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6.1 Introduction

Until relatively recently, information on the inter-
nal skull structures of fossil taxa relied on fortu-
itous breaks, aggressive removal of rock matrix
(Galton 1989, 2001), sectioning with a saw (Osborn
1912), or serial ground thin-sectioning (Stensiö
1963), all of which potentially risk damage to the 
fossil specimen (or even consume it entirely in the
case of ground thin-sections). In some cases, casts
of internal structures, such as the brain cavity and 
labyrinth of the inner ear, were preserved as
‘natural endocasts’ by infilling with more resistant fi
matrix (e.g., Newton 1888). In most cases, however, 
physical endocasts are made after matrix removal 
by coating internal cavities with latex and then 
removing the cured replica, referred to as a latex
endocast (Radinsky 1968; Jerison 1973; Hopson
1979). The process of making latex endocasts
poses further risks to the fossil, and for many 
fragile specimens, such an approach has been
unfeasible.

The advent of non-invasive, non-destructive 
radiological approaches – specifi cally, X-ray com-fi
puted tomography, better known as CT or CAT
scanning – has revolutionized the study of fossil 
specimens (Conroy and Vannier 1984; Carlson 
et al. 2003), allowing the investigator to see through 
the bone and rock matrix and visualize internal 
structures. Moreover, CT scanning is an effective
3D digitizing tool, mapping all points within the

subject into x-y-z coordinate space. This property
allows features of interest (such as the brain cavity, 
inner ear, neurovascular canals, air sinuses, etc.) to
be digitally highlighted and extracted for visualiza-
tion and quantification (e.g., Sampson and Witmer fi
2007). In particular, CT scanning has rejuvenated
the subject of ‘paleoneurology,’ the study of brain
evolution in the fossil record. Paleoneurology pre-
viously relied exclusively on physical (natural
or latex) endocasts (Jerison 1973; Edinger 1975; 
Hopson 1979; Hurlburt 1996; Buchholtz and 
Seyfarth 1999; Wharton 2002). Recent years, 
however, have witnessed an explosion of CT-based
studies of the brain cavity (and sometimes also the
labyrinth) in a range of vertebrates (Rogers 1998, 
1999, 2005; Brochu 2000, 2003; Larsson 2001; 
Marino et al. 2003; Domínguez Alonso et al. 2004; 
Franzosa 2004; Franzosa and Rowe 2005; Maisey
2005; Kurochkin et al. 2006; Macrini et al. 2006; 
Kundrát 2007).

We present some results here of our large CT-
based project on the evolution of the brain and
ear regions of archosaurs (Witmer et al. 2003; 
Holliday et al. 2006; Sampson and Witmer 2007; 
Witmer and Ridgely, in press; Hurlburt et al. in
press). Archosaurs are the group of animals that 
includes birds and crocodilians today and in the
Mesozoic Era included nonavian dinosaurs, ptero-
saurs, and a variety of early forms. The project has 
sampled taxa from throughout Archosauriformes, 
generating to date about 150 CT datasets of extinct 



68  L.M. Witmer et al.

taxa. Moreover, there has likewise been an exten-
sive sampling of extant taxa, and not just archo-
saurs, but also the extant outgroups of archosaurs 
(lepidosaurs, turtles, and mammals). This study is 
framed within the extant phylogenetic bracket 
approach (Witmer 1995) whereby the extant out-
groups (e.g., birds, crocodilians, lizards) of the 
fossil taxon of interest (e.g., dinosaurs) provide 
critical information on the causal associations 
between soft tissues and their osteological corre-
lates. That is, the extant taxa and their still-present 
soft tissues provide essential guides to the signifi-fi
cance of particular bony details, which can then be
directly compared with the bony structures of the 
fossil specimens. Thus, although the study pre-
sented here focuses on certain dinosaur taxa, the 
extant taxa (Australian freshwater crocodiles and
great horned owls) provide the necessary ground-
truthing to interpret and infer the soft-tissue struc-
tures of dinosaurs (Fig. 6.1).

The dinosaurs we present here include two
members of the long-necked sauropod clade, 
Camarasaurus lentus and Diplodocus longus. 
These two sauropods not only allow comparison
of variation in brain and ear structure within 
a group of dinosaurs, but also demonstrate
differences in head orientation as indicated by 
labyrinth orientation (Witmer et al. 2003). Sauro-
pod brain and ear structure will then be compared 
to that of the gigantic predatory theropod dino-
saur Tyrannosaurus rex to provide some insight 
into the sensorineural differences between car-
nivorous and herbivorous dinosaurs. Rather than 
provide elaborate anatomical descriptions in the 
text, we will draw on the benefits of advanced 3Dfi
visualization, and let our illustrations ‘do the
talking.’ The text will emphasize comparison and 
interpretation.

Institutional abbreviations – AMNH, American
Museum of Natural History, New York City, 

Fig. 6.1. The extant phylogenetic bracket (Witmer
1995) of nonavian dinosaurs, as exemplified by the fi
sauropod dinosaur Camarasaurus lentus (CM 11338, 
in left lateral view). The extant outgroups of the fossil
taxa provide information on attributes such as soft-
tissue morphology and behavior that are not pre-
served in the fossils. The extant outgroups of nonavian
dinosaurs are crocodilians (as exemplified by fi Croco-
dylus johnstoni, OUVC 10425, in dorsal view) and 
birds (as exemplified byfi Bubo virginianus, OUVC 
10220, in left rostrolateral view with Mus musculus
[OUVC 10449] in its jaws). The images are surfaces
renderings of CT scan data, with the skull rendered
semitransparent revealing the cranial endocast (in
blue) and other structures (see Color Plates, Fig.
6.1).
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New York; ANSP, Academy of Natural Sciences, 
Philadelphia, Pennsylvania; CM, Carnegie Museum
of Natural History, Pittsburgh, Pennsylvania; HMS, 
Houston Museum of Natural Science, Houston, 
Texas; ISIR, Indian Statistical Institute, Calcutta, 
India; OUVC, Ohio University Vertebrate Collec-
tions, Athens, Ohio.

Anatomical Abbreviations – as, articular sinus; 
bsr, basisphenoid recess(es); c, cochlea; car, cere-
bral carotid artery canal; cbl, cerebellum; cer, cere-
bral hemisphere; col, columella (= stapes); crc, crus 
communis; csc, caudal (posterior vertical) semicir-
cular canal; csca, ampulla of caudal semicircular
canal; ctp, cavum tympanicum proprium; ctr, 
caudal tympanic recess; cvcm, caudal middle cere-
bral vein; de, dural expansion; dp, dural peak; dls, 
dorsal longitudinal sinus; dtr, dorsal tympanic
recess; dv, diploic vein draining bone tissue; ed, 
endolymphatic duct; ev, ethmoid vein; fc, fenestra
cochleae (= round window); fl, flfl occulus (fl =
cerebellar auricle); fp, foramen perilymphaticum
(sauropods); fv, fenestra vestibuli (= oval window); 
h, hyperpallium (= Wulst, eminentia sagittalis); itr, 
intertympanic recess; lab, endosseous labyrinth; 
lsc, lateral (horizontal) semicircular canal; lsca, 
ampulla of lateral semicircular canal; lscr, lateral
subcondylar recess; mpr, median pharyngeal
recess; mscr, medial subcondylar recess; ob, 
olfactory bulb; ocv, orbitocerebral vein; oevc, 
orbital emissary vein canal; opt, optic tectum 
(= lobe); ovs, occipital venous sinus; pfo, pituitary 
(= hypophyseal) fossa; pin, pineal peak; po, pons; 
ptr, pharyngotympanic (= Eustachian) recess; qs, 
quadrate sinus; rde, rostral dural expansion; rsc, 
rostral (anterior vertical) semicircular canal; rsca, 
ampulla of rostral semicircular canal; rtr, rostral 
tympanic recess; rvcm, rostral middle cerebral
vein; s, siphonium; sin, blind dural venous sinus of 
hindbrain; sps, sphenoparietal sinus; ssr, subsellar 
recess; st, stapedial artery; ts, transverse sinus; tvm, 
tuber ventromediale of the cerebrum; vc, venous 
canal; vcd, dorsal head vein; ve, vestibule of inner
ear; vls, ventral longitudinal sinus; vt, vallecula tel-
encephali; I, olfactory canal; II, optic nerve canal; 
III, oculomotor nerve canal; IV, trochlear nerve 
canal; V1, ophthalmic nerve canal; V2, maxillary 
nerve canal; V2–3, maxillomandibular nerve canal; 
V2–3/VII, common external opening in braincase
for maxillomandibular and facial nerve canals; 
V2-so, canal for supraorbital branch of maxillary 
nerve; V3, mandibular nerve canal; Vgang, trigemi-

nal (Gasserian) ganglion; Vtym, tympanic branch 
of trigeminal nerve canal; VI, abducens nerve 
canal; VII, facial nerve canal; VIIh, canal for hyo-
mandibular ramus of facial nerve; VIIpal, canal 
for palatine ramus of facial nerve; IX, glossopha-
ryngeal nerve canal; IX–XI, shared canal for 
glossopharyngeal, vagus, and accessory nerves
and accompanying vessels; X, vagal nerve canal; 
Xtym, canal for tympanic branch of glossopharyn-
geal and vagus nerves; XII, hypoglossal nerve
canal.

