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ABSTRACT

The relationship of birds to other archosaurs (Archosauria (Dinosauria (Theropoda (Aves)))) is now

well established and recent fossil finds are adding much to our knowledge of morphological

diversity, sequences of character evolution and evolutionary relationships. Detailed analysis of

extant taxa (Crocodilia and Aves - which also form the extant phylogenetic bracket) show that the

brain underwent a profound series of changes volumetrically, topographically and structurally

during its evolution from early archosaurs to extant birds. Current archosaur phylogenies serve as a

framework for mapping out patterns of character acquisition and evolution, focusing on those

clades in which important changes took place (i.e. derived non-avian theropods and early non-

neornithine birds). Mapping these changes has revealed that the major evolutionary steps towards

the avian condition occurred before the theropod-bird transition. Examining these changes

phylogenetic ally has shown that they support current analyses of non-avian theropod relationships.

For example, more derived non-avian theropods, such as Troodon formosus and Bambiraptor

feinbergi, have morphologically more advanced brains with higher encephalisation quotients than

those of earlier examples, such as Majungatholus atopus and Allosaurus fragilis. Results show that

encephalisation quotients of some non-avian theropods surpass those of some modem birds and for

the first time it has been shown that a pterosaur may have had a brain as developed as those of

some modem birds. Hypotheses are presented concerning the relationship between the onset of

modifications in the brain and particular ecological, physiological and locomotory adaptations in

the non-avian theropods and early birds. Fossil data for those organisms linking derived non-avian

theropods and neornithines remain insufficient to elucidate the exact timing of the appearance of

the first brain of 'modem' avian proportions, but much progress has been made in understanding

the timing and mechanisms involved in the evolutionary history of the avian brain.
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CHAPTER 1:

INTRODUCTION

1.1 What is Palaeoneurology?

Palaeoneurology is the study of the brains of extinct organisms by investigation of their

braincases and, where possible, internal braincase casts (endocasts). Endocasts can be natural, the

interior of the skull having been infilled with sediment prior to diagenesis, or artificial, made by

taking moulds of preserved remains. Based on the data that endocasts and braincases can provide

on the gross, external anatomy of the brain (see section 2.3.4 for more details), the brain and its

constituent parts in fossil organisms can be reconstructed.

As Cuvier observed in the early 1800s, "Le systeme nerveux est, au fond, tout l'animal; les

autres systemes ne sont la que pour le servir" (Cuvier, 1812), the brain (nervous system) forms a

crucial and fundamental part of an organism which offers information on the biology and ecology

of the living animal. Therefore understanding the nervous system of a fossil organism is an

essential part of trying to understand its life history.

The increasingly detailed information available from the ever-growing vertebrate fossil

record and the vast amount of current research upon vertebrate relationships facilitate this

investigation into the evolutionary history of the avian brain. Study of birds and their closest living

relatives, such as the Crocodilia and Sphenodon, show that the brain has undergone a profound

series of volumetric and topographic changes in the transition from the primitive archosaurian state

to that of a modem bird (figure 3.10). These differences are presumably related to the fundamental

changes that have occurred in the physiology, locomotory abilities and ecological adaptations that

form this transition. The aim of this research is to document when, where and why these

developments took place. In order to tackle this question, those taxa that lie in between primitive

archosaurs and modem birds on the phylogeny, primarily the non-avian theropod dinosaurs and

early birds, are examined (figure 1.1).

1.2 History of Palaeoneurology

Initially the study of fossil brains involved only the collection and description of accidental

finds of natural brain casts and braincases. The first of these palaeoneurological observations was

made by Lorenz Oken in 1819, who examined a natural endocast of Pterodactylus longirostris and

identified the longitudinal fissure running between the cerebral hemispheres. Other early

palaeoneurological accounts also centred mostly on single fossils (for example those of Hermann

von Meyer 1860, E. T. Newton 1888, M. Lemoine 1883, C. W. Andrews 1897 and E. C. Case

1897).



Crocodylia

Aves

Figure 1.1 A basic cladogram illustrating the brains of representative organisms of the extant
phylogenetic bracket. The upper end is represented here by the goose Anser anser and the lower
end by the crocodile. The intermediate region on the cladograrn (that lying between the crocodiles
and the birds) is the region within which the changes between the brains of crocodiles and birds are
hypothesized to take place. In the course of this project fossil brain and braincase data from the
organisms which occupy this intermediate region (mainly the theropod dinosaurs) will be collected
and examined in order to search for the appearance of any avian brain characters.
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However, despite these investigations (some of which are now nearly 200 years old), the

founding work of modem palaeoneurology was not done until Tilly Edinger started to reconstruct

evolutionary brain history through the fossil record in the 1920s to 1960s (see section 1.2.1). Harry

Jerison (1973), James Hopson (1979) and Grant Hurlburt (1996) made further advances in the field

(see sections 1.2.2 to 1.2.4). Hans Larsson and his co-workers (2000) were the most recent to

examine one of the many issues relevant to this project by considering forebrain enlargement

among a restricted number of non-avian theropod dinosaurs (section 1.2.5).

1.2.1 Tilly Edinger

Tilly Edinger almost single-handedly founded modem palaeoneurology in the 1920s and is

the most important inspiration for this work. She was the first person to reconstruct the

evolutionary history of the brain from the fossil record rather than relying purely on analysis of

living forms to interpret how brains have changed over time (Marsh had relied solely on analysis of

living forms for his hypotheses of brain evolution in the late 19th century (1880». On the basis of

this new research Edinger (1926a) was able to refute Marsh's simpified rules of brain evolution

which state that the brain gets progressively larger and more complex over time in all organisms.

She realised that descriptions of accidental finds of natural brain casts could be expanded upon by

focusing on particular lineages and collating as much data as possible by taking artificial brain

casts (endocasts) from existing museum specimens and by utilising established methods of

comparative anatomy. Although her papers provided accurate descriptions she did not utilise the

helpful mathematical relationships later used by Jerison (1969) despite a knowledge of their

existence while writing her later papers (Bucholtz, 1999). Most of her time was dedicated to the

comprehensive summary of palaeoneurology. Edinger's main conclusions still stand today; such as

her refutation of Marsh's rules on brain evolution (Edinger 1926a), her observation that the brains

of birds had not completed their expansion during the Cretaceous (Edinger 1951) and that the

brains of pterosaurs were very like those of birds (Edinger 1941). Edinger was also the first to point

out that the brains of less crownward pterosaurs, whilst being avian in form, were not as big as

those in more crown ward pterosaurs, which were much more avian in relative size as well as in

morphology. Also pertinent to this current work are Edinger's investigations of the endocasts of

some dinosaurs (Edinger 1929), but the range available at the time, especially of derived non-avian

theropods, was very limited and so these conclusions are not as relevant to this project as those

concerning the pterosaurs.

1.2.2 Harry Jenson

Harry Jerison, in contrast to Tilly Edinger, was more concerned with the evolution of

intelligence (as the title of his 1973 book suggests) than in the descriptive side of palaeoneurology.

He provided a sound methodological basis for the study of relative brain size in extinct reptiles,
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observing that relative, rather than absolute, brain size was more important as a larger organism is

likely to have a larger brain.

Jerison documented brain: body size data in living organisms, and analysed these data by

plotting them onto log plots of brain weight versus body weight. Within these plots he defined

subsets of organisms (mammals, reptiles and birds) and placed minimum convex polygons around

the subsets to separate them. The brain: body relations of various fossil organisms of comparable

size could then be plotted onto the graph: their inclusion inside a particular polygon establishing an

organism as a member of that subset, exclusion forcing rejection from a subset. Figure 1.2 is an

example of one of his graphs showing the minimum convex polygons for mammals, reptiles and

birds.

Jerison (1973) identified the three basic polygons (figure 1.2) and a fourth one for fish that

mainly falls within the polygon for the reptiles. He grouped the birds together with the mammals

and called these "higher" vertebrates and called the reptiles and fish "lower" vertebrates. He fitted

regression lines through the data in these two groups and found that the resulting lines for both sets

of vertebrates had a slope of approximately % (Jeri son 1970). From the regression lines on the log

plot he deduced a power law for brain: body data of the form E = k p% where E = brain weight, P

= body weight and k is a proportionality constant (the y-intercept of the equation when considered

in its logarithmic form). He found that k = 0.07 for "Higher Vertebrates" (mammals and birds) and

0.007 for "Lower Vertebrates" (reptiles and fish). He repeated this analysis for mammals only and

found a slope of % and that k = 0.12.

From this analysis of extant species Jerison (1973) pioneered the Encephalization Quotient

(EQ) concept and its use in the study of relative brain size of extinct vertebrates and the evolution

of brain size. EQ is a measurement of relative brain size, equal to the ratio of an animal's actual

brain mass to the brain mass expected (for an animal of that weight) defined by E = k p%. By using

EQ, any living or fossil organism can be compared with any other organism with respect to relative

brain size with a minimum of confounding by the body size factor.

