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ORIGINAL ARTICLE

Origin of postcranial skeletal pneumaticity in dinosaurs

Mathew J. WEDEL

University of California Museum of Paleontology, Berkeley, California, USA

Abstract

The sauropodomorphhecodontosaurusaducusand theropodCoelophysis baurare the earliest known dino-

saurs with postcranial skeletal pneumaticity. In both taxa, postcranial pneumatic features are confined to the cervical
vertebrae. This distribution of pneumaticity in the skeleton is most consistent with pneumatization by diverticula of
cervical air sacs similar to those of birds. Other hypotheses, including pneumatization by diverticula of the lungs,
larynx and trachea, or cranial air spaces, are less well-supported.
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INTRODUCTION sipate by diffusion into nearby blood vessels. If it is to

. . ._persist, the air reservoir must be maintained, either by per-
Skeletal pneumaticity, or the phenomenon of having a|r-p y P

filled b : t broadlv distributed in tet ds. A fusion from a rete mirabile, as in the swim bladders of fish,
tied bones, 1S not broadly distriuted in tetrapods. AMong,, by constant connection to the outside. In the case of
extant taxa, pneumatization of the skull occurs only in

h dili d bird q s p skeletal pneumatization, a patent sinus ostium or pneu-
archosaurs (crocodilians and oir S) and mammais. FNeYr iic foramen is required for normal development (Ojala
matization of the postcranial skeleton is even more I|m|ted1957) Not only must there be a hole in the bone, but there

Smust be an extension of the respiratory or tympanic

IS of_ten as_sumgd to be an adaptayon for reducing maspsassages, called a diverticulum, to bring the air from the
and improving flight performance. It is less commonly rec- o utside to the pneumatic cavity within the bone.

ognized that birds inherited postcranial skeletal pneuma- S
g P P Pneumatic diverticula may develop from any of four re-

ticity (PSP) from their non-flying dinosaurian ancestors. . o o 2
PSP in dinosaurs has received little attention until veryg'ons of the b_o__dy. () the cranla! ar spaces, (i) the larynx
recently. This paper addresses the origin of PSP iri’;lnd trachea, (iii) the lungs, and, in birds, (iv) the pulmonary

dinosaurs, with the goal of determining what kind of soft- air sacs. Conceivably, diverticula from any of these sources

tissue system was responsible for bringing the air into thgOUIOI pneuma_uze portlons ofthe postcran!al skeleton. Each
skeleton. of the four regions is therefore a hypothetical source of the

When we find evidence of pneumaticity in fossil forms diverticula that pneumatized the skeletons of basal
o : . .. dinosaurs. To test these competing hypotheses, | briefl
it is fair to ask how the air got into the bones. Left to itself, peung hyp y

losed vol f air inside the body will v di survey the kinds of diverticula that develop from each
an enclosed volume ot airinside the body Wit usualy dis-g, rce in extant sauropsids, predict the pattern of pneu-

matization that diverticula from each region might be ex-

pected to produce, and compare the predicted patterns

with the observed patterns of postcranial skeletal pneuma-
Y tization in basal dinosaurs.
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PNEUMATIC DIVERTICULA IN EXTANT ribs, although pneumatization of these elements by diver-
ticula of the pulmonary air sacs is apparently more com-
SAUROPSIDS mon (Muller 1907; O’Connor 2004). The expected pattern