6.2 Materials

As noted above, the broader sample of extinct
archosaurs and extant amniotes that have been
analyzed includes many dozens of taxa. The extant 
archosaur taxa presented here are the following: 
(1) Crocodylia, Crocodylidae, Crocodylus john-
stoni (Australian freshwater crocodile; OUVC
10425, an intact frozen carcass of an adult captive
individual); and (2) Aves, Strigiformes, Strigidae, 
Bubo virginianus (great horned owl; OUVC 10220, 
a dried skull of an adult wild individual). The fossil 
dinosaur taxa presented here are the following:
(1) Dinosauria, Saurischia, Sauropodomorpha, 
Macronaria, Camarasaurus lentus (CM 11338, 
a nearly complete skull of a juvenile individual); 
(2) Dinosauria, Saurischia, Sauropodomorpha, 
Diplodo coidea, Diplodocus longus (CM 11161, a
nearly complete skull of an adult individual; CM 
3452, a nearly complete skull of a subadult indi-
vidual; AMNH 694, a sagittally sectioned brain-
case of a subadult individual); and (3) Dinosauria, 
Saurischia, Theropoda, Coelurosauria, Tyranno-
saurus rex (AMNH 5117, a braincase of a subadult
individual). Additional specimens of T. rex and 
other tyrannosaurids also were studied in 
connection with other projects (see Witmer and 
Ridgely in press for details). All of the sauropod 
specimens were collected from the Late Jurassic
Morrison Formation; CM 11338, 11161, and 3452
come from Dinosaur National Monument, Utah, 
and AMNH 694 comes from Bone Cabin Quarry, 
Wyoming. AMNH 5117 was collected from 
the Late Cretaceous Lance Formation of Con-
verse County, Wyoming. Figure 6.2 presents a
cladogram depicting the relationships of these five fi
focal taxa.
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6.3 Methods

CT scanning of the extant crocodile (OUVC
10425), Camarasaurus (CM 11338), Diplodocus
(CM 3452), and Tyrannosaurus (AMNH 5117) 
took place at O’Bleness Memorial Hospital 
(OBMH) in Athens, Ohio, using a General Elec-
tric (GE) LightSpeed Ultra Multislice CT scanner. 
This scanner was equipped with the Extended 
Hounsfi eld option (which greatly improves fi
resolvability of detail from dense objects such as 
fossils by extending the dynamic range of images 
as much as 16-fold) and a ‘bow-tie’ filter (which fi
decreases beam-hardening artifacts). These speci-
mens were scanned helically at a slice thickness of 
625 μm, 120 kV, and 200–300 mA. The other speci-
mens of Diplodocus were scanned at OBMH with 
a GE HiSpeed FX/i Multislice helical scanner at
a slice thickness of 1 mm (AMNH 694) or 2 mm
(CM 11161), 120–140 kV, and 150 mA. The raw
scan data were reconstructed using a bone algo-
rithm. Data were output from the scanners in
DICOM format, and then imported into Amira 
3.1.1 or 4.1.1 (Mercury-TGS, Chelmsford, MA) for 
viewing, analysis, and visualization.

The extant owl skull (OUVC 10220) was scanned 
at the Ohio University MicroCT (OUμCT) facility 

in Athens, Ohio, using a GE eXplore Locus in vivo
Small Animal MicroCT Scanner. It was scanned 
(with a domestic mouse, Mus musculus [OUVC 
10449], in its jaws; Fig. 6.1) at a slice thickness of 
92 μm, 80 kV, 450 μA. The resulting volume data (in
VFF format) were exported from MicroView 2.1.2 
(open-source software developed by GE; microview.
sourceforge.net) in DICOM format, which were 
then subsequently imported into Amira.

Data derived from both OBMH and OUμCT 
were analyzed on 32- and 64-bit PC workstations
with 4 GB of RAM and nVidia Quadro FX 3000 
or 4500 video cards and running Microsoft
Windows XP Professional, Windows XP Profes-
sional x64, or Linux 2.6.18 (Debian 4.0 distribu-
tion). Structures of interest (e.g., cranial endocast, 
labyrinth, air sinuses, etc.) were highlighted and
digitally extracted using Amira’s segmentation
tools for quantification and visualization. Bothfi
surfaces and volumes were generated, and were 
used to illustrate this paper. To facilitate discus-
sion, we will refer to the digital casts of structures
as if they were the structures themselves (e.g., 
‘lateral semicircular canal’ versus ‘digital cast of 
lateral semicircular canal’). Additional visualiza-
tions of the CT scan data are available on www.
ohio.edu/WitmerLab.

Fig. 6.2. Diagram of the phylogenetic relationships of 
the principal taxa discussed in the text. From left, the
extant crocodilian Crocodylus johnstoni (OUVC 
10425), the diplodocoid sauropod Diplodocus longus
(CM 11161), the macronarian sauropod Camara-
saurus lentus (CM 11338), the basal coelurosaurian 
theropod Tyrannosaurus rex (AMNH 5117), and the
avian theropod (bird) Bubo virginianus (OUVC 
10220). These sauropods and theropods are sauris-
chian dinosaurs. The images are surface renderings of 
CT scan data. Bony skulls are depicted as transparent, 
revealing such internal structures as the brain cast, 
labyrinth, and pneumatic sinuses. All skulls are ori-
ented in their ‘alert’ postures, determined by orient-
ing the skull such that the lateral semicircular canal 
is horizontal. Scale bars equal 10 cm, except that for 
B. virginianus which equals 2 cm (see Color Plates, 
Fig. 6.2).
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6.4 Results

As noted earlier, we will rely more on illustration 
than text to convey anatomical form. We begin 
this section with a presentation of the extant taxa 
because the identifi cations of soft-tissue struc-fi
tures, as well as their relationships to bony struc-
tures, have been confirmed by other means (e.g., fi
dissection). Moreover, in the case of the crocodile, 
an intact specimen was scanned, and many soft-
tissue components can be observed in the scan 
data. We follow with a presentation of the fossil
taxa, beginning with the two sauropods and then
Tyrannosaurus, basing our identifi cations in part fi
on the crocodile and owl presented here but also
on the dozens of other extant and fossil archo-
saurs we have analyzed as part of the broader
project.