To calculate brain volumes, Jerison (1969) also developed the method of double graphic

integration (see section 2.2.5 for details of the methodology), which can be used to estimate the

volume of endocasts from their lateral and dorsal views,

Using these methods, Jerison deduced that the brain: body size relationship of dinosaurs

was the same as that estimated for a living reptile of dinosaurian dimensions (he was looking only

at the more primitive dinosaurs). He stated that their brains were devoid of specialisations in the

form of regional enlargements in the brain. He also believed that pterosaurs had smaller brains than

living birds but with an avian form: with large optic lobes and cerebellum. He believed that the

pterosaur brain resembled the avian brain due to the mechanical considerations of flying (of fitting

into a smaller and lighter skull). Jerison found that the brain: body size relationships of all

pterosaurs fell within the living reptile range but admitted that the great problems in estimating

both the brain (dorsal and lateral views of brains were not usually available, making the use of his

double graphic integration method difficult) and body weight of a pterosaur made the analysis
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Figure 1.2 A graph showing the brain:body size relations in living reptiles, birds and
mammals on a log plot. The reptile minimum convex polygon represents that for the
"lower" vertebrates, while the bird and mammal minimum convex polygons represent
that for "higher" vertebrates. After Jerison (1973).
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unreliable (he used a body length:weight ratio calculated for bats). He stated that the brains of

flying reptiles were at the upper edge of development rather than scattered throughout the reptile

brain to body size ratio range, and that no increase had taken place in overall brain size above the

lower vertebrate level.

Jerison compared the brains of Archaeopteryx with an Early Tertiary bird and a Quaternary

species. On this basis he argued that, as Archaeopteryx had a brain relatively larger than in any

comparable living reptile (though smaller than any comparable living bird), continued enlargement

of the brain must have been an evolutionary response by the birds in their evolution after

Archaeopteryx. Importantly Jerison realised that the midline of the London Archaeopteryx endocast

had been erroneously identified, resulting in underestimations of the width of the cerebral

hemispheres. He corrected this (Jeri son, 1973) and pointed out the more avian positions of the

different parts of the brain such as the more ventrolateral position of the optic lobes, the

dorsomedial position of the cerebellum relative to the optic lobes and its encroachment upon the

back of the cerebral hemispheres. He stated that Archaeopteryx approached but did not reach the

relative brain size of birds.

Jerisons' work has been a controlling force which has helped to guide the field of

palaeoneurology. His method of double graphic integration and the creation of the encephalisation

quotient have been invaluable research tools in this and other recent projects.

1.2.3 James Hopson

In his 1977 paper Hopson discussed endothermy in dinosaurs, concluding from evidence of

relative brain size that most dinosaurs were less active than modem endotherms. He also suggested

that metabolic rates, like activity levels, varied greatly among dinosaurs. The very large brains of

coelurosaurs, along with skeletal evidence for high speed agility, led him to the conclusion that

they may have been the only dinosaurs that were as endothermic as mammals and birds.

In 1979 Hopson undertook the most recent comprehensive anatomical summary of what

was then known of fossil endocasts. He did not utilise any new techniques but reviewed both the

usefulness and reliability of information obtained from endocasts and also the methodology of

others in the field. He systematically reviewed the vertebrates describing (re-describing in most

cases) the best examples of the endocasts in the many different groups. In such a wide ranging

project, he sensibly did not attempt to search for any patterns or trends in the overall data.

In this work Hopson pointed out that there was a need to refine Jerison's methods to

achieve finer discriminations between the groups of living vertebrates (Jerison used only "Higher"

and "Lower" vertebrate categories (see section 1.2.2».

Hopson (1979) also re-evaluated other brain and body mass estimations such as those of

Russell (1969) for Troodon (= Stenonychosaurus) and was amongst the first (after Russell 1969

and 1972) to point out that this small carnivorous dinosaur, and Dromiceiomimus, were unique
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among non-avian theropods in possessing brains that fell within the relative size range of living

birds.

1.2.4 Grant Hurlburt

Hurlburt published his thesis upon relative brain size in recent and fossil amniotes in 1996.

In this he developed the work of Jerison by calculating specific individual encephalisation

quotients for the reptiles, birds and mammals to replace those of Jerison for "higher" and "lower"

vertebrates. The brain-body equations used in his PhD thesis were based on a much larger and

more taxonomically comprehensive sample of organisms than those of Jerison's (1973) study

making his results more reliable. Hurlburts revised EQ's permit comparisons with birds separate

from mammals, which was impossible with Jerison's "Higher Vertebrates" category (see section

2.3.2 for details of the methodology).

Hurlburt (1996) also extensively reviewed Jerison's methods, pointing out that Jerison

(1973) had small sample sets and obtained slopes which were in some cases different from the %

slope that he based his "higher" and "lower" vertebrate brain: body equations on (Jeri son (1973)

had in fact obtained a slope of 0.50 for 32 species of Osteichthyes; 0.62 for 20 reptile species; 0.56

for 52 bird species; and 0.69 for 94 mammal species). Despite these differing results, Jerison chose

always to use a slope of %, perhaps assuming the true slope was difficult to determine with such

small samples. This led to some misleading results; for example, had Jerison based his dinosaurian

EQs on the reptile slope he obtained, rather than using a value of 0.67, he might have demonstrated

more powerfully that dinosaurs have brain sizes typical of reptiles of dinosaur body masses.

Hurlburt (1996) observed that other workers had also demonstrated that the % slope is not

appropriate for reptiles, birds or mammals: Harvey and Bennett (1983) (mammals), Martin (1981)

(reptiles, mammals and birds), and Platel (1979) (reptiles).

Hurlburt was, unfortunately, unable to study a wide range of fossil material, and relied on

data from the literature. Despite this, using his new EQ data sets and equations, Hurlburt (1996)

found agreement with Jerison's observation that pterosaurs had a brain size expected for reptiles of

their body mass, whereas Archaeopteryx had the brain size expected for both birds and mammals of

its body mass. In his similar work on dinosaurs (Hurlburt 1996) he partially disagreed with

Jerison in that he found that they had a brain mass expected, or greater than that expected, for

reptiles of their body mass, by use of the Reptile Encephalisation Quotient (REQ) method. He also

showed that Troodon had a Bird Encephalisation Quotient (BEQ) within the living bird range

(Jeri son had not investigated Troodon).

Hurlburt's (1996) thesis improved upon Jerison's methodology to facilitate both the study

of rates of change in the relative brain size of fossil vertebrates, and comparison of the relative

brain size of extinct groups (such as dinosaurs) to modem groups (such as extant reptiles, birds and

mammals) to infer possible behaviour and metabolic status.

One of the major stated purposes of Hurlburt's (1996) research was an intention to provide
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a tool to be used in investigations of the relative brain size of extinct vertebrates, and of changes in

relative brain size within lineages through time. In this PhD project on the evolution of the avian

brain his research has fulfilled this aim.

1.2.5 Hans Larsson

Larsson et al. (2000) examined the palaeoneurology of a small number of non-avian

theropods, specifically considering forebrain enlargement. This research involved the very latest

palaeoneurological techniques such as Computerised Axial Tomography (CAT) scanning to create

digital endocasts that can be quickly and easily produced via the method of rapid-prototyping

(Stokstad 2(00).

The volumes of the new 3-D digitally rendered endocasts of Carcharodontosaurus and

Tyrannosaurus were calculated using a software package called Surfacer from Imageware. The

limits of the endocasts were taken anteriorly to be the narrowest transverse constriction of the

olfactory tracts and posteriorly by the exit of the hypoglossal nerve. The endocast volume for

Allosaurus was obtained from a copy of the natural endocast (UUVP 294) using the water

displacement method, and that of Archaeopteryx was obtained using a modified version of double

graphic integration (Jeri son 1973).

Cerebral volume was then calculated by superimposing the largest possible pair of

ellipsoids on the cerebrum. Relationships between cerebral volume to brain volume were

established. Cerebral and total brain masses of extant birds and reptiles were then plotted on a log

scale, and linear regression was performed on this data. The resulting regression lines for extant

birds and reptiles were extrapolated to the size range occupied by Allosaurus,

Carcharodontosaurus and Tyrannosaurus. The respective positions of the fossil taxa were

calculated as a percentage of the least squares residuals between the two regression lines.

The data of Larsson et al. (2000) suggests firstly that relative cerebral and total brain

volumes in Carcharodontosaurus (and presumably more basal non-avian theropods) are similar to

those of extant non-avian reptiles. Despite its similar body size, the endocast volume of

Tyrannosaurus is 50% greater than that of Carcharodontosaurus, while its cerebral volume is

100% greater. They therefore logically conclude that the initial stage of relative brain and cerebral

enlargement must have occurred after the divergence of the coelurosaurs sometime in the Middle

Jurassic.

Secondly their data suggest that the total and relative cerebral brain volumes of

Archaeopteryx are intermediate between those in Tyrannosaurus and extant avians. This led

Larsson et al. to state that this intermediate stage of enlargement must have occurred by the Late

Jurassic and was probably characterised by small-bodied maniraptorans closely related to birds,

such as Troodon and Caudipteryx.
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Larsson et al. (2000) finally concluded that additional brain enlargement must have

occurred at the base of the Ornithurae, judging by inspection of cranial remains of Confuciusornis,

and thus that the entire evolution of the avian brain took place in just 40 million years.