Diverticula of nasal and tympanic air spaces are presertf pneumatization in dinosaurs would be the same: diver-
in many extant sauropsids. In testudines and squamateticula of the lungs should invade the thoracic vertebrae
small cranial diverticula may develop from the nasal cavi-and ribs.
ties or nasopharyngeal ducts (Witmer 1999). In no cases, Finally, we must consider the diverticula of the pulmo-
however, do these diverticula extend into the neck omary air sacs of birds. In most birds there are nine air sacs:
pneumatize any of the bones of the skull. In contrast, tha single interclavicular sac and paired cervical, anterior
skulls of crocodilians and most birds are extensively pneuthoracic, posterior thoracic, and abdominal sacs. All of the
matized by diverticula of both the nasal and tympanicair sacs give rise to diverticula in at least some species of
cavities. In a few species of birds, diverticula of the cranialbirds (Duncker 1971). Skeletal pneumatization varies widely
air spaces pass into the neck and may reach as far as théhin clades and even within populations (Hogg 1984a;
shoulder (King 1966). These cervicocephalic diverticulaO’Connor 2004), and not all of the elements listed here are
are intermuscular or subcutaneous. Although they mayneumatized in all taxa. Diverticula of the cervical air sac
anastomose with diverticula of the pulmonary air sacs, theyypically pneumatize the cervical and anterior thoracic ver-
do not pneumatize any postcranial bones. If similar divertebrae and their attendant ribs. The sternum, sternal ribs,
ticula did pneumatize the postcranial skeleton in dinosaurs;oracoids, clavicles, scapulae, and humeri are pneumatized
they might invade the cervical column at any point, al-by diverticula of the interclavicular air. The anterior and
though they might be expected to pneumatize the anteriquosterior thoracic air sacs give rise to visceral diverticula
cervical vertebrae first. that lie between the esophagus and pericardium and be-

Diverticula of the larynx and trachea are present in soméween the esophagus and liver. Diverticula of the anterior
squamates and birds, but absent in crocodilians. Mosthoracic air sac occasionally pneumatize adjacent sternal
snakes have a ‘tracheal lung’; that is, an expanded tracheebs. Finally, diverticula of the abdominal air sacs
membrane that bears highly vascular parenchymal tissupneumatize the posterior thoracic vertebrae, synsacrum,
and functions in gas exchange (Wallach 1998). More conpelvic girdles, and femora.
ventional tracheal diverticula are also present in some The predicted ontogenetic pattern of pneumatization
shakes, and they are used to inflate the neck or acoustproduced by diverticula of pulmonary air sacs depends on
cally modify the hiss (Young 1991, 1992). Laryngeal andwhich diverticula develop first. The first postcranial bones
tracheal diverticula are also present in a few birds. Thest be pneumatized in the turkeyi€¢leagris gallopavpare
diverticula typically form large sacs that lie between thethe sternum and thoracic vertebrae (Cover 1953). In the
trachea and esophagus or between the trachea and tbleicken Gallus gallug, pneumaticity first appears in the
skin, and they are primarily used in phonation (McLellandhumeri and cervical vertebrae (Hogg 1984b). It therefore
1989). Laryngeal and tracheal diverticula do not pneumatizappears that diverticula of the cervical and interclavicular
any bones in extant sauropsids. In fact, given that the mensacs pneumatize the presacral vertebrae and humeri or
branes of air sacs and diverticula are relatively inelastisternum, respectively, at about the same time in
and the trachea is mobile (at least in some birds), it may bdevelopment. The humeri and sternum are not pneuma-
impossible for tracheal diverticula to invade the vertebraltized in any non-avian dinosaurs, so we need consider
column. If itis possible for tracheal diverticula to pneumatizeonly the relative timing of vertebral pneumatization. In this
the skeleton, they could conceivably do so anywhere alongase, it is clear that the cervical or anterior thoracic verte-
the neck. brae are pneumatized first; these regions of the spine are

Among extant vertebrates, diverticula of the lung itself pneumatized by diverticula of the cervical air sac. Hogg
are present only in some birds. In certain lizards and man{1984a) reported that in the chicken cervical vertebrae 5-9
snakes the posterior portion of the lung may be devoid ofire always pneumatized; the rest of the postatlantal cervi-
parenchymal tissue (Perry 1998). Such regions of the lungsal vertebrae are pneumatized in most, but not all,
are sometimes referred to as ‘air sacs’, but they do nandividuals. This suggests that cervicals 5-9 are the first to
ventilate the parenchymal portions of the lungs or givebe pneumatized, and that in a few individuals pneumatiza-
rise to diverticula as do the pulmonary air sacs of birds. Irtion of the neck does not proceed any further.