6.5 Extant Outgroups: 
Crocodylus johnstoni, Australian 
Freshwater Crocodile

The cranial endocast, endosseous labyrinth, and 
columella of Crocodylus johnstoni (OUVC 10425) 
are depicted in Figure 6.3. The endocast resembles 
in many ways those generated for C. acutus
(Colbert 1946a) and C. moreletii (Franzosa 2004), 
although this is the most detailed cranial endocast
published to date for any crocodilian. As is gener-
ally the case for reptiles (Jerison 1973; Hopson 
1979), the brain itself does not fill the endocranial fi
cavity, and thus the endocast is in large measure a 
cast of the dural envelope. As a result, many of the
brain parts are obscured by the overlying dural 
venous sinuses and the dura itself. For example, as 

Fig. 6.3. Cranial endocast, endosseous labyrinth, and
some endocranial vascular structures of an Australian 
freshwater crocodile, Crocodylus johnstoni (OUVC
10425), derived from surface renderings of CT scan
data. A, left lateral view. B, dorsal view, with olfactory
tract truncated. C, ventral view, with olfactory tract trun-
cated. D, caudal view. E, right rostroventrolateral view.
Color scheme: cranial endocast, blue; endosseous laby-
rinth, pink; nerve canals (most of which also transmit
veins), yellow; smaller venous canals, dark blue; arterial
canals, red; columella, pale yellow. Scale bars equal 1 cm 
(see Color Plates, Fig. 6.3).
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Fig. 6.4. Dural venous sinuses within the semitransparent 
cranial endocast of an Australian freshwater crocodile, 
Crocodylus johnstoni (OUVC 10425), derived from 
surface renderings of CT scan data. A, dorsal view. B, left 
lateral view. C, left caudodorsolateral view. Scale bar 
equals 1 cm.

is typical for archosaurs, the large occipital venous
sinus (an expansion of the dorsal longitudinal 
sinus that drains much of the brain and exits 
through the foramen magnum) overlies and hence 
obscures the details of the cerebellar, optic tectal, 
and brain stem regions (Sedlmayr 2002). Likewise
the large ventral longitudinal sinus obscures the
brainstem ventrally. Nevertheless, telencephalic
portions of the brain, such as the olfactory bulbs
and cerebral hemispheres, sufficiently fifi ll theirfi
regions of the endocranial cavity that the endocast
is a more faithful representation of their general 
size and shape. Although a vascular injection of 
the specimen at hand was not done, air fortuitously
had entered the encephalic venous system post-
mortem, providing the opportunity to digitally 
segment and visualize components of the dural 
sinus system that discriminate brain regions 
(Fig. 6.4). Remarkably, the pattern serendipitously
recovered closely refl ects the published accounts fl
of Hochstetter (1906); van Gelderen (1924) and 
Hopson (1979). For example, the transverse 
sinus passes between the regions of the optic

tectum and otic capsule, and the sphenoparietal
sinus passes between the cerebral hemisphere and
tectum.

Figure 6.3 also illustrates the major neurovascu-
lar features of the endocast, such as the canals for
the cranial nerves and cerebral carotid artery. It 
should be noted that virtually all of these canals
also transmit veins from adjacent regions into the 
dural venous sinuses (Sedlmayr 2002). Structures
of particular note include the facial nerve (CN
VII), which splits into its hyomandibular ramus 
(chorda tympani) and its long palatine ramus. The 
trigeminal (Gasserian) ganglion is located outside 
the cranial cavity (i.e., extracranial), and its main
branches – the ophthalmic (CN V1), maxillary (CN 
V2), and mandibular (CN V3) nerves – are well-
visualized, as are two lesser known branches: (1)
the supraorbital ramus of the maxillary nerve 
(Holliday and Witmer 2007) and (2) the tympanic
branch, which passes through the prootic bone to 
reach the tympanic cavity. This latter branch
relates to another seldom-seen structure that is
visible on the endocast, and that is the canal for 
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the tympanic branches of the glossopharyngeal
(CN IX) and vagus (CN X) nerves. Killian (1890) 
regarded these branches as joining with the tym-
panic branch of the trigeminal nerve mentioned 
above.

Just as the cranial endocast is a representation 
of dural form and not strictly the brain itself, the 
labyrinth does not record the membranous (endo-
lymphatic) labyrinth and moreover does not truly
record the ‘osseous’ labyrinth which traditionally
includes the bony canals and walls; rather, it 
records the space just internal to the bone, and 
hence we apply the descriptor ‘endosseous.’ The 
endosseous labyrinth of the inner ear (Fig. 6.5) is 
fairly typical for extant crocodilians (we have 
comparable data for Alligator, other Crocodylus, 
Gavialis, and numerous fossil species), with a rela-
tively simple, triangular vestibular apparatus dor-
sally and an elongate cochlea (lagena) ventrally.
The strongly twisted cochlea no doubt corresponds 

to the twisting of the basilar membrane described
by Wever (1978). The cerebral carotid artery 
passes just lateral to the infl ection point of the fl
twist. The long slender columellae (stapes) also 
were visualized (Fig. 6.3) and mark the position of 
the fenestra vestibuli (ovalis) on the labyrinth. The 
bony braincase is pneumatized by air-filled diver-fi
ticula of the pharynx, including a median pharyn-
geal diverticulum and paired pharyngotympanic 
(Eustachian) tubes (Fig. 6.6A,B). The general 
pattern determined from CT is generally similar 
to that presented by Owen (1850) and Colbert
(1946b), although the one presented here is more
complete in including the long siphonial tube that 
passes through the quadrate bone on its way to
the articular bone of the lower jaw. Based on
broader studies underway by D. L. Dufeau, the 
cranial pneumatic system of C. johnstoni is rela-
tively reduced in comparison to other extant
crocodilians.

Fig. 6.5. Endosseous labyrinths of the left inner ears of the principal taxa discussed in the text, displayed on a diagram 
of their phylogenetic relationships. From left, the extant crocodilian Crocodylus johnstoni (OUVC 10425), the diplodocoid 
sauropod Diplodocus longus (CM 11161), the macronarian sauropod Camarasaurus lentus (CM 11338), the basal coelu-
rosaurian theropod Tyrannosaurus rex (AMNH 5117), and the avian theropod (bird) Bubo virginianus (OUVC 10220). 
These sauropods and theropods are saurischian dinosaurs. The images are surface renderings of CT scan data. Top row:
left lateral view. Middle row: dorsal view. Bottom row: caudal view. Orientations determined based on orientation of the 
labyrinth within the skull and with the lateral semicircular canal placed horizontally. Scale bars equal 1 cm.
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6.6 Extant Outgroups: Bubo 
virginianus, Great Horned Owl

Whereas the cranial endocast of the freshwater 
crocodile above bears only a superficial resem-fi
blance to the underlying brain, the endocast of 
Bubo virginianus (OUVC 10220; Fig. 6.7) closely 
resembles the form of the brain itself, as deter-
mined both by our dissection of a different speci-
men of B. virginianus (OUVC 10427) and Turner’s
(1891) illustration of a B. virginianus brain (see 
also Stingelin 1957, for photographs of the brains 
of four other owl species). This close resemblance
results from the fact that avian meninges are very
thin, and thus the large brain essentially fills the fi
endocranial cavity (Jerison 1973; Iwaniuk and 
Nelson 2002). A major difference between the 
brain and endocast is that the expansive occipital 

dural sinus obscures the cerebellar folia in the 
endocast. Major features of the endocast include 
(1) large cerebral hemispheres with a very large
hyperpallium (Wulst), (2) small olfactory bulbs, 
(3) ventrolaterally displaced optic (mesence-
phalic) tecta (optic lobes), (4) small fl occuli (cer-fl
ebellar auricles), and (5) separate ophthalmic and
maxillomandibular branches of the trigeminal 
nerve reflecting the intracranial position of thefl
trigeminal ganglion. Avian brain terminology
used here follows Breazile and Kuenzel (1993); 
Dubbeldam (1998), and Reiner et al. (2004).

The endosseous labyrinth of the inner ear is a 
very elongate and elaborate series of canals and 
swellings (Fig. 6.5), and, as with the brain, much
more closely approximates the form of the under-
lying membranous labyrinth than does the endos-
seous labyrinth of crocodilians. The remarkable 
hearing capabilities of owls are well known, and 

Fig. 6.6. Pneumatic sinuses of the braincase
region of, (A–B), an Australian freshwater croco-
dile, Crocodylus johnstoni (OUVC 10425), and 
(C–D), a great horned owl, Bubo virginianus
(OUVC 10220), viewed surrounding a semitrans-
parent cranial endocast, derived from surface
renderings of CT scan data. Thumbnail views of 
the whole skull are provided above the main
image (except B, where it is below) to show the 
orientation of the main image. (A) C. johnstoni
in left caudodorsolateral view. (B) C. johnstoni
in left lateral view. (C) B. virginianus in left
lateral view. (D) B. virginianus in left caudoven-
trolateral view. Scale bars equal 1 cm (see Color 
Plates, Fig. 6.6).
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their auditory physiology (particularly that of the 
barn owl, Tyto alba) has been very well studied 
(see reviews by Dooling et al. 2000; Gleich and
Manley 2000; Gleich et al. 2004). The structure of 
the labyrinth itself, however, has been poorly doc-
umented in owls, apparently being limited to little 
more than a schematic drawing (Norberg 1978) 
and photographs of dissected osseous labyrinths
(Tanturri 1933; Turkewitsch 1934).