1.3 Phylogenetic framework

1.3.1 Justification for the chosen phylogenetic framework

1.3.1.1 Evidence supporting the origin of birds within the Theropoda

The strongest evidence for this hypothesis is provided by phylogenetics. Gauthier (1986)

first tackled the question of bird origins phylocladistically to find that Ostrom's (1973, 1974, 1975

and 1976) theropod-bird hypothesis was supported by the presence of the following

synapomorphies in dromaeosaurids and Archaeopteryx: dorsal, caudal and rostral tympanic

recesses; a semi-lunate carpal; a thin metacarpal III; a longer pubic peduncle; a posteroventrally

directed pubis with only a posteriorly projecting foot; a shortened ischium and some other features

of the skull, pectoral girdle and hindlimbs.

This initial analysis has been refined and strengthened by the following new characters:

reduction and loss of manual digits five and four; an increasing lightness in the skeleton; a

reduction in the number of tail vertebrae and an increase in inter-locking reinforcing tail stiffness

(Padian and Chiappe 1998). In birds, ornithomimosaurs, dromaeosaurids and a few other

coelurosaurian groups the arms also become longer, the first toe starts to rotate backwards between

the metatarsals (which become longer) and the scapular blade becomes longer and more strap-like

(Padian and Chiappe 1998). This relationship is further supported by the following characters

found only in dromaeosaurids and Archaeopteryx: the pubis begins to point backwards instead of

forwards and is at least 50% longer than the ischium; the anterior projection of the pubic foot is

lost; the tail becomes yet shorter; the 4th trocanter is reduced and a hyper-flexing wrist joint is

created by a pulley-shaped semi-lunate carpal which allows the action that is crucial to the flight

stroke (Padian and Chiappe 1998). Given the weight of these characters linking theropods and birds

it is difficult to refute this hypothesis, especially when the evidence for the other hypotheses is

examined.

1.3.1.2 Evidence supporting the "thecodont" hypothesis

A 'waste basket' group of no real phylogenetic foundation, characterised not by positive

association but by negative statements about associations with the other taxa and by Dalla's law of

irreversibility (Padian and Chiappe 1998). For example, the fact that theropods were thought to

have 'lost' clavicles meant that theropods could not be avian ancestors. Clavicles (fused into a
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scapula) are now known to be present in basal Tetanurans (Chure and Madsen 1996a, Makovicky

and Currie 1998).

Thecodonts that have been proposed as bird ancestors include:

• Cosesaurus (Ellenberger 1977, Martin 1983a)

Cosesaurus has now been established as a prolacteriforrn (a Triassic amphibious reptile (Evans

1988».

• Scleromochlus (Martin 1983b)

Scleromochlus is thought to be the closest known animal to pterosaurs (Padian, Gauthier and Fraser

1995)

• Megalancosaurus (Feduccia and Wild 1993)

Megalancosaurus is a small reptile from the Late Triassic of Italy (Feduccia and Wild 1993). In

order to place it as an ancestor to birds 164 synapomorphies that are shared between Archaeopteryx

and dromaeosaurids need to be reversed (Padian and Chiappe 1998). According to all phylogenetic

analyses, Megalancosaurus and Cosesaurus are not "thecodonts", or even archosaurs.

It has been said that one can derive the morphology of Archaeopteryx from a thecodont,

but one has to go through that of a theropod to do it (Witmer 1991; Padian and Chiappe 1998).

1.3.1.3 Evidence supporting the "Crocodylomorph" hypothesis

This hypothesis was initially advocated by Walker (1972, 1977) based mainly on features

of the braincase, quadrate and ear region of Sphenosuchus. Whetstone and Martin (1979, 1981)

agreed with a possible crocodilian ancestry for birds based on features of the tarsus, skull and teeth

amongst others, but concluded that Sphenosuchus was outside this crocodile-bird hypothesis.

Gauthier (1986) found that most hypothesized crocodile-bird synapomorphies were general

to archosaurs. Even if the 15 to 20 proposed synapomorphies to support this hypothesis were

accepted, there are over 70 characters within omithodiran archosaurs that place birds within

theropods. Walker himself has stated that the crocodile-bird hypothesis is not sustained (1985), but

he does not back the theropod-bird hypothesis as a result.

1.3.2 Non-avian theropod phylogeny

On the basis of all of the above evidence, present consensus is that there is no longer

reasonable scientific doubt that birds evolved from small non-avian theropod (carnivorous)

dinosaurs (Witmer 1991, Padian and Chiappe 1998), and hence theropod-bird phylogeny is used as

a framework for this investigation.

However, there is still a lot of controversy in theropod systematics although it is generally

agreed that omithomimids are quite basal within the Coelurosauria and that dromaeosaurids are the

most closely related to birds. The main problems are concentrated around the placement of the

Troodontidae, the Alvarezsauridae and the Tyrannosauridae.
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Some workers place the Troodontidae closer to the dromaeosaurs than to birds (Xu et al.

2(02), some place them closer to birds than dromaeosaurids (Forster et al. 1998), others place

them as the sister group to birds and dromaeosaurs (Holtz 1998) and others still place them as a

sister group to the ornithomimids (Holtz 2001) or to the oviraptorosaurs and therizinosaurids

(Norell et al. 2(01). Some workers place the Alvarezsauridae more closely related to

Enantiornithines than to Archaeopteryx (Chiappe et al. 1998), some place them in a more basal

position with the coelurosaurs (Norell et al. 2(01) and others place them as the sister group of the

ornithomimosaurs (Sereno 2(01). Some workers place the Tyrannosauridae as very basal (Xu et al.

2(02), as more closely related to ornithomimids than to birds (Holtz 2(01) or more closely related

to birds than to ornithomimids (Sereno 1999).

A further alternative view given by Paul (2001) is that some of the derived non-avian

theropods are in fact secondarily flightless, explaining their feather-covering and also their

possession of some highly avian characteristics.

These problems make the inclusion of specimens such as Troodon (a troodontid), Shuvuuia

(an alvarezsaurid) and Tyrannosaurus (a tyrannosaurid) in this research (for descriptions see

Chapter 4) especially interesting, as some light could potentially be shone on the placement of

troublesome taxa (see section 5.2.2.1).

1.3.3 Cladograms used in this project

The main cladograms considered here are those of Benton (1999), Chiappe (1996), Holtz

(1998), Makovicky and Sues (1998), Rauhut (2000), Xu et al. (2002), Norell et al. (2001) and

Sereno (1999). These phylogenies were chosen because these authors used large comprehensive

databases, containing generally consistent characters and which cover a wide scope of the

organisms that have been examined for this project.

1.4 Aims and Importance of Research

Since the work of Jerison (1973) and Hopson (1979) reviewed above, no-one has attempted

to collect data in order to summarise what is currently known about the evolution of the avian

brain. This study therefore aims to incorporate data from new non-avian theropod and early bird

brain and braincase (cranial) material (i.e. that of Shuvuuia, Majungatholus, Herrerasaurus,

Eoraptor, Confuciusornis and Bambiraptor) to carry out an up-to-date, broad-ranging analysis of

this small part of the theropod-bird transition. This new material, which has not previously been

examined in the light of brain characters and relative brain size, has generally been described (for

example by Currie (1995) who described the braincase of Dromaeosaurus) but little of this

information has been put into a wider context in order to try to study evolutionary trends or timing

of developmental events. This project aims to rectify this by examining as much relevant material

as possible, placing it into the chosen phylogenetic framework, and searching for any
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developmental events (and trying to elucidate their possible timing) in the avian brain and

braincase and to try to determine any patterns or trends in the data.

A robust knowledge of the gross anatomy (and biological implications of this anatomy) of

the brain and braincase of the closest living relatives (the extant phylogenetic bracket (EPB) (sensu

Witmer 1997, see Figure 1.1 and Chapter 3» of the non-avian theropods and early birds is essential

for reasoned interpretations of this fossil material.

The endocranial data from a range of fossil Archosauria closely related to the non-avian

theropods and early birds (that of the Dinosauria outside the Theropoda (Sereno 1999) and the

close dinosaurian outgroups Pterosauria and Crocodilia (Benton 1999, Gower and Wilkinson 1996,

Gauthier 1986, Juul 1994» were also examined to gain an understanding of the variation present

within these members of the Archosauria (figure 1.3). These analyses were carried out in order to

facilitate the further understanding and interpretation of the endocasts of the non-avian theropod

dinosaurs and early birds (see Chapter 4).

The specific changes towards the avian condition recorded in the non-avian theropod and

early bird brain data were converted into phylogenetic characters that were then placed into a

matrix, run alone, and then run with existing cladograms (Holtz 1998, Sereno 1999, Rauhut 2(00)

(see section 2.3.1). This process was carried out in order to compare the distribution of the

organisms resulting from the different datasets and also to map the new characters within the

Sereno (1999), Holtz (1998) and Rauhut (2000) phylogenies to see whether the distribution of

organisms based only upon brain characters is consistent with the distribution resulting from other

cranial and postcranial characters. The sequence of addition of new brain characters to the non-

avian theropod lineage was then analysed temporally by plotting the characters on a

stratigraphically calibrated phylogeny. Finally, for each taxon with fossil brain data, an estimate

has been made (where possible) of the encephalisation quotient (EQ = a measurement of relative

brain size, equal to the ratio of a given animal's actual brain mass to the brain mass expected, given

the animal's body mass (for more information, see section 1.2.2 and 2.3.2).

