds ventilate their air sacs by moving the sternum in a
dorsal-ventral plane to facilitate the bellows-like move-
ment of air into and out of the air sacs. Non-avian
maniraptoran dinosaurs lack a keeled sternum, but
have well-developed gastralia in the ventral belly wall
(Claessens 2004), and ossified sterna, attached to the
distal ribs by large ossified sternal ribs. Gastralia have been
postulated to play some role in respiration by preventing
the inward movement of the belly wall (Perry 1983;
Claessens 2004). However, more recently the gastral
basket has been hypothesized to play a dynamic role in
archosaur ventilation (Carrier & Farmer 2000).

The gastralia of non-avian maniraptoran theropods are
highly derived, cross the midline and articulate with two
gastralia from the opposite side of the body. This
arrangement constitutes a lever arm which through
association of hypaxial musculature could have narrowed
or widened the cuirassal basket (Carrier & Farmer 2000). If
the medial ends of the gastralia were drawn caudally by the
ischiotruncus muscle, lateral and ventral movement of the
belly wall would occur. The ischium functioned as the origin
for the ischiotruncus muscle and the expanded foot of the
pubis acted to direct the force of the muscle (Carrier &
Farmer 2000). In modern birds, the external oblique muscle
inserts onto the base of the uncinate processes from the
sternum and the process acts as a strut to pull the sternal
mass dorsally during expiration (Codd ez al. 2005).
A similar avian-like arrangement of the musculature in
non-avian maniraptoran dinosaurs, whereby the external
oblique pulled in a primarily dorsal direction, would have
provided an attachment site for the insertion of an external
oblique muscle originating at the edges of the gastral basket
and sternum. This muscle, in conjunction with sternal
movements and the narrowing and widening of the gastralia
affected by the rectus and ischiotruncus, would have
provided a mechanism for facilitating the bellows-like
movement of air through a putative air-sac system.

Our study indicates that the presence of uncinate
processes, coupled with specialized gastralia, sterna and
pelvic girdles, provides a mechanism for facilitating avian-
like breathing mechanics in non-avian maniraptoran
dinosaurs.
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