The semicircular canals are very long and 
slender. As is almost always the case in birds
(based on our CT-based studies of numerous other
species), the rostral semicircular canal is the longest
and prescribes an oval, whereas the caudal and
lateral canals are shorter and more circular. The 
lateral canal communicates with not just the caudal 
canal but also the rostral canal. As Gray (1908)
noted, perilymphatic communication of the lateral
and caudal canals is the typical avian condition, 

but he found the double-communication condition 
we report in B. virginianus to be quite rare (owls 
were not included in Gray’s sample). The addi-
tional communication (between lateral and rostral 
canals) results in part from the relatively short
crus communis, but also from the great length and 
excursion of the lateral and rostral canals that 
bring them close enough to communicate.

The footplate of the columella fits into the fi
fenestra vestibuli of the skull, which opens to the 
base (dorsal end) of the cochlea. The cochlea itself 
is remarkably long and is curved such that it arcs
around and ventral to the pontine portion of the
endocast (Fig. 6.7C–F). The great length of the 
cochlea presumably relates to the presence of an 
elongate basilar membrane. The length of the
basilar membrane is not recoverable from our 
data and has not been reported otherwise for 
great horned owls, but barn owls have the longest 

Fig. 6.7. Cranial endocast, endosseous labyrinth, 
and some endocranial vascular structures of a 
great horned owl, Bubo virginianus (OUVC 
10220), derived from surface renderings of CT 
scan data. A, left lateral view. B, dorsal view. C, 
caudal view. D, rostral view. E, ventral view. F, 
left rostroventrolateral view. Color scheme:
cranial endocast, blue; endosseous labyrinth, 
pink; nerve canals (most of which also transmit 
veins), yellow; smaller venous canals, dark blue; 
arterial canals, red; columella, pale yellow. Scale 
bar equals 1 cm (see Color Plates, Fig. 6.7).
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basilar membranes recorded for birds (Gleich and
Manley 2000).

The advantage of CT-based studies of the laby-
rinth is that structures can be easily viewed in
relation to other anatomical systems (Fig. 6.7). For
example, the elongate rostral semicircular canal is 
closely appressed to the cerebellum, overlies the 
optic tectum rostrally, and is partially overlain by 
the occipital pole of the cerebrum. In fact, the 
angulation of the rostral canal visible in dorsal 
view (Fig. 6.5, middle row) corresponds to the 
point where the canal passes from cerebellum to
cerebrum (Fig. 6.7C), and probably has no rele-
vance for vestibular function. The cerebellar floc-fl
culus enters the cage formed by the three canals, 
passing just rostral to the crus communis, but does 
not fill the cage, as it does in pterosaurs (Witmerfi
et al. 2003). Much of the labyrinth is surrounded 
by and suspended within the paratympanic pneu-
matic sinuses, which is fairly typical for birds.

The pneumatic system itself is very extensive, 
much more so than in the freshwater crocodile 
described above, and only its more proximal por-
tions are indicated in Fig. 6.6C–D. Unlike the
crocodile, the pneumaticity of the braincase de-
rives ultimately from the pharyngotympanic tubes.
The fi ve major tympanic diverticula observed in fi
other birds (Witmer 1990, 1997) are present in 
great horned owls (see Norberg 1978, for another 
owl species). The quadrate and articular bones are
extensively pneumatized. Another difference with
crocodilians is that the siphonial tube in birds does 
not pass through the quadrate on its way to the 
articular. The caudal tympanic recess is broadly
confl uent with the very extensive dorsal tympanic fl
recess. The rostral tympanic recess is also expan-
sive and has a broad contralateral communication 
ventral to the brain cavity. This communication 
(known as the interaural pathway) has been impli-
cated in the localization of sounds in space in 
birds generally, although its role in owls has been 
controversial (see Klump 2000, for a review).

6.7 Sauropod Dinosaurs:
Camarasaurus and Diplodocus

The fi rst presentation of a digital cranial endocast fi
for a sauropod can be credited to Franzosa (2004)
in his unpublished doctoral dissertation; his work
on a specimen of Diplodocus (HMS 175, formerly 
CM 662) largely agrees with ours. A few other 
papers, based on traditional physical endocasts, 

also provide signifi cant descriptions (Osborn 1912; fi
Osborn and Mook 1921; Janensch 1935, 1936; 
Ostrom and McIntosh 1966; Hopson 1979; Chat-
terjee and Zheng 2002, 2005; Knoll et al. 2006). 
The endocasts presented here (Figs 6.8,6.9) are
the most complete published to date. Sauropods
lacked the extensive paratympanic sinuses that 
pneumatized the braincases of the crocodile and 
owl above, and so the discussion will be limited to
the endocast and labyrinth.

Sauropod endocasts in general and those of 
Camarasaurus (Fig. 6.8) and Diplodocus (Fig. 6.9) 
in particular are quite distinct from those of extant
birds and crocodilians, but they are much more
similar to those of crocodilians in that the brain 
does not fi ll the endocranial cavity. In fact, thefi
endocasts of both sauropod taxa presented here 
suggest that the dura was very loose-fitting indeed, fi
in that brain regions are difficult to discern. Part fi
of this diffi culty results from the fact that the fi
endocranial region of most sauropods appears to 
have been highly vascular, with very large venous
sinuses that created prominent grooves, recesses, 
and apertures within the bony endocranial surface.
Again, as in crocodilians, the cerebral hemispheres 
and olfactory bulbs are the clearest, although even 
here only portions of the brain regions (e.g., the
ventral and lateral surfaces of the cerebrum) are 
discernible. It should be pointed out that not all
sauropods have such a loose dural envelope in
that the endocasts of some titanosaurs from India 
(under study in collaboration with S. Chatterjee) 
have very clearly defined cerebral regions and a fi
generally less complicated endocast.

From what can be discerned about brain struc-
ture, the new digital endocasts confirm much of fi
what previously was known, in that sauropod
brains were apparently relatively primitive in 
overall structure and certainly very small in rela-
tion to body size (metric data will be presented 
elsewhere). Our new studies, however, present the
first view of the olfactory bulbs of sauropods. fi
Although only the dorsal contour of the olfactory
bulb can be observed due to lack of ossification of fi
the fl ooring cartilages, criteria developed from the fl
study of modern relatives and other dinosaurs 
specify the demarcation between olfactory bulb 
and nasal cavity. The bulb region is better pre-
served in Diplodocus (Fig. 6.9D) than in Cama-
rasaurus (Fig. 6.8D), but in both cases the olfactory 
bulbs are relatively large in comparison to the rest
of the endocast. As a result of the caudal retrac-
tion of the nasal cavity and concomitant telescop-
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Fig. 6.8. Cranial endocast, endosseous
labyrinth, and some endocranial vascu-
lar structures of the sauropod dinosaur, 
Camarasaurus lentus (CM 11338), 
derived from surface renderings of CT
scan data. A, left lateral view. B, caudal
view. C, ventral view. D, dorsal view.
Color scheme: cranial endocast, blue; 
endosseous labyrinth, pink; nerve canals
(most of which also transmit veins), 
yellow; smaller venous canals, dark
blue; arterial canals, red; columella, pale
yellow. Scale bar equals 2 cm (see Color
Plates, Fig. 6.8).

ing of the braincase, the olfactory tracts are quite
short, and the bulbs are strongly inclined relative
to the main axis of the brain. Another prominent 
feature of the endocast is the large and pendant
pituitary (hypophyseal) fossa. The large bony 
fossa housed much more than the pituitary itself, 
in that the cerebral carotids enter it ventrolater-
ally, the abducens and oculomotor nerves pass
through it, and it receives large veins from the
orbit (see below). Nevertheless, as Edinger (1942)
noted, it is very reasonable to assume that at least 
part of the reason that these large-bodied dino-
saurs had such large pituitary fossae was to house
an enlarged pituitary.