This thesis is based solely on evidence from material that I have seen to reduce the

subjectivity derived from the opinions of many different authors who may not be

palaeoneurologists, and also the possibility of accepting unsupported statements (i.e. I have not

accepted published statements about material unless I have examined it personally). It was not

possible to examine all existing non-avian theropod and early bird cranial material but enough data

were collected to record the appearance of most of the major changes involved in the evolution of

the avian brain and to enable the formation of hypotheses as to the processes, mechanisms and

factors that may have taken part in this evolution.
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Figure 1.3 The endocasts of Stegosaurus armatus and Troodon formosus illustrating
the range of endocranial variation present within the Dinosauria. Labels indicate
equivalent points on the two endocasts. Adapted from Hopson (1979).

13



The aims of this research project are to:

• review the history of research in the field and explore the methods used by previous workers.

• examine the brains of the organisms in the extant phylogenetic bracket of the fossil organisms

important in the evolution of the avian brain (i.e. those of tetrapods such as Sphenodon and the

Crocodilia (representing the primitive form) and those of the modern birds (representing the

derived form».

• use these data to interpret fossil endocast and braincase data of the fossil Archosauria, more

specifically those of the non-avian Theropoda and the early birds.

• determine the sequence of changes (sequence of character acquisition) involved in the

evolution of the avian brain.

• search for patterns or trends in this evolutionary sequence.

• examine these avian character acquisitions in a phylogenetic context to see if their distribution

is consistent with character distributions in existing phylogenetic hypotheses of non-avian

theropod relationships.

• examine changes in relative brain to body size ratio in the non-avian Theropoda to test whether

these changes are contemporaneous with the morphological and topological changes towards

the avian brain condition and examine whether the relative brain sizes of derived non-avian

Theropoda approached those of the birds.

• examine the observed changes through time by plotting minimum ages of appearance of the

derived avian character states in the brains of the non-avian theropods on a stratigraphically

calibrated phylogeny.

• suggest explanations for the observed changes.

• improve the understanding of the processes, timing, mechanisms and inter-related factors

involved in the evolution of the avian brain, a crucial aspect of the theropod-bird transition.

This research centres around the biggest current debate in vertebrate palaeontology,

tackling, and shedding light upon, important aspects of the theropod-bird transition. Despite the

lack of support for this transition from some authorities (e.g. Martin 1985, 1991, 1995a and b,

Feduccia 1996), it is accepted by an overwhelming majority of the scientific community (see
14



section 1.3.1.1), and is here assumed to have taken place. The crucial issues now centre around

examining how the evolution happened. I have attempted a small portion of this task by using

knowledge of the extant phylogenetic bracket and the fossil record of the non-avian Theropoda and

early birds to reconstruct part of this major evolutionary transition concerning the pattern of brain

evolution found within a temporal and phylogenetic context and in terms of changing

encephalisation quotient.

Understanding the brains of fossil organisms is the key to trying to understand their

biology and ecology. This summary, which covers what is known of the neuroanatomy of a very

wide range of the fossil organisms that lead up to the origin of the first bird and beyond, will

provide information vital to the unravelling of non-avian theropod life histories and to

understanding how the transition took place. Work in this area since the application of more

rigorous phylogenetic methodologies like cladistics has been mainly incidental, apart from the very

restricted work of Larsson et al. (2000). This project takes the research of principally Edinger,

Jerison, Hopson, Hurlburt and Larsson et al. further by summarising what is presently known about

the evolution of the avian brain and placing it within a phylogenetic context. Examining this

independent aspect of morphology has also provided insights into other highly interesting and

controversial areas of this event such as the evolution of flight.
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CHAPTER2:

MATERIALS ANDMETHODS

2.1 Where was the material studied?

The vast amount of vertebrate endocranial and neurological data necessary for this project

was collected from the following institutions in Canada, the United States, France, England and

Germany.

2.1.1 Institutions visited

Fossil vertebrate collections were visited (unless otherwise stated):

BMNH = the Natural History Museum in Tring, U. K. (modem bird collections) and the Natural

History Museum in London, U. K. ,SMC = the Sedgwick Museum, Cambridge University, U. K. •

AMNH = the American Museum of Natural History in New York. USA. YPM = the Yale Peabody

Museum in New Haven. Connecticut. USA, DNM = the Dinosaur National Monument in Utah.

USA, RTMP = the Royal Tyrrell Museum of Palaeontology in Drumheller, Alberta. Canada.

MOR = the Museum of the Rockies in Bozeman. Montana. USA. KUVP = the Natural History

Museum of the Univ. of Kansas in Lawrence. Kansas. USA. FMNH = the Field Museum of

Natural History in Chicago, Illinois, USA. SMF = Forschungsinstitut und Naturmuseum

Senckenberg in Frankfurt am Main, Germany. HMNH = Institut fur Palaontologie, Museum fur

Naturkunde, Zentralinstitut der Humboldt-Universitat zu Berlin, Germany (uses Ki, MB. lor MB.

R on the specimens). SMNK = Staatliches Museum fur Naturkunde in Karlsruhe. Germany,

MNHN = Musee Nationale d' Histoire Naturelle in Paris. France, BSP = Bayerische

Staatssammlung fur Palaontologie und Geologie. Geologisches Museum Munchen, Germany (uses

Nr. and the year it was found on the specimens) and JM = Jura Museum in Eichstatt, Germany.

2.1.2 Material seen from other institutions

USNM = the United States National Museum of Natural History (the Smithsonian) in Washington.

USA, SMM = the Science Museum of Minnesota in Minnesota, USA. PVSJ = Museo de Ciencias

Naturales, Universidad Nacional de San Juan. Argentina. IVPP = the Institute of Vertebrate

Paleontology and Paleoanthropology. Beijing. the Chinese Academy of Sciences. the People's

Republic of China. UUVP = Utah University Vertebrate Paleontology Collections in Salt Lake

City, Utah, USA. UMNH = Utah Museum of Natural History in Salt Lake City, Utah, SGM =

Ministere de l'Energie et des Mines in Rabat. Morocco. IGM (MGI) = Institute of Geology in

Ulaan Bataar, Mongolia. NMC = National Museum of Natural Sciences. National Museums of

Canada in Ottawa. Ontario, Canada. FIP = Florida Institute of Paleontology. South Florida
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Museum of Natural History in Dania Beach, Florida, USA, MACN = Museo Argentino De

Ciencias Naturales in Buenos Aires, Argentina and MOU (now OMNH) = The Sam Noble

Oklahoma Museum of Natural History in Norman, Oklahoma, USA.

I have seen and described all specimens described and figured in this thesis.

2.2 Methods of data collection

This PhD project uses phylogeny as a framework to collect and map the pattern of

evolution in the endocranium along proposed archosaurian lineages by analysing the fossil

evidence in the context of both its closest living relatives (the extant phylogenetic bracket, sensu

Witmer (1995, 1997» and in relation to other fossil vertebrates. Figure 2.1 shows a simple

phylogeny depicting the basic relationships between the organisms studied in this analysis of the

evolution of the avian brain (see Chapter 1 for reasons why this phylogeny is used). The Crocodilia

and the Aves (as described in sections 3.5 and 3.6) form the extant phylogenetic bracket of the

organisms of interest such as the Pterosauria, the Dinosauria outside the Theropoda, the non-avian

Theropoda and the early birds (see figure 2.1 and Chapter 4). The results and descriptions of

Chapter 4 have been organised to follow the standard basic phylogeny outlined in figure 2.1.

2.2.1 Photography, illustration and measurement

Minute details of the brains or endocranial casts of fossils and living organisms have been

recorded using scientific illustration and close up photography of lateral, dorsal, posterior and

ventral views (as appropriate). Data were primarily collected on the relative sizes, positions and

orientations of the different parts of the brain and the occurrence of any new features was noted.

Measurements were taken using vernier calipers accurate to O.lmm, each value being taken three

times to get an average to lessen the margin of error. The average of these measurements was then

placed into a pre-designed table (Table 2.1, found at the end of this chapter). In the descriptions of

the fossil material (found in Chapter 4) all the sections of the table for each specimen with no data

in them have been removed. Cranial nerves and blood vessels entering and exiting the cranial

cavity were also identified where possible on the basis of latex injection research (see section

2.2.7).

2.2.2 Dissection

Dissection has been a useful research tool for investigating both the brains and cranial

vasculature of the organisms in the extant phylogenetic bracket in order to accurately interpret

those of the fossil organisms involved in this research. The brains of various extant Crocodilia

(Appendix 2 and figure 3.5) and Aves (figure 3.8) were dissected and examined in the Bristol
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Dinosauria outside
Theropoda

Crocodylia
~

Figure 2.1 A simplified (standard) phylogeny depicting the probable basic relationships
among the Crocodylia, Pterosauria, Dinosauria outside the Theropoda, the Theropoda
and the modem birds (Aves).
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University Biology, Veterinary Sciences and Earth Sciences Departments. See sections 3.5, 3.6, 3.8

and 3.9 and Appendix 3 for further details.

2.2.3 Endocasts

Endocasts (casts of the interior of the braincase) are useful tools for studying fossil brains

as they are highly informative about the external gross morphology of the brain especially in the

more derived organisms such as the pterosaurs, derived non-avian theropods and modem birds, in

which the brain fits very tightly to the endocranial cavity walls. Even in organisms in which the

brain fills only approximately 60% of the endocranial cavity (Hopson 1979, the rest being taken up

by dural connective tissue and blood sinuses), such as the Crocodilia, there is a high degree of

correlation between the morphology of the endocast and that of the brain itself (Hopson 1979) as

can be seen in figure 2.2. Figure 2.3 shows the even closer relationship between the morphology of

the endocast and the brain itself in modem birds, in which the brain fills the whole of the

endocranial cavity (lwaniuk and Nelson, 2(02).