some birds, small diverticula develop from the bronchial
branches of the lungs. These diverticula are known to ocPATTERNS OF SKELETAL PNEUMATIZA-

casionally pneumatize the adjacent thoracic vertebrae amgfjON IN BASAL DINOSAURS
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Table 1 Pneumatic diverticula in extant sauropsids and their potential to pneumatize the postcranial skeleton

Source of Pneumatize postcranial Predicted pattern of postcranial
diverticula skeleton in extant forms? pneumatization in dinosaurs
Cranial air spaces No Anterior cervical vertebrae
Larynx and trachea No Cervical vertebrae
Lungs Yes Thoracic vertebrae and ribs
Pulmonary air sacs Yes
Cervical Cervical or anterior thoracic vertebrae
Interclavicular Sternum and humerus
Thoracic Sternal ribs
Abdominal Synsacrum, pelvis, femur

PSP is present in some “prosauropods” and mosthe character requires either multiple origins or multiple
sauropods and theropods, but absent in ornithischian®sses (Fig. 1).
and many “prosauropods” (Britt 1993, 1997).  The Late Triassic (Norian) formEhecodontosaurus
(Traditionally, Prosauropoda included all non-sauropodcaducusandCoelophysis baurare the earliest-diverg-
sauropodomorphs[Sereno 1999], but recent analyseisig sauropodomorph and theropod, respectively, with
suggest that this group is paraphyletic [Yates 2003]. Inunequivocal evidence of PSFhecodontosaurus
this paper, | use “prosauropods” to refer to all non-caducusandC. baurimay have inherited systems of
sauropod sauropodomorphs). Further, pneumaticity ipneumatic diverticula from a common ancestor, but they
well-developed in most pterosaurs. This distribution ofare the first representatives of their separate lineages

«+—waﬁr~%m\m~

Pterosauria Marasuchus Ornithischia Theropoda "Prosauropods"  Sauropoda

| O O ] mOO |

Sauropodomorpha

Saurischia

. Dinosauria
Postcranial skeletal

pneumaticity:

Dinosauromorpha
Bl present
O absent Ornithodira

Figure 1 Postcranial skeletal pneumaticity (PSP) in the bird-line archosaurs. Either PSP is primitive for Ornithodira and secondarily
lost in some taxa, or it evolved independently more than @welophysisandThecodontosauruare the earliest and most basal
members of Theropoda and Sauropodomorpha, respectively, that are known to have PSP. Icons after Sereno 1999.
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Figure 2 Pneumatic vertebrae in (a) 7-week-old chick&edlus gallus (b) Coelophysis baurand (c)Thecodontosaurus caducidodified
from Storer 1951 (a), Colbert 1989 (b), and Bermtiosl 2000 (c).

in which the diverticula invaded the postcranial ate the four hypotheses outlined here (Table 1). The hy-
skeleton.Thecodontosaurusaducudiffers from other  pothesis that the patterns of skeletal pneumatization ob-
species ofThecodontosaurysand from all other served inl. caducugandC. bauriwere produced by diver-
prosauropods, in having deep pneumatic fossae in thécula of cranial air spaces is not well-supported. Cranial
centra of its cervical vertebrae (Yates 2003). The placediverticula do not pneumatize postcranial bones in any
ment of these cavities on the vertebrae, their invasiveextant sauropsids, and the most anterior vertebrde of
nature, and the presence of a distinct margin of boneaducusandC. bauriare not pneumatized. Practically any
bounding each cavity, all argue for the interpretation ofpattern of cervical pneumatization could be produced by
these cavities as pneumatic in origin. Furthermore, thaliverticula of the larynx and trachea, but these diverticula
fossae are present only in cervicals 6-8; thus, the patalso do not pneumatize any postcranial bones in extant
tern of pneumatization iMhecodontosauruis remark-  forms. Diverticula of the lungs sometimes pneumatize the
ably similar to the earliest stages of skeletal pneumatithoracic vertebrae and ribs in birds, but these elements are
zation in the chicken (Fig. 2). Pneumatic cavities of thisnot pneumatized ifi. caducur C. bauri.