The cranial nerve exits on the sauropod endo-
casts are generally very straightforward, and share 
a number of common features, many of which are
primitive for archosaurs, if not sauropsids as a
whole. Shared features, all of which are bilateral, 
include the following: (1) two canals for the hypo-
glossal nerve (CN XII); (2) a large ‘jugular’ aper-
ture (sometimes called the ‘metotic foramen;’ see 

discussion in Sampson and Witmer, 2007) through
which passed the glossopharyngeal, vagus, and 
accessory nerves (CN IX–XI) and the jugular vein, 
and which housed part of the perilymphatic appa-
ratus; (3) a single facial nerve (CN VII) canal; 
(4) a single canal for the trigeminal nerve which 
expands laterally as the swelling for the (extra-
cranial) trigeminal ganglion; (5) the abducens 
nerve (CN VI) canal passes through the lateral 
portion of the pituitary fossa; (6) the oculomotor
(CN III) and trochlear (IV) apertures are large, 
separate (or sharing an hour-glass-shaped fissure), fi
and located in the infundibular region (where the
pituitary fossa joins the main endocranial cavity); 
and (7) the optic nerve (CN II) has a broad sepa-
rate aperture. The trigeminal arrangement merits
comment in that none of the trigeminal branches
are separate in these (or any other known) sauro-
pods, which is unlike the situation in the extant 
archosaurs discussed above in which the ophthal-
mic nerve had its own canal. This is discussed 
further below.
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Fig. 6.9. Cranial endocast, endosseous laby-
rinth, and some endocranial vascular struc-
tures of the sauropod dinosaur, Diplodocus 
longus, derived from surface renderings of CT 
scan data. A–D, CM 3452. E, AMNH 694. F, 
CM 11161. A, E, F, left lateral view. B, caudal 
view. C, ventral view. D, dorsal view. Color 
scheme: cranial endocast, blue; endosseous 
labyrinth, pink; nerve canals (most of which 
also transmit veins), yellow; smaller venous 
canals, dark blue; arterial canals, red. Scale bar
equals 2 cm (see Color Plates, Fig. 6.9).

There has been some confusion in the litera-
ture regarding the location of the trochlear nerve 
aperture. For example, Osborn (1912) identified in fi
Diplodocus (AMNH 694) a large aperture between
the orbitosphenoid and laterosphenoid as being 
for the trochlear nerve; the endocast he presented
for this specimen has a corresponding swelling.
This identifi cation was subsequently followed by fi
Hopson (1979), Galton (1985), and Franzosa 
(2004). Our findings, on the other hand, suggest fi
that the aperture in question is a large venous
channel and that the trochlear foramen is located 
more ventrally, directly above the oculomotor

foramen (Figs 6.8A,C, 6.9A,C). Our digital endo-
casts of both Diplodocus and Camarasaurus
have three apertures along the laterosphenoid-
orbitosphenoid contact: the oculomotor and troch-
lear foramina together ventrally and the venous 
channel displaced dorsally. This identification is fi
supported by the fact that the trochlear foramen 
in some other saurischian dinosaurs (see Sampson 
and Witmer 2007) is in the same general region 
as the foramina for the optic, oculomotor, and 
abducens nerves, which makes sense given their 
related functions. It should be noted that Janensch 
(1935, 1936) showed a similar arrangement of 
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foramina for Barosaurus, but regarded the troch-
lear and oculomotor nerves as sharing a large 
foramen in Dicraeosaurus. Likewise, we have
found both conditions in our broader sample, 
with, for example, the Indian titanosaur specimens 
ISIR 603 and ISIR 199 displaying separate but
adjacent trochlear and oculomotor foramina and 
Suuwassea emilieae (ANSP 21122) displaying a 
common aperture for the two nerves, as in 
Dicraeosaurus.

The identity of the large, more dorsal foramen 
that formerly had been regarded as being for the 
trochlear nerve is not clear. Janensch (1935, 1936)
regarded it as being homologous to the fenestra 
epioptica, an opening within the chondrocrania of 
most extant sauropsids. He further suggested that
the aperture transmitted an encephalic vein, the
‘anterior cerebral vein.’ His assessment was fol-
lowed by most workers, even those that thought 
the aperture also transmitted the trochlear nerve
(e.g., White 1958; Galton 2001; Franzosa 2004). It 
is certain that a large vein drained from the orbit 
into the encephalic sinuses via this foramen, but
homology with the embryonic fenestra epioptica 
of Gaupp (1900) is far from certain, as is the iden-
tity of the vein as the ‘anterior cerebral vein.’ This
particular vein traverses the fenestra epioptica for 
only a brief period in some squamate embryos
(van Gelderen 1924), and usually nothing traverses
the fenestra epioptica (Shiino 1914). Thus, we 
instead apply the new term ‘orbitocerebral 
foramen,’ which transmitted a vein of the same 
name (Figs 6.8,6.9). Our CT-based studies have 
revealed that many groups of dinosaurs have fairly 
extensive anastomoses between veins within the 
cranial cavity (i.e., the dural sinuses) and the roof 
of the orbit (described for the theropod Majungas-
aurus in Sampson and Witmer 2007), and we regard
the orbitocerebral foramen of sauropods as trans-
mitting a particularly large such anastomosis.

The large size of the orbitocerebral foramen is 
just one of several pieces of evidence indicating
that the endocranial cavity of many sauropods had 
an unusually complicated venous system. Virtually
all of the cranial nerve foramina, particularly those
opening into the orbit, are enlarged – certainly 
much larger than can be explained by transmitting 
just the nerve trunks. Given that the cranial nerve
foramina in both clades of extant archosaurs (birds
and crocodilians) transmit veins into the dural
sinus system, it is reasonable to argue that not only 
did sauropods have such venous anastomoses but 

also that they were very extensive. Other veins
draining into the dural sinuses also appear to
have been large. For example, Camarasaurus (CM 
11338) has an additional orbitocerebral vein aper-
ture on each side (Fig. 6.8A), and both the middle
cerebral and dorsal head vein canals are well
developed. These venous canals are more modest 
in specimens of Diplodocus, and the dorsal head 
vein and extra orbitocerebral vein canals are 
absent (Fig. 6.9).

Perhaps the most curious attribute of the cranial 
endocasts of most sauropods pertains to the dorsal 
dural expansion just caudal to the cerebral region. 
In the Camarasaurus and Diplodocus specimens 
at hand, there is a large median expansion with 
paired ventrolateral communications with venous 
features. In Diplodocus, these venous tracts 
communicate with the orbitocerebral apertures, 
whereas in Camarasaurus these tracts lead to the 
dorsal-head/middle-cerebral vein system. Diplod-
ocus also has paired dural projections arising from 
the median dural expansion that extend blindly
into the adjacent bone, and presumably represent
diploic veins (Fig. 6.9A,B); these are much less
developed in Camarasaurus. Camarasaurus, 
however, has an additional, median expansion
rostral to and smaller than the one just discussed 
(Fig. 6.8A,D), and Chatterjee and Zheng (2005)
illustrated a similar feature in a different speci-
men. Diplodocus also has a rostral dural feature, 
but here it takes the form of paired swellings that
arc toward the olfactory tract cavity above the 
cerebral region (Fig. 6.9A,D).

The significance and soft-tissue relations of the fi
dorsal dural expansion have been unclear. In many 
sauropods, this dural expansion is associated with 
an aperture (known as the parietal fontanelle) 
between the frontal and parietal bones, suggesting 
the presence of a pineal organ to some workers 
(Osborn 1912; Janensch 1935). Although some 
specimens of Camarasaurus have the aperture, 
CM 11338 lacks it, as reported by Gilmore (1925)
and Madsen et al. (1995); we agree, although CT
scanning reveals the bone to be very thin in this
area. With regard to Diplodocus, both CM 11161 
and AMNH 694 have large apertures, although
the edges are broken, and it is hard to be certain 
of their veracity; CM 3452 clearly lacks an aper-
ture. Whether or not there is an aperture ulti-
mately is irrelevant to the inference of a pineal 
organ because extant dinosaurs (birds) and 
mammals have pineal glands yet lack skull roof 



80  L.M. Witmer et al.

apertures, and such seems to be the case for at
least some theropods, as well (Sampson and
Witmer 2007). Hopson (1979), followed by a
number of authors (e.g., Galton 1985, 2001; 
Wharton 2002), suggested the possibility that the 
large dorsal expansion was not dural but actually 
a gap or fontanelle that in life was plugged with
persistent cartilage. We regard this hypothesis as
falsifi ed by the fact that the frontal and parietalfi
are dermal elements, and thus there was no carti-
lage to ‘persist.’ The pineal hypothesis remains
valid but obviously the volume of the dorsal 
expansions exceed that required for a pineal, and, 
combined with the other evidence for extensive
dural sinuses, we regard the venous hypothesis as
being the most likely (and does not preclude pres-
ence of the pineal).