Endocranial casts are made by first clearing the endocranial cavity of any living tissue or

matrix inside it using either dermestid beetles (extant forms), or acid / mechanical preparation

(fossil forms), see below and Radinsky (1968) for more details. The holes in the walls surrounding

the cavity are then filled in with plasticine before the empty endocranial cavity is filled with

silicone rubber via the foramen magnum. The rubber cast is then extracted from the foramen

magnum and studied as explained above.

For example, a teleosaurid skull (that of Steneosaurus pictaviensis) was investigated in the

Geobiology Department of the University of Poitiers, France (see section 4.2 for more details). The

cranium was prepared in acid until all the matrix material was removed from the braincase. An

endocranial mould was then made using Silicone rubber (ELASTOSIL M, Caoutchouc silicone

RTV -2 (Room Temperature vulcanisation» purchased from WACKER Silicone. A catalyst (Tetra-

N-propoxysilane) was added to the Silicone during the process of making the cast in amounts such

that it remained sufficiently pliable to facilitate extraction.

2.2.4 Braincases

The braincase was illustrated in detail where no internal view or endocranial cast was

available for study. The relative positions of the various cranial nerve foramina (as well as other

clues to internal anatomy, such as a bulging out of the frontals dorsally over the cerebral

hemispheres) were noted and compared with those of closely related organisms (fossil or living)

where the internal anatomy is known, in order to make inferences about internal features. This

method is not without error, but it is a good way to make inferences without the aid of CAT scan

data. Where the brain fits more tightly to the cranial walls (in the more derived organisms such as
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a

Figure 2.2 An endocast of Gavialis gangeticus (a) and an illustration of the brain
of Alligator mississippiensis (b) to emphasize the similarity between the endocast
and the brain even in the Crocodilia where the brain fills just 50% of the endocranial
cavity. Equivalent regions of the two images are labelled. The Gavialis endocast is
missing the anteriormost olfactory portion of the brain. Abbreviations: Cbhms =
cerebral hemispheres, CbI = cerebellum, Olf. ap = olfactory apparatus, Opt. I = optic
lobes and Med. ob = medulla oblongata. (b) is adapted from Kardong (1998).
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c

Figure 2.3 An endocranial cast of Struthio camelus (a), the dissected brain of Struthio
camelus without dural envelope (b) and with dural envelope (c).
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the dromaeosaurids or the birds) the positions and relative sizes of some of its constituent parts can

be interpreted from their external expressions. For example, details of the extent of the cerebral

hemispheres and cerebellum may be visible in dorsal and lateral view, and the relative position of

the optic lobes may also be discernible (see description of lchthyornis dispar, section 4.6.6, for an

example of these kinds of inferences being made from external information).

2.2.5 Estimating the volume of the brain

Jerison (1969, 1973) formulated a new highly useful method, double graphic integration,

for estimating the volume of the brain where the ancient Archimedes (water displacement) method

is not possible. This method requires scaled lateral and dorsal views of the fossil brain (figure 2.4)

being covered by many parallel equidistant lines. When the lengths of all these parallel lines are

measured and averaged, this results in an average width (in dorsal view) of the specimen and an

average height (in lateral view) of the specimen. Measuring the length of the specimen supplies the

final dimensional criterion necessary to calculate the volume of the endocast as if it were a

cylinder. This method has been shown to be almost as accurate as the Archimedes method (within

5% difference of values are recorded between the Archimedes method and that of double graphic

integration) and can be performed on a wider range of material such as that of delicate fossil

material or living tissue in photographed form.

Jerison's method of double graphic integration has been used extensively in this project to

calculate the volume of scaled dorsal and lateral views of endocasts (mainly from photographs).

Brain volumes calculated in this way can then easily be translated into mass under the assumption

that tissue has a specific gravity of 1.0 (Jerison 1973). Brain volume values were also derived from

direct measurements of endocasts or actual brains by water displacement where possible.

For the purpose of calculating encephalisation quotients (section 2.3.2) the total volume of

the endocast was used because the percentage of the endocranial cavity taken up by the brain in

non-avian theropods is uncertain (Hopson 1979) and is likely to vary depending on the

phylogenetic status of the non-avian theropod concerned. The brains of the derived non-avian

theropods such as the dromaeosaurids and troodontids filled the endocranial cavity more

completely than those of the less crown ward non-avian theropods such as the allosaurids. Imprints

of small vascular channels etched into the braincase walls, clear definitions between the different

regions of the brain on the endocast, and rounded and bulging braincase walls provide evidence for

a tight fit of the brain within the braincase cavity. As this cannot be quantified, one value for all

endocasts was used (100%). In the case of the living crocodilian Gavialis gangeticus, where the fill

of the brain within the braincase has been documented and differs vastly from 100%, the actual

percentage (approximately 60%; Hopson 1979) is also used for comparative purposes.
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Figure 2.4. Lateral and dorsal views of the endocast of Tyrannosaurus rex; parallel
lines bisect the profiles enabling an average height (6.6cm) and width (4.8cm) of the
specimen to be estimated along with the length (26.2cm) and hence the volume of the
endocast to be calculated as that of a cylinder (as depicted below the endocast). Adapted
from Jerison (1969).
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2.2.6 Body masses

Body masses were derived using a variety of methods; some are taken from the work of

previous authors (Hopson 1979) and some were developed using previous workers methods of

body mass calculation (Anderson et al. 1985, Henderson 1999, Hurlburt 1999), and some were

taken directly from living organisms (Hurlburt 1996). See section 5.2.2.2 for further details.

2.2.7 Latex injection

This technique is essential as it is extremely difficult to follow the paths of small veins in

their natural, unsupported and unhighlighted state within the skull. Latex was injected into the

jugular veins of the fresh or defrosted specimens, these having been decapitated at lower neck level

to facilitate access to the vasculature (figure 2.5). Both ends of the vascular system were sealed by

the syringes injecting the latex, preventing leakage during or after injection, and ensuring complete

filling of the system. These injected archosaurs were then frozen to help solidify the latex before

examination. Three main methods were used in their examination:

Some crania were bisected whilst frozen, and their brain tissue carefully removed via

dissection to reveal the latex-filled venous system. Occasionally some physical damage was

sustained to the structure of the system during this kind of preparation.

An injected skull can be placed in potassium hydroxide to dissolve away the flesh and

create a corrosion cast, as stated above (figure 2.6). After this treatment, the bone has to be

removed mechanically from the braincase area to reveal the venous system. In this case the bone of

the juvenile Alligator mississipiensis skull has been almost completely removed to get a good view

of the system.

In order for the veins to be visible on an X-ray, the latex must be mixed with an equal

amount of liquid barium polibar plus solution. The advantage of this stereoradiographic technique

is that the latex lies undisturbed within the tissue at the time of examination and hence no physical

damage can be inflicted upon the venous network during preparation. Two of these images can be

placed side by side to get a more 3-D image of the venous network within the skull (figure 2.7).

2.2.8 CAT Scans

CAT scan data would have been a very useful tool in helping to elucidate some of the

internal structure of the complete braincases studied for this project. I made use of CAT scan data

when examining the skull of Majungatholus (courtesy of Cathy Forster of Stony Brook

University): see section 4.5.3, figures 4.18 and 4.19. Unfortunately however, this kind of data was

very rarely available, mainly due to the lack of access to, and very high cost of, CAT scan

machinery.
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Figure 2.5 Latex being injected into the jugular veins of a defrosted turkey. The head has
been decapitated at lower neck level to facilitate access to the vasculature. Both ends of the
vascular system are sealed by the syringes injecting the latex, preventing leakage during or
after injection, and ensuring complete filling of the system.
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Figure 2.6 A corrosion cast of a juvenile Alligator mississippiensis skull. The skull was placed in
potassium hydroxide to dissolve away the flesh following latex injection. The bone was then
mechanically removed from the braincase area to reveal the endocranial venous system. Here
the bone of the skull has been almost completely removed.
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Figure 2.7 A 3-D stereoradiograph of the ventral view of the cranial venous network of
the duck CAnasplatyrhynchos). Prior to x-ray the veins have been injected with a mixture
of latex and liquid barium polibar plus solution in order to be visible.
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Tim Rowe and his students at Texas University are using CAT scans to try and elucidate

more information from those fossil skulls where it is very hard to access internal braincase data

such as Herrerasaurus, Eoraptor and Oviraptor. The results from CAT scan imaging can be quite

crude but together with a good knowledge of endocranial anatomy can reveal new data that would

be impossible to obtain any other way without destroying the fossil material. This work is very

valuable and would be highly complementary to the more traditional anatomical work carried out

in this thesis project.

2.3 Methods of data analysis

2.3.1 Phylogenetic characters and analysis

Eleven phylogenetic characters for 14 taxa were created from the changes that were

recorded in the non-avian theropod and Archaeopteryx endocasts and braincases over time (see

section 5.2.2.1) and their resulting trees were compared with those of current phylogenetic workers

(Holtz 1998, Sereno 1999, Rauhut 2000).

In order to do this, the matrix of these new characters was first run alone using PAUP

4.0b8a (Swofford, 1999) to see if they were informative about non-avian theropod relationships.