sort do not reappear in sauropodomorphs until the ad- That leaves the fourth hypothesis, that the PSP of basal
vent of basal sauropods, suchStsunosauruswhich  saurischians was produced by diverticula of pulmonary air
have pneumatic cervical vertebr&@oelophysiss the  sacs. Diverticula of the air sacs pneumatize many elements
earliest theropod with evidence of PSP. The postaxiabf the postcranial skeleton in extant birds. The patterns of
cervical vertebrae of. baurihave pneumatic cavities pneumatization observed ifhecodontosauruand

that occupy most of the neural spine and that commugoelophysisare exactly what we should expect to see if
nicate with the outside through several large foraminaiverticula of cervical air sacs were responsible. In effect,
(Colbert 1989)Coelophysis bauris similar to more de-  T. caducusandC. bauriresemble snapshots of the onto-
rived theropods, including birds, in having pneumatic genetic development of PSP in birds (Fig. 2). The patterns

cervical vertebrae. of pneumatization present in these taxa show that cervical
air sacs and their diverticula were present in both
DISCUSSION saurischian lineages in the Late Triassic.

PSP in these basal forms is extremely limited. The bone
moved by pneumatization accounted for <1% of the total
ody volume in bott€oelophysisandThecodontosaurus

Now that the patterns of pneumatization in the earliestre
dinosaurs with PSP have been established, we can evaIB
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(Mathew J. Wedel, unpubl. data), compared to 7-10% fothank David Berman of the Carnegie Museum and Sandra
later sauropods and theropods (Wedel 2004). PSP prolizhapman of the Natural History Museum (London) for
ably did not evolve as an adaptation for lightening theaccess to specimens in their care. Funding was provided
skeleton, although it seems to have been exapted for thaly the University of California Museum of Paleontology,
purpose later in saurischian evolution. the UMCP Welles Fund, and Department of Integrative
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not pneumatize any bones (Duncker 1971). Skeletal PRelEFERENCES
matization cannot be invoked to explain the presence of
these diverticula. In the second place, the presence of dB€Nton MJ, Juul L, Storrs GW, Galton PM (2000). Anatomy
verticula is a prerequisite for pneumatization of the @nd systematics of the prosauropod dinosaur
skeleton. The immediate ancestorsCafelophysisand Thecodontosaurus antiquus from the Upper Triassic of
Thecodontosaurusiust have already had cervical Southwest Englandournal of Vertebrate Paleontol-
diverticula. Pneumatization of the cervical series could not 09y20, 77-108.
happen until these diverticula were already in place, so thBonde N, Christiansen P (2003). The detailed anatomy of
diverticula must have evolved for some other purpose. Rhamphorhynchusaxial pneumaticity and its
In terms of evolutionary change, respiratory mechanisms implications.Geological Society of London Special
are highly conserved, PSP is highly labile, and diverticula Publication217, 217-32.
seem to be somewhere in between. All birds have esseritt BB (1993). Pneumatic postcranial bones in dinosaurs
tially the same lung architecture; the biggest difference and other archosaurs (Dissertation). University of
among living forms is the presence or absence of a neopulmo Calgary, Calgary.
(Duncker 1971). On the other hand, PSP varies widely withirgyitt BB (1997). Postcranial pneumaticity. In: Currie PD,

small clades and even within populations (King 1966; Hogg  padian K, edsThe Encyclopedia of Dinosaurslew
1984a; O'Connor 2004). Diverticula appear to be more con-  vork Academic Press, New York, pp. 590-3.

served than PSP (although a dedicated study comparin@Olbert EH (1989). The Triassic dinosatmelophysis
the evolution of the two is sorely needed). For example, Museum of Northern Arizona Bullei¥. 1-160

most birds have femoral and perirenal diverticula, but the . .
femur and pelvis are pneumatized only in a subset of thosgover MS (1953). Gross and microscopic anatomy of the

taxa (Milller 1907; King 1966; Duncker 1971). respiratory system of_ the turkey. lll. The air séegeri-
. . I can Journal of Veterinary Researth, 239-45.