The endosseous labyrinth of the inner ear has
been reconstructed from the CT data for all four
sauropod specimens presented here (and also for 
many other specimens in our broader sample).
The labyrinths of Camarasaurus (Figs 6.5,6.8) and 
Diplodocus (Figs 6.5,6.9) are similar to each other, 
and closely resemble the only other sauropod 
labyrinth in the literature, that of Brachiosaurus
(Janensch 1935; Clarke 2005). In general, the laby-
rinth is much more similar to that of the crocodile
presented above than the bird, in that, as with the 
endocast, it provides only a rough approximation 
of the membranous labyrinth. For example, the 
ampullae are not at all apparent. Features of inter-
est shared by Camarasaurus and Diplodocus
include (1) a relatively very short lateral canal; 
(2) an enlarged vestibule; and (3) a relatively short
cochlea. The cochlea superficially appears to be fi
long, but the position of the fenestra vestibuli and 
columellar footplate fixes the vestibulocochlear fi
junction, indicating that the vestibule was expanded
ventrally well below the semicircular canal system 
(Fig. 6.5). Differences between the sauropod taxa 
in labyrinth structure are few, but the rostral semi-
circular canal is shorter and rounder in Cama-
rasaurus, as opposed to that of Diplodocus and 
Brachiosaurus, which is taller and hence more
oval. The endosseous labyrinths of the Indian 
titanosaurs in our sample resemble Camarasaurus
in this regard. Based on outgroup comparison
with the basal sauropodomorphs (e.g., Masso-
spondylus, Plateosaurus) and theropods in our 
sample, the Camarasaurus rostral canal condition 
is derived, as are the short lateral canal and 
enlarged vestibule of sauropods generally.

6.8 Theropod Dinosaurs:
Tyrannosaurus

The cranial endocast and endosseous labyrinth of 
the Cretaceous theropod Tyrannosaurus rex is 
presented briefl y here (Fig. 6.10) to provide afl
counterpoint to those of the sauropods. A more
detailed study of tyrannosaurs, including multiple 
specimens of T. rex, other tyrannosaurids, and a
sampling of other theropods, is presented else-
where. In general, the endocast still more closely
resembles that of extant crocodilians in reflecting fl
the contours of the brain only in the telencepha-
lon. This condition is obviously primitive, but sig-
nifi cant nonetheless in that tyrannosaurids are fi
relatively closely related to birds. The cerebral 
region is enlarged relative to that in more basal 
theropods (Larsson et al. 2000; Hurlburt et al. in 
press), and expanded well beyond that observed 
in sauropods. Although the size of the olfactory 
lobes was greatly exaggerated in previous reports 
(e.g., Brochu 2000), the new corrected lobes pre-
sented here still are very enlarged in comparison 
to outgroups, and suggest that olfaction was 
behaviorally important to tyrannosaurs. With 
regard to the nerve trunks, the ophthalmic nerve 
is clearly separated from the maxillomandibular 
branch of the trigeminal nerve, suggesting that the
point of their union – the trigeminal ganglion – is
internal to the endocranial wall; thus, tyrannosau-l
rids have the derived avian condition of an intra-
cranial trigeminal ganglion rather than the 
primitive extracranial position exhibited by sauro-
pods and crocodilians. Tyrannosaurs also resemble
birds such as the owl in having a well developed 
middle-cerebral-vein/transverse-sinus system, yet 
retain the dorsal-head/middle-cerebral vein anas-
tomoses described above for Camarasaurus and 
present in other theropods (Sampson and Witmer 
2007).

In comparison to the other endosseous laby-
rinths discussed here, the tyrannosaur labyrinth
(Fig. 6.5) is intermediate between that of the owl
and crocodile in that the semicircular canals are 
long and slender, the ampullar regions are appar-
ent (although not nearly as distinct as in the owl), 
and the cochlea is elongate. The air sinuses that
pneumatize the braincase region of tyrannosaurs 
are extensive (Fig. 6.11), and share many attri-
butes with those of advanced theropods and birds 
(Witmer 1997). As in birds, such as the owl, there
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Fig. 6.10. Cranial endocast, endosseous laby-
rinth, and some endocranial vascular struc-
tures of the theropod dinosaur, Tyrannosaurus
rex (AMNH 5117), derived from surface ren-
derings of CT scan data. A, left lateral view. B, 
dorsal view. C, ventral view. Color scheme:
cranial endocast, blue; endosseous labyrinth, 
pink; nerve canals (most of which also transmit
veins), yellow; smaller venous canals, dark
blue; arterial canals, red. Scale bar equals 2 cm
(see Color Plates, Fig. 6.10).

Fig. 6.11. Pneumatic sinuses and 
cranial endocast within the semi-
transparent bony braincase of the 
theropod dinosaur, Tyrannosaurus 
rex (AMNH 5117), derived from 
surface renderings of CT scan data. 
A, right lateral view. B, caudal view. 
Scale bar equals 10 cm (see Color 
Plates, Fig. 6.11).
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is a broad communication of the contralateral 
rostral tympanic recesses below the brain cavity 
in tyrannosaurs. As in crocodilians, there is broad 
contralateral communication above the brain 
cavity, as well, but these are via non-homologous 
sinuses.

6.9 Discussion

CT scanning indeed provides a means of ‘looking
inside’ an object, which is a useful thing to do 
whether the object is a modern owl or an ancient 
dinosaur skull. But the combination of CT with 
digital segmentation and 3D visualization has pro-
vided a new anatomical tool that rivals the inven-
tion of the scalpel with regard to scientific impact. fi
In the present case, we have employed these tech-
niques to digitally dissect the anatomical struc-
tures of an extant crocodile and bird, as well as
sauropod and tyrannosaur dinosaurs. Our figures fi
convey the illustrative power of these approaches, 
but here we seek to discuss the bearing these find-fi
ings have for the sensorineural interpretation of 
these two very different kinds of dinosaurs. 
Although Tyrannosaurus lived some 80 million 
years after Camarasaurus and Diplodocus and 
thus these are not strictly ‘predator and prey,’
tyrannosaurids and comparable sauropods were 
sympatric at least in the southwestern United 
States and in Mongolia (Weishampel et al. 2004), 
and so the comparison has some validity beyond 
heuristic value.

6.9.1 Brain Size and Structure
That dinosaurs have small brains relative to body
size is hardly a new discovery, and, as mentioned 
earlier, full quantitative analysis will be presented 
elsewhere. Nevertheless, we will present some 
representative values here for comparison. For
example, the endocast of Diplodocus (CM 11161) 
has a mass of about 110 g; assuming a body mass 
of about 13,000 kg (Henderson 1999), endocast 
size is about 0.001% of body size. For Tyrannosau-
rus (AMNH 5117), the endocast size is about
424 g, which, assuming a body mass of about 
5000 kg (Erickson et al. 2004), accounts for
about 0.008% of body size. More meaningful com-
parisons look at allometric scaling of these param-
eters, and Jerison (1973) proposed the metric of 
Encephalization Quotient (EQ) which provides a 
comparison of actual brain size relative to the

expected brain size of an animal of that body size.
We use Hurlburt’s (1996; see also Hurlburt et al.
in press) modified equations for reptiles (REQ).fi
Both Jerison and Hurlburt accounted for the fact 
that the cranial endocast is an overestimate of the 
true brain size by halving endocast volume to esti-
mate brain volume (i.e., brain size is 50% of endo-
cast size), admittedly a very rough measure, but 
illuminating nonetheless. The REQ for Tyranno-
saurus is 2.7, which means that its brain was almost
three times the size expected for a reptile of its 
size. The REQ for Diplodocus is 0.41, which means
that its brain was less than half the expected size. 
Thus, and this is no real surprise either, the brain
power of the predator exceeds that of the prey. 
Typically this can be understood to refl ect mostly fl
the neural requirements for predation (principally 
sensory integration), but Tyrannosaurus presum-
ably had some cognitive capabilities that sauro-
pods lacked. In fact, the cerebral region of 
Tyrannosaurus is not only more visible in the 
endocasts than in the sauropods, but it is also mea-
surably expanded over theropod dinosaurs other 
than the advanced birdlike maniraptorans (Larsson 
et al. 2000); Hurlburt et al. in press).