The original character data matrices of Holtz (1998), Sereno (1999) and Rauhut (2000) were then

reanalysed using PAUP 4.0b8a and their published consensus trees re-established. The new brain

and braincase characters were then run in conjunction with these current phylogenies using PAUP

4.0b8a to examine both their effects upon them and their distribution within them. Where no new

braincase characters were available for a taxon, question marks representing the 11 characters in

the new matrix were added to the end of the existing matrix.

After these analyses all taxa that were not common to both the matrices of the re-

established trees and to the new matrix were removed from the original datasets. The reduced

matrices of Holtz (1998), Sereno (1999) and Rauhut (2000) were then reanalysed in order to verify

whether the removal of these taxa changed the tree topologies. After various analyses the final

matrices were constructed using the reduced Holtz (1998), Sereno (1999) and Rauhut (2000)

matrices and adding the new braincase characters to them. Decay analysis, or Bremer support

analysis (Bremer 1994), was conducted on all strict consensus trees created by defining and

enforcing topological constraints in PAUP. Bootstrap analyses of clade support (Felsenstein 1985)

were also carried out on all consensus trees based upon 1000 replicates using the heuristic search in

PAUP.

Finally, the new characters added to the Holtz (1998), Sereno (1999) and Rauhut (2000)

full matrices were mapped to assess their consistency with the Holtz (1998), Sereno (1999) and

Rauhut (2000) characters using the MacClade character tracing function. If a character is found as a
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question mark in the new matrix then this character does not appear mapped onto the c1adogram.

See section 5.2.2.1 for the results.

2.3.2 Encephalisation quotients

The method of encephalisation quotients used in this project is that provided by Hurlburt

(1996) which is an improvement upon the method of Jerison (1973), analysing mammals, birds and

reptiles separately and not assuming that the slopes of their regression lines in log plots of brain :

body data are always %. Taking anti-logs of the equation for the regression line for birds, for

example (see figure 2.8), results in the following equation for the average dependence of brain

mass on body mass:

MBr (expected) = 0.117 MBd 0.59

where MBr = estimated mass of brain, MBd = estimated mass of body. The EQ is defined as the

ratio of brain mass to that expected for an average organism of the same body mass. For example,

the BEQ (Bird Encephalisation Quotient) is thus:

BEQ = MBr / MBr (expected) = MBr / 0.117 MBd 0.59

The relative brain size ranges calculated for each group facilitate comparison of the relative

brain size of other animals (extant and extinct) to living reptiles, mammals and birds. The closer to

1 the BEQ value for any organism, the more typical the brain size for a bird of that body size. Any

organism that lies between the highest and lowest extant values for BEQ lies within the living

range of brain sizes for birds of that body size.

The corresponding equations for REQs (Reptile Encephalisation Quotients) and MEQs

(Mammal Encephalisation Quotients) are:

REQ = MBr / 0.0155 MBdo.
m

MEQ = MBr / 0.056 MBdo.751

The ranges of REQ, BEQ and MEQ for living reptiles, birds and mammals respectively

are:

Range of REQ's for extant reptiles: 0.4016 - 2.4035

Range of BEQ's for extant birds: 0.3574 - 2.9864

Range ofMEQ's for extant mammals: 0.1913 - 5.8979

Note that there is a danger in extrapolating the equations for expected brain size outside the

body size range upon which they were based. We cannot be certain that the relationship between

brain and body sizes was the same in much larger organisms.
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2.3.3 Stratigraphical calibration of non-avian theropod phylogeny

A stratigraphically calibrated cladogram was initiated to analyse how observed character

changes plot over time (see section 5.2.2.3) using the timescale profile of Sampson et al. (2001) as

a template. The names of all the non-avian theropods studied in this project were then placed in

their branching order down the page (Shuvuuia was left off the figure as there does not as yet

appear to be a solid consensus upon its phylogenetic position before or after the origin of birds).

Their respective time ranges (thick lines) were then positioned on the profile using data from "The

Dinosauria" (Weishampel et al. 1990) as well as more up to date data from the

http://www.dinodata.netlwebsite. The timescale used was that of the Geological Society of

America (1999) from the following website:

http://rock.geosociety.org/docs/science/timescale/timescl.htm. The relationships (represented by

the thin lines) among the non-avian theropods and birds (based on the work of Currie and Padian

(1997), Holtz (1998), Sereno (1999), Xu et al. (2002), Norell et al. (2001) and Rauhut (2000)) were

then added to join up the different time ranges (figure 5.25). Finally, the minimum ages of first

appearances of the derived states of characters 1 to 11 (used and listed in section 5.2.2.1) were

optimised using delayed transformation and plotted onto the stratigraphically calibrated phylogeny.
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Feature: Specimen measurements (mm)
Metric data for the endocast: Specimen number:
Length of brain
Length of olfactory apparatus
Maximum width of olfactory apparatus
(across both bulbs)
Length and width of olfactory bulb
Length and width of olfactory tract
Minimum width of olfactory apparatus
(across both tracts)
Maximum width of cerebral hemispheres
Height of cerebral hemisphere
Length of cerebral hemisphere
Length and height of optic lobe
Length of medulla oblongata
Height of medulla oblongata (just
anterior to foramen magnum)
Length and width of cartilaginous region
of braincase roof
Metric data for the braincase:
Height of braincase
Length of braincase
Width of braincase
Maximum width of frontal
Maximum length of frontal
Height and width of foramen magnum
Height and width of occipital condyle

Table 2.1 The table into which measurements of the fossils studied were placed.
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CHAPTER3:

THE EXTANT PHYLOGENETIC BRACKET

3.1 Introduction

This chapter introduces the gross external brain anatomy of the organisms of the extant

phylogenetic bracket (the closest living organisms to the fossil organisms described in chapter 4)

and defines the key terms and references used in undertaking this research. Examination is

restricted to gross external brain anatomy as this is the limit of what is available for study from an

endocast (a cast of the interior of the braincase).

3.2 The different parts of the brain and their functions

THE OLFACTORY APPARATUS - is concerned with the sense of olfaction. It is composed of

the olfactory bulbs that are situated anterior to the cerebral hemispheres, collecting sensory

information from the nasal cavity via the short olfactory nerve, and the olfactory tracts, which relay

this information back from here to olfactory centres in the cerebral hemispheres.

CEREBRAL HEMISPHERES - are concerned with integrating neural information coming into the

brain and controlling information leaving the brain, as well as learning. These hemispheres are

situated just posterior to the olfactory apparatus and often form the most volumetrically important

region of the brain.

OPTIC LOBES - are concerned with the sense of vision. These lobes are situated posterior to the

cerebral hemispheres in most tetrapods and receive direct input from the eyes as well as auditory

input which they relay to the cerebral hemispheres.

CEREBELLUM - is concerned with the control of movement and balance. It is found in a dorsal

position in the braincase, posterior to the optic lobes in most tetrapods and it coordinates and

refines but does not initiate motor output. The cerebellar flocculi are positioned ventrolaterally on

the cerebellum; these receive input from the vestibular system and aid in controlling the

equilibrium of an organism in space by influencing those motor neurons that control the muscles

that move the eyes.

MEDULLA OBLONGATA - is involved in integrating messages coming in and out of the brain

and controlling the parasympathetic nervous system. It operates mainly at the reflex level and

houses the roots of many cranial nerves. The medulla oblongata is positioned posteroventrally

within the braincase and leads through the foramen magnum to join the spinal cord and the rest of

the nervous system.

PITUIT ARY - is made up of the infundibulum and pituitary gland which are involved in the

control of the secretion of hormones, such as growth hormone. It runs posteroventrally under the

brain and differs greatly in size among tetrapods.
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EPIPHYSIS (PINEAL ORGAN) - in some tetrapods, such as reptiles, this structure is very similar

to the eye, containing light receptors. In mammals and birds, the pineal is a glandular structure. The

epiphysis is situated in a dorsal position posteromedial to each cerebral hemisphere and anterior to

the optic lobes (in reptiles) or cerebellum (in birds and some mammals).

FLEXURE - in some tetrapods the brain has some degree of flexure from the horizontal. The more

primitive tetrapod brain is relatively linear and planar, whereas more derived brains can slope

ventrally from the anterior of the medulla oblongata to the foramen magnum (some avian brains

bulge down into the braincase floor only to recurve up to the foramen magnum).

For a more comprehensive coverage of the function of the different parts of the brain see

Butler and Hodos (1996), which is the source of this information.

3.3 The cranial nerves

The cranial nerves relay sensory and motor nervous information between somatic and

visceral tissues and the brain.

All tetrapods except lissamphibians possess 12 cranial nerves. Living lissamphibians have

secondarily reverted to the primitive condition of having only ten, where the anterior spinal nerves

are only partially incorporated into the braincase (Kardong 1998. Butler and Hodos 1996). In

arnniotes the occipitospinal nerve roots have shifted anteriorly from the spinal cord into the

braincase and onto the medulla deriving the eleventh and twelfth cranial nerves.

I = the first (olfactory) nerve. This is a sensory nerve concerned with the sense of smell. It is

formed of many short olfactory fibres that run between the olfactory sac and the olfactory bulb.

II = the second (optic) nerve. This is strictly a sensory tract running between the retina and the

optic chiasma and is concerned with the sense of vision.