The evolutionary malleability of lungs, diverticula, and , .
PSP has important implications for the reconstruction ofouncker HR (1971). The lung air sac system of bm
the respiratory system in fossil archosaurs. Most ptero- Vances in Anatomy, Embryology, and Cell Biolagy
saurs have extensive PSP, although it is not clear whether (6),1-171.
it is present in any of the Triassic forms (Bonde & Hogg DA (1984a). The distribution of pneumatisation in
Christiansen 2003). The presence of PSP in pterosaurs, the skeleton of the adult domestic fowburnal of
sauropodomorphs, and theropods suggests that air sacsAnatomyl38 617-29.
were present in the ancestral ornithodiran. ForHogg DA (1984b). The development of pneumatisation in
ornithodirans without PSP, including non-dinosaurian the postcranial skeleton of the domestic falalurnal
dinosauromorphs, ornithischians, and most basal of Anatomyl39 105-13.
sauropodomorphs, our null hypothesis should be that theking AS (1966). Structural and functional aspects of the
had air sacs (because they are bracketed with taxa with ayjan Jungs and air sadsternational Review of Gen-
PSP) but lacked either PSP or diverticula, not that they 51 and Experimental Zoolog 171-267.

lacked air sacs. McLelland J (1989). Larynx and trachea. In: King AS,
McLelland J, eds-orm and Function in Birds\ol. 4.
ACKNOWLEDGMENTS Academic Press, New York, pp. 69-103.

| am grateful to my advisors, Kevin Padian and Bill Mtller B (1907). The air-sacs of the pige@mithsonian
Clemens, for advice and encouragement, and to my disser- Miscellaneous Collectioris0, 365-420.
tation committee members, F. Clark Howell, David Wake O’Connor PM (2004). Pulmonary pneumaticity in the post-
and Marvalee Wake, for sharing their time and wisdom. |  cranial skeleton of extant Aves: a case study examining

84 © 2006 I1SZS, Blackwell Publishing and IOZ/CAS



Origin of pneumaticity in dinosaurs

AnseriformesJournal of Morphology61, 141-61. nosaurs and its implications for mass estimatest-
Ojala L (1957). Pneumatization of the bone and environ- nal of Vertebrate Paleontolo®4(3), 127A.

mental factors: experimental studies on chick humerusWitmer LM (1999). The phylogenetic history of paranasal

Acta Otolaryngologica, Supplementdrd3 1-28. air sinuses. In: Koppe T, Nagai H, Alt KW, edse
Perry SF (1998). Lungs: comparative anatomy, functional Paranasal Sinuses of Higher Primates: Development,

morphology, and evolution. In: Gans C, Gaunt AS, eds. Function, and EvolutionQuintessence, Chicago, pp.

Biology of the Reptilia, Vol. 19, Morphology G: Vis-  21-34.

ceral Organs Cornell University, Ithaca, pp. 1-92. Yates AM (2003). A new species of the primitive dinosaur
Sereno PC (1999). The evolution of dinosaBcience?84, ThecodontosauruSaurischia: Sauropodomorpha) and

2137-47. its implications for the systematics of basal dinosaurs.
Storer Tl (1951)General Zoology2nd edn. McGraw-Hill, Journal ofSystematic Paleontolody 1-42.

New York. Young BA (1991). Morphologial basis of “growling” in the

Wallach V (1998). The lungs of snakes. In: Gans C, Gaunt King cobra,Ophiophagus hannaliournal of Experi-
AS, edsBiology of the Reptilia, Vol. 19, Morphology ~ Mental Zoolog60, 275-87.
G: Visceral OrgansCornell University, Ithaca, pp. 93- Young BA (1992). Tracheal diverticula in snakes: possible
296. functions and evolutiordournal of Zoology27, 567-

Wedel MJ (2004). Skeletal pneumaticity in saurischian di-  83.

© 2006 I1SZS, Blackwell Publishing and I0Z/CAS 85