In terms of structure, again much of the brain
form is hidden beneath the loose dural envelope. 
Nevertheless, Tyrannosaurus and the sauropods 
both had relatively large olfactory bulbs. As men-
tioned above, even with the newly corrected size 
of the olfactory bulbs, Tyrannosaurus still has 
large olfactory bulbs, and this enlargement is a 
derived feature requiring explanation. Jerison 
(1973) presented the ‘principle of proper mass,’ 
which states that the amount of neural tissue (for 
us, gross size of a brain region) is proportional to
the amount or importance of the functions carried 
out by those tissues (see Butler and Hodos [2005] 
for an up-to-date corroboration of this principle).
Thus, it is reasonable to assume that the apomor-
phically large size of the olfactory bulbs in tyran-
nosaurs suggest that the sense of smell was
behaviorally important. The new fi nding presented fi
here is that at least some sauropods also exhibit 
large olfactory bulbs, again suggesting the impor-
tance of olfactory cues. It remains obscure exactly
which behaviors of these dinosaurs required a 
heightened sense of smell, and there is no reason 
to believe that a single explanation applies to both
groups. The explanation sometimes advanced for
Tyrannosaurus – namely, habitual if not obligate 
scavenging (e.g., Horner 1994) – obviously did not 
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apply to sauropods, and in fact, there is ample 
reason to regard active predation, not pure scav-
enging, as accounting for the sensorineural adap-
tations of tyrannosaurs.

6.9.2 Inner Ear: Hearing, Balance,
Eye Movements, and Head Posture
There are striking differences between sauropods
and tyrannosaurs in the form of the endosseous 
labyrinth of the inner ear, and these differences
relate to a number of different biological traits.
The cochlea is the part of the inner ear associated 
with hearing, and tyrannosaurs have a long cochlea
whereas sauropods have a short one. Given that
the extant birds and crocodilians in our sample 
have elongate cochleae (see above), it is tempting 
to regard the short sauropod cochlea as the derived 
condition; we are testing that hypothesis in our 
broader study. The length of the bony cochlea
is directly related to the length of the sensory
epithelium (the basilar membrane). As a result, 
cochlear length has been used as a rough proxy
for the hearing capabilities of birds and crocodil-
ians (Wever 1978; Gleich and Manley 2000). Thus, 
it would seem that discrimination of auditory 
stimuli were more important to tyrannosaurs than
to sauropods. Moreover, given the relationships 
set forth by Gleich et al. (2005), it is reasonable
to suggest that tyrannosaurs emphasized, in par-
ticular, the reception of low-frequency air-borne 
sounds. This interpretation is consistent with the
extensive middle ear pneumaticity that we report 
above for tyrannosaurs, because these air sinuses 
reduce the mechanical stiffness of the middle ear 
air space at low frequencies (by allowing greater
vibrational movement of the columellar appara-
tus), as well as affecting resonant properties 
and hence frequency-dependent amplification of fi
sounds (Pickles 1988). Extant birds and crocodil-
ians (such as the owl and crocodile above) also 
have extensive paratympanic pneumaticity, and 
experimental studies show that these animals also
generally emphasize low frequencies (Dooling et
al. 2000). Significantly, sauropods essentially lackfi
middle ear pneumaticity, which, in combination 
with their short cochleae, supports the notion that 
fine discrimination of air-borne sounds (particu-fi
larly low frequencies) was not as important for 
sauropods.

The upper part of the inner ear – the vestibule
and semicircular canals – comprises the vestibular 

apparatus and is associated with the sense of 
balance or equilibrium. Again, we see marked
morphological differences in these attributes 
between sauropods and tyrannosaurs: sauropods 
have short, thick semicircular canals and a large 
vestibule, whereas tyrannosaurs have elongate, 
slender canals and a more modest vestibule. Com-
parison with extant archosaurs shows that the 
semicircular canals of sauropods are more similar 
to crocodilians (but perhaps even more reduced) 
whereas those of Tyrannosaurus are more like 
birds (but not approaching the condition of most 
birds, and certainly not owls). Semicircular canals
sense angular acceleration or turning movements 
of the head, and increased sizes (length, radius of 
curvature, arc, etc.) have been linked to such
behavioral patterns as enhanced agility and aero-
batic/acrobatic ability in birds and primates 
(Tanturri 1933; Turkewitsch 1934; Spoor and
Zonneveld 1998; Spoor 2003; Spoor et al. 2007). It
is tempting – and perhaps not unjustified – to fi
suggest that the canal differences between these 
two dinosaur groups relate to tyrannosaurs 
being active, agile bipeds and the sauropods being
slow-moving quadrupeds. However, how such 
morphological differences of the vestibular system 
relate to locomotor modes is somewhat obscure 
for vertebrates generally (Hullar 2006).

Certainly, even if the links to locomotor behav-
ior are less direct (Graf and Klam 2006), the rela-
tionship of labyrinth form to eye movements and 
gaze-stabilization mechanisms is well established
in the context of the vestibulo-ocular and
vestibulo-collic reflexes (VOR and VCR; seefl
Spoor 2003; Witmer et al. 2003; Spoor et al. 2007; 
and references therein). The VOR and VCR
involves coordination and compensatory move-
ments of the eyes, head, and neck so that a target 
moving relative to the subject remains fixed and fi
in-focus on the retina. These mechanisms, and 
hence the semicircular canal system, are best
developed in animals for which tracking move-
ments of the eyes are at a premium, which, in
fact, tends to include predatory animals, agile
animals, and animals that engage in aerobatic, 
acrobatic, and rapid arboreal locomotion. In this 
context, the expanded canals of Tyrannosaurus
can be interpreted as reflecting an enhanced VOR/fl
VCR in comparison to sauropods and extant 
crocodilians, and further suggesting that rapid
tracking movements of the eyes were important 
behaviorally.
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The apomorphically short, stubby canals of sau-
ropods, on the other hand, particularly the very 
short lateral canal, must be refl ecting decreased fl
importance of or reliance on compensatory move-
ments of the eyes and head. Reduction of the
semicircular canals in cetaceans has been linked 
to reduced eye mobility, eye musculature, and 
neck mobility (see Spoor and Zonneveld 1998; 
Spoor 2003; and references therein), but we have 
no objective evidence to suggest that these expla-
nations pertain to sauropods. Sauropod orbits are
large, their scleral ossicles (when preserved, as in 
CM 11338 and CM 11161) suggest an unreduced 
eyeball, and their necks are the longest known 
among vertebrates (although perhaps less flexible fl
than once had been thought; Stevens and Parrish 
2005a). Rather it would seem that sauropods 
simply did not engage in rapid eye, head, and neck
movements. This behavioral change is consistent
with reduction or even absence of a discernible 
flocculus in most sauropods, the presence of which fl
has been linked to the VOR and VCR in other 
archosaurs (see Witmer et al. 2003 and references
therein). The strong reduction of the lateral canal 
further suggests that mediolateral eye and head
movements, in particular, were less important, 
which may be consistent with inferred feeding 
behaviors involving sagittal (dorsoventral) move-
ments of the head (Barrett and Upchurch 1994).