III = the third (oculomotor) nerve. This motor nerve is primarily involved in innervating the

internal and external eye muscles.

IV = the fourth (trochlear) nerve is a motor nerve that supplies further external eye musculature.

V = the fifth (trigeminal) nerve. This nerve is composed of three branches, the ophthalmic (V 1), the

maxillary (V2) and the mandibular (V3) branches. The trigeminal nerves have mixed sensory and

motor functions and innervate the skin of the head, the snout, the upper jaw and the lower jaw and

the major jaw closing muscles amongst other things.

VI = the sixth (abducens) nerve is the third motor nerve controlling the external muscles moving

the eye.

VII = the seventh (facialis) nerve has mixed sensory and motor function transporting nervous

information from areas such as the taste buds and in innervating, amongst other areas, the facial

muscles.

VIII = the eighth (auditory) nerve is a sensory nerve carrying acoustic and equilibrium information

from the inner ear to the medulla.
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IX = the ninth (glossopharyngeal) nerve is a mixed nerve containing sensory fibres from, amongst

other places, the taste buds on the anterior third of the tongue and motor nerves innervating the

pharynx and the viscera of the thorax and abdomen amongst other areas.

X = the tenth (vagus) nerve is a mixed nerve which covers an expansive area throughout the body

including the viscera and the mouth.

Not present in lissamphibians:

XI = the eleventh (spinal accessory) nerve is a small motor nerve innervating the parts of the

pharynx, larynx and the neck musculature.

XII = the twelfth (hypoglossal) nerve IS a motor nerve that innervates the hyoid and tongue

muscles.

For a more comprehensive description of the cranial nerves see Kardong (1998) and Butler

and HOOos(1996), which are the source references for the above information.

3.4 The generalised tetrapod brain

In order to be able to interpret the brains (and evaluate whether their characters are

primitive or derived) of fossil organisms a familiarisation with the features of the basic tetrapod

brain is necessary. From a phylogenetic perspective, an examination of the brains of a

lissamphibian and a basal amniote should facilitate this familiarisation.

3.4.1 Basic anatomy of the brain of the salamander (Ambystoma tigrinum)

The brain of the salamander (figure 3.1) represents the lissamphibian condition and is more

narrow and linear than that of Sphenodon (see figure 3.3 and the following section 3.4.2, for details

of the Sphenodon brain) and with less curvature.

The olfactory apparatus in the salamander consists solely of the olfactory bulb and

olfactory nerve (as in the frog), and there is no olfactory tract as in Sphenodon. The olfactory lobes

are paired and are situated anterior to the cerebral hemispheres as in Sphenodon, but as there is no

olfactory tract, it appears as a continuation of the cerebral hemispheres giving this amalgamated

region an overall pear-shape. The olfactory nerve projects anterolaterally from the anterolateral

comers of the large olfactory lobes. The difference in the position of the olfactory bulb relative to

the cerebral hemispheres contributes heavily to the different appearances of the brains of the

salamander and Sphenodon. The cerebral hemispheres of the salamander form the widest part of

the brain and have the usual hemispherical form of this region of the brain (although this is masked

by the anterior addition of the olfactory apparatus).

Medioposterior to the hemispheres the pineal organ, or epiphysis sits dorsal to the anterior

of the optic lobes in the mid-brain region. The optic lobes of the salamander are much less defined,
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Figure 3.1 The brain of Ambystoma tigrinum in (a) left lateral (b) dorsal and (c)
ventral views. Abbreviations: cbhrn = cerebral hemispheres, cbl = cerebellum,
m.o. = medulla oblongata, olf. ap = olfactory apparatus, opt. c. = optic chiasma,
opt. 1= optic lobe, p.o. = pineal organ (epiphysis), pit. = pituitary, i = first nerve,
ii = second nerve, iii = third nerve, iv = fourth nerve, VI = ophthalmic branch of
fifth nerve, V2,3 = maxillary and mandibular branches of the fifth nerve, and vi -
xii = sixth to twelfth cranial nerves. Adapted from Francis (1934).
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and more incompletely separated into the two distinct lateral lobes, than those of Sphenodon or the

alligator (for details of the alligator see section 3.5, figure 3.4). Posterior to the optic lobe a small,

thin dorsoposteriorly oriented sheet-like projection just anterior to the medulla oblongata represents

the poorly developed cerebellum (this is smaller than that of Sphenodon and the alligator).

The medulla oblongata is long and very slender with numerous cranial nerve foramina

leading out laterally from it, although these differ in some respects from those projecting from the

brain of Sphenodon in this same region (see descriptions of the cranial nerves). The pituitary region

is represented by a small triangular extension which projects posteroventrally below the optic

lobes.

The cranial nerves:

I = the first nerve projects out from the anterolateral comer of the olfactory lobe to run into the

olfactory sac (i, figure 3.1 b).

II = the second nerve stretches out laterally from the region of the optic chiasma (ii, figure 3.1 c).

III = the third nerve is a small nerve that projects laterally from the posteromedial part of the optic

lobe region (iii, figure 3.1 c).

IV = the fourth nerve is a small nerve that projects laterally from the brain curving around the

posterior of the optic lobes, just anterior to the cerebellum and is best seen in dorsal view (iv, figure

3.1 b).

V = the fifth nerve (v, figure 3.1 c), leads off anterolaterally from the anteroventral comer of the

medulla oblongata. The nerve then forms a large ganglion before dividing into the ophthalmic and

maxillary and mandibular branches and leaving the braincase. The ophthalmic branch (V 1, figure

3.1 b) projects anteriorly while the maxillary and mandibulary branches (V2,3, figure 3.1 b) both

project off laterally from the brain.

VI = the sixth nerve projects from a medioventral position on the medulla oblongata, posterior to

the seventh and eighth nerves (vi, figure 3.1 c).

VII = the seventh nerve leads away from the ventrolateral surface of the medulla oblongata with the

eighth nerve and enters into a ganglion before splitting away from the ganglion and into two

separate branches which project off anteriorly and laterally (vii, figure 3.1 b).

VIII = the eighth nerve leads away from the brain with the seventh nerve as described above and

enters the ganglion. It exits the ganglion posteriorly, splits into three branches, and enters the

auditory sac.

IX = the ninth nerve (ix-x, figure 3.1 b) departs the brain in close association with the tenth nerve.

It departs just posterior to the seventh and eighth nerves from a dorsolateral position on the medulla

oblongata and then joins with the tenth nerve to form a large ganglion exterior to the braincase

cavity.

X = the tenth nerve (ix-x, figure 3.1 band c) projects laterally away from the brain, being joined by

the ninth nerve and a nerve that departs the medulla oblongata more posteriorly to leave the

braincase laterally.
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The brain of the salamander (as that of alliissamphibians (Butler and Hodos 1996» is quite

derived in that it has secondarily reverted to the plesiomorphic character state of having only ten

cranial nerves (Francis 1934, Herrick 1948).

The brain of Ambystoma is probably close to the primitive tetrapod condition as it shares

many characters with that of Lepisoteus osseus (the longnose gar) which represents the generalised

vertebrate brain (see figure 3.2) (according to Butler and Hodos 1996). For example the brains of

both of these organisms are narrow (the cerebral hemispheres are not wide relative to the length of

the brain) elongate and linear (the different regions of the brain are lined up one behind the other)

in their basic plan.

3.4.2 Basic anatomy of the brain of Sphenodon punctatus

The brain of Sphenodon (figure 3.3) represents the primitive amniote condition and is

elongate, narrow and linear in construction (Christensen 1929). The different regions are readily

distinguishable in this brain, which curves around the back of the orbits. The anterior part of the

brain is composed of the olfactory apparatus. The small bell-shaped olfactory bulbs terminate the

exceptionally long and slender olfactory tracts that curve between the orbits.

Behind the olfactory stalks the cerebral hemispheres expand; these are not particularly

wide, deep or bulbous in comparison with those of an alligator, but form the widest and most

volumetrically important part of the brain. Posterior to the hemispheres are rounded, well

developed optic lobes that are highly separated into distinct lobes, and hence easily identifiable.

They are found in a dorsal position in the brain as are those of the alligator. Between the posterior

part of the cerebral hemispheres and the optic lobes an exceptionally large pineal organ, or

epiphysis projects up into the roof of the braincase.

The cerebellum is found posterior to the optic lobes. It is triangular in shape with its apex

sloping dorsoposteriorly away from these features. It is not an important part of the brain

volumetrically in comparison with that of the alligator although it is a great deal larger than that of

the salamander. The medulla oblongata is long and not very deep, with many cranial nerve

foramina projecting from it (see descriptions below). The elongate pituitary region extends

ventroposteriorly under the brain, originating ventral to the posterior of the cerebral hemispheres.

The cranial nerves:

I = the first nerve projects from the olfactory bulbs into the olfactory sac just below them which is

present in the nasal cavities.