There is a large body of literature (see Witmer
et al. 2003) relating the orientation of the lateral 
semicircular canal to the ‘alert’ posture of the
head, such that when animals are alert and their
senses heightened, they tend to hold their heads 
in an orientation that places the lateral canal 
roughly horizontal. Hullar (2006) noted that 
whereas many of the claims relating labyrinth
form to locomotory differences are problematic, 
the links to head posture are well founded. Our 
team has demonstrated that alert postures of 
dinosaurs and other archosaurs (as determined by
orienting the lateral canal horizontally in a semi-
transparent skull in lateral view) were rather vari-
able, even within a clade (Witmer et al. 2003; 
Sampson and Witmer 2007). Turning to the extant
taxa presented in this paper, the bird in our sample, 
Bubo virginianus, has an alert posture that is fairly 
strongly down-turned, such that the long axis of 
the skull is declined about 30° below the horizon-
tal (Fig. 6.2). The alert head posture as determined 
from the lateral canal has not been published pre-
viously for any owl, but we can report that the 

declination angle in a barn owl (Tyto alba) in 
our sample is only about 15°. By contrast, a bald 
eagle (Haliaeetus leucocephalus) in our sample 
has an almost completely horizontal alert posture 
(declination angle of about 0°). Likewise, the alert 
posture of the crocodile in our sample, Crocodylus 
johnstoni, is basically horizontal (Fig. 6.2), and
this is true for the other extant crocodilians in our
sample (e.g., C. moreletii, Alligator mississippien-
sis, Gavialis gangeticus). Thus, although birds 
exhibit a wide range of alert head postures, croco-
dilians are relatively homogenous.

Turning to the fossil taxa presented in this paper, 
Tyrannosaurus rex has a very slightly down-turned 
alert posture of the head (5–10°; Fig. 6.2), and that
of Majungasaurus is also basically horizontal 
(Sampson and Witmer 2007). However, a number
of other theropod dinosaurs have much more
strongly down-turned postures, including another
tyrannosaurid (Nanotyrannus: 25–30°). In the 
above cited papers, we related these differences in
alert posture among theropods to the demands of 
maintaining a maximal binocular fi eld of view by fi
clearing the snout and/or bony orbital rugosities 
from the fi eld of view. Similar arguments were alsofi
made for differences in head posture between two 
pterosaurs (Witmer et al. 2003). Of the two sauro-
pods presented here, Camarasaurus has a much 
more horizontal skull, with a declination angle of 
less than 10°, whereas Diplodocus has a very 
strongly down-turned posture (about 45°, averag-
ing values from CM 3452 and CM 11161; Fig. 6.2). 
In this case, explanations for these differences
may have less to do with binocularity, in part 
because the very large snout would still obstruct
frontal vision in Camarasaurus, and in part 
because, based on fi rst principles, we would not fi
predict a strong selective premium for binocular-
ity in these non-predaceous animals. These differ-
ences between these two sauropods, however, do 
agree with other morphological findings from the fi
skull base and neck, and the differing head pos-
tures have been related to differences in feeding 
strategies (Barrett and Upchurch 1994; Fiorillo 
1998; Stevens and Parrish 2005b).
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Fig. 6.1. The extant phylogenetic bracket (Witmer 1995) of nonavian dinosaurs, as exemplified by the sauropod dinosaur fi
Camarasaurus lentus (CM 11338, in left lateral view). The extant outgroups of the fossil taxa provide information on 
attributes such as soft-tissue morphology and behavior that are not preserved in the fossils. The extant outgroups of 
nonavian dinosaurs are crocodilians (as exemplified byfi Crocodylus johnstoni, OUVC 10425, in dorsal view) and birds 
(as exemplified by fi Bubo virginianus, OUVC 10220, in left rostrolateral view with Mus musculus [OUVC 10449] in its
jaws). The images are surfaces renderings of CT scan data, with the skull rendered semitransparent revealing the cranial 
endocast (in blue) and other structures.



Fig. 6.2. Diagram of the phylogenetic relationships of the principal taxa discussed in the text. From left, the extant croco-
dilian Crocodylus johnstoni (OUVC 10425), the diplodocoid sauropod Diplodocus longus (CM 11161), the macronarian 
sauropod Camarasaurus lentus (CM 11338), the basal coelurosaurian theropod Tyrannosaurus rex (AMNH 5117), and 
the avian theropod (bird) Bubo virginianus (OUVC 10220). These sauropods and theropods are saurischian dinosaurs.
The images are surface renderings of CT scan data. Bony skulls are depicted as transparent, revealing such internal
structures as the brain cast, labyrinth, and pneumatic sinuses. All skulls are oriented in their ‘alert’ postures, determined 
by orienting the skull such that the lateral semicircular canal is horizontal. Scale bars equal 10 cm, except that for B. vir-
ginianus which equals 2 cm.



Fig. 6.3. Cranial endocast, endosseous labyrinth, and some endocranial vascular structures of an Australian freshwater
crocodile, Crocodylus johnstoni (OUVC 10425), derived from surface renderings of CT scan data. A, left lateral view. B, 
dorsal view, with olfactory tract truncated. C, ventral view, with olfactory tract truncated. D, caudal view. E, right rostro-
ventrolateral view. Color scheme: cranial endocast, blue; endosseous labyrinth, pink; nerve canals (most of which also 
transmit veins), yellow; smaller venous canals, dark blue; arterial canals, red; columella, pale yellow. Scale bars equal 
1 cm.



Fig. 6.6. Pneumatic sinuses of the braincase region of, (A–B), an Australian freshwater crocodile, Crocodylus johnstoni
(OUVC 10425), and (C–D), a great horned owl, Bubo virginianus (OUVC 10220), viewed surrounding a semitransparent
cranial endocast, derived from surface renderings of CT scan data. Thumbnail views of the whole skull are provided 
above the main image (except B, where it is below) to show the orientation of the main image. (A) C. johnstoni in left 
caudodorsolateral view. (B) C. johnstoni in left lateral view. (C) B. virginianus in left lateral view. (D) B. virginianus in
left caudoventrolateral view. Scale bars equal 1 cm.



Fig. 6.7. Cranial endocast, endosseous labyrinth, and some endocranial vascular structures of a great horned owl, Bubo 
virginianus (OUVC 10220), derived from surface renderings of CT scan data. A, left lateral view. B, dorsal view. C, caudal 
view. D, rostral view. E, ventral view. F, left rostroventrolateral view. Color scheme: cranial endocast, blue; endosseous
labyrinth, pink; nerve canals (most of which also transmit veins), yellow; smaller venous canals, dark blue; arterial canals, 
red; columella, pale yellow. Scale bar equals 1 cm.



Fig. 6.8. Cranial endocast, endosseous labyrinth, and some endocranial vascular structures of the sauropod dinosaur, 
Camarasaurus lentus (CM 11338), derived from surface renderings of CT scan data. A, left lateral view. B, caudal view. 
C, ventral view. D, dorsal view. Color scheme: cranial endocast, blue; endosseous labyrinth, pink; nerve canals (most of 
which also transmit veins), yellow; smaller venous canals, dark blue; arterial canals, red; columella, pale yellow. Scale bar
equals 2 cm.



Fig. 6.9. Cranial endocast, endosseous labyrinth, and some endocranial vascular structures of the sauropod dinosaur, 
Diplodocus longus, derived from surface renderings of CT scan data. A–D, CM 3452. E, AMNH 694. F, CM 11161. 
A, E, F, left lateral view. B, caudal view. C, ventral view. D, dorsal view. Color scheme: cranial endocast, blue; endosseous 
labyrinth, pink; nerve canals (most of which also transmit veins), yellow; smaller venous canals, dark blue; arterial canals, 
red. Scale bar equals 2 cm.



Fig. 6.10. Cranial endocast, endosseous labyrinth, and some endocranial vascular structures of the theropod dinosaur, 
Tyrannosaurus rex (AMNH 5117), derived from surface renderings of CT scan data. A, left lateral view. B, dorsal view. 
C, ventral view. Color scheme: cranial endocast, blue; endosseous labyrinth, pink; nerve canals (most of which also trans-
mit veins), yellow; smaller venous canals, dark blue; arterial canals, red. Scale bar equals 2 cm.



Fig. 6.11. Pneumatic sinuses and cranial endocast within the semitransparent bony braincase of the theropod dinosaur, 
Tyrannosaurus rex (AMNH 5117), derived from surface renderings of CT scan data. A, right lateral view. B, caudal view. 
Scale bar equals 10 cm.

Fig. 7.1. Diagrams showing our definition of the autonomic cardiac nervous system. (fi A) Each cardiac nerve/branch is 
named according to its origin. The sympathetic cardiac nerves and the parasympathetic vagal cardiac branches are colored
in orange and green, respectively. (B) The cardiac nerves/branches are regarded as nerves with direct connections via the
cardiac plexus, except for slender thin nerves/branches like the sensory nerves around great vessels.
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