II = the second nerve (ii, figure 3.3 a and c) forms a conspicuously large feature of the brain where

it projects anteriorly from the optic chiasma, a medial region beneath the posterior of the cerebral

hemispheres.
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Opt. I

III

Figure 3.2 The brain of the longnose gar tLepisosteus osseus) in left lateral view
representing the general organisation of the vertebrate brain.
Abbreviations: Cbhm = cerebral hemispheres, CbI = cerebellum, Med. ob = medulla
oblongata, Olf. bulb = olfactory bulb, Opt. I = optic lobe, I - XII = first to twelfth
cranial nerves. Adapted from Butler and Hodos (1996).
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Figure 3.3 The brain of Sphenodon punctatus in (a) left lateral, (b) dorsal and (c)
ventral views. Abbreviations cbhm = cerebral hemispheres, cbl = cerebellum,
ii = second nerve, iii = third nerve, iv = fourth nerve, ix = ninth nerve, m.o. =
medulla oblongata, olf.bulb = olfactory bulb, olf.tract = olfactory tract, , opt. c.
= optic chiasma, opt. I = optic lobe, p.o. = pineal organ (epihysis), pit. = pituitary
and v - xii = fifth to twelfth cranial nerves. Adapted from Christensen (1929).
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III = the third nerve (iii, figure 3.3 a and c) is small and projects anteroventrally off the brain below

the optic lobes.

IV = the fourth nerve (iv, figure 3.3 a and b) departs from the brain laterally directly posterior to

the optic lobes.

V = the fifth nerve (v, figure 3.3 a, b and c) projects laterally from the medulla oblongata

ventroposterior to the cerebellum.

VI = the sixth nerve (vi, figure 3.3 a and c) projects from the ventral surface of the medulla

oblongata medial to the closely associated seventh and eigth nerve branches.

VII = the seventh nerve (vii, figure 3.3 a, b and c) departs the brain in a medial position on the

lateral walls of the thin medulla oblongata posterior to the fifth nerve.

VIII = the eigth nerve (viii, figure 3.3 a, b and c) departs just posterior to the seventh nerve in a

medial position up the lateral walls of the medulla oblongata.

IX = the ninth nerve (ix, figure 3.3 a and c) leads posteroventrally away from medulla oblongata

behind the seventh and eigth nerve branches.

X = there are three tenth nerves departing the brain in a posteroventral direction from the lower half

of the lateral walls of the medulla oblongata behind the ninth nerve.

IX = an eleventh nerve projects from the lateral walls of the medulla oblongata posterior to the

tenth nerves.

XII = the twelfth nerve also projects in a posteroventral direction from the medulla oblongata just

anterior to the foramen magnum.

The brain of Sphenodon is probably close to the primitive amniote condition as it shares

characters with that of Ambystoma which represents the primitive tetrapod brain, and with that of

Lepisoteus osseus (the longnose gar) which represents the generalised vertebrate brain (according

to Butler and Hodos 1996). For example the brains of all three of these organisms are narrow (the

cerebral hemispheres are not wide relative to the length of the brain) elongate and linear (the

different regions of the brain are lined up one behind the other) in their basic plan (see figure 3.2).

3.4.3 Summary

The salamander brain differs from that of Sphenodon in that it has:

smaller and less well defined cerebral hemispheres

a smaller cerebellum

smaller and less well separated optic lobes

no olfactory tract separating the cerebral hemispheres and the olfactory bulb

a shorter pituitary fossa

only ten cranial nerves.

Despite the fact that these two brains differ in some respects, their basic morphology and

organisation gives a clear indication of the condition and characters of the generalised tetrapod

41



brain. The features that the general vertebrate brain, the salamander brain and the Sphenodon brain

have in common are:

that their brain regions are arranged linearly

they are narrow and elongate.

These are therefore primitive vertebrate brain features that can be used in evaluating what are

primitive and what are derived brain features.

In order to be able to understand and interpret the brains of fossil organisms (in this case

primarily those of the non-avian theropod dinosaurs and the early birds) a high degree of

familiarity with the brains of the fossils' extant phylogenetic bracket is required. The extant

phylogenetic bracket of these organisms is composed of the crocodiles and the birds.

3.5 The brain of the Crocodilia

As the crocodilian brain (figure 3.4) is more similar to that of the aetosaurs and phytosaurs

(Hopson 1979), generalised vertebrate, salamander and Sphenodon brain than to that of the bird, its

features are taken to represent those of the plesiomorphic state for Archosauria. The Crocodilia,

forming the lower end of the extant phylogenetic bracket, is represented here by a description of

the brain of the alligator, as crocodilian brains do not vary significantly among the living species (I

have personally dissected (or studied previously dissected) brains of all of the major groups of

living Crocodilia (Wharton 2000 and Appendix 2» and also made a study of the brains of the fossil

Crocodilia (Wharton 2(00) to find that there is no significant morphological variation among

crocodilian brains) (see Hochstetter 1906 for further description of the crocodilian brain

(Crocodylus niloticusn.

The brain of the alligator is narrow, elongate and linear in its construction, similar to,

although more bulbous and developed than, that of Sphenodon.

A large olfactory apparatus stretches out anterior to the brain above the orbits. The

olfactory tract is quite long and thin (although less so than that of Sphenodon) and terminates in the

elongated oval-shaped olfactory lobes.

Posterior to this apparatus the cerebral hemispheres expand to form the widest part of the

brain. The hemispheres are rounded and deep in comparison to those of Sphenodon and the

salamander. Behind the hemispheres small, rounded dorsal features, very similar to those of

Sphenodon, are found which represent the optic lobes. The optic lobes of the alligator are larger

than, and closer to, the posterior of the cerebral hemispheres than those of Sphenodon.

In the alligator the optic lobes fit tightly between the back of the cerebral hemispheres and

the cerebellum. The cerebellum is quite large and rounded with small cerebellar flocculi, the

cerebellum and is more important volumetrically than that of Sphenodon. The medulla oblongata is

also deeper in lateral view than that of Sphenodon and the salamander, with many cranial nerves

projecting away from it as in the salamander and Sphenodon.
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Figure 3.4 The brain of Alligator mississippiensis in (a) dorsal and (b) right lateral view.
Abbreviations: Cbhms = cerebral hemispheres, CbI = cerebellum, CbI. fl = cerebellar
flocculi, Med. ob = medulla oblongata, Olf. bulb = olfactory bulb, Olf. tract = olfactory
tract, Opt. 1= optic lobe, Pit. = pituitary, II - XII = second to twelfth cranial nerves. After
Kardong (1998).

~,.
a b

Figure 3.5 Examples of dissected material detailing the anatomy of the juvenile
crocodilian brain: (a) Crocodylus niloticus, (b) Crocodylus sp.? showing the sizes
and proportions of the different regions of the brain still in life position in the skull
with the roof and lateral walls of the braincase removed.
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See figure 3.5 for examples of dissected material detailing the anatomy of some juvenile

Crocodylus brains.

The cranial nerves:

I = the first nerve runs between the olfactory bulb and the olfactory sac (figure 3.4 a and b).

II = the second nerve projects anteromedially beneath the cerebral hemispheres to the orbits (figure

3.4 b).

III = the third nerve projects down ventrally from beneath the optic lobe between the cerebral

hemispheres and the medulla oblongata (figure 3.4 b).

IV = the fourth nerve departs the brain projecting anteriorly between the ventral parts of the

cerebellum and optic lobe. It then travels anteriorly before departing the braincase (figure 3.4 b).

V = the fifth nerve projects laterally from the brain ventral to the cerebellar flocculi (figure 3.4 b).

VI = the sixth nerve leaves the brain from close to the midline of the medulla oblongata.

ventromedial to the seventh and eighth nerve exit (figure 3.4 b).

VII = the seventh nerve projects laterally out from under the cerebellum. just posterior to the

cerebellar flocculi (figure 3.4 b).

VIII = the eighth nerve departs the brain to enter the acoustic system posterior to the seventh nerve

from under the cerebellum (figure 3.4 b).

IX. X. XI = the ninth. tenth and eleventh nerves bunch together posterior to the cerebellum from

the dorsal half of the wall of the medulla oblongata to leave the braincase simultaneously (figure

3.4 b).

XII = the two twelfth nerves project from the medulla oblongata ventroposterior to the IX-XI

nerves and just anterior to the foramen magnum (figure 3.4 b).

The brain of the Crocodilia fills only a small proportion of the posterior part of the skull

and thus no impression of the brain within can be gathered from an external view of the skull

(figure 3.6). This situation is made worse by the fact that the brain only fills between 55 and 60 %

of the brain cavity (Jeri son 1973. Hopson 1979. Hurlburt 1996). Fortunately. despite this. the

endocasts created from the braincase still reflect the brain quite faithfully (see section 2.2.3. figures

2.2 and 2.3). The distribution of the cranial nerve foramina can be used to determine the

morphology and characteristics of the brain within. where an endocast is not available (by

comparing the distribution of the nerves in one organism with those of another). If the nerves are

distributed in a similar way to those of an organism in which the endocranial anatomy is well

documented hypotheses can be made about the internal anatomy of the unknown organism.

3.6 The brain of the Aves

The Aves, forming the upper end of the extant phylogenetic bracket, have a much more

rounded. bulbous and non-linear brain than the Crocodilia (figure 3.7). There is quite a lot of

variation within the brains of the Aves. created by factors such as ecology and phylogenetic
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Figure 3.6 The skull of Alligator sinensis in (a) posterior and (b) left lateral view.
Abbreviations: Carot. art = carotid artery, Eo = exoccipital, FM = foramen magnum,
Pa = parietal, Paroc. Proc = paroccipital process, Posttemp. foss = posttemporal
fossa, So = supraoccipital, VII = seventh nerve, X = tenth nerve and XII = twelfth nerve.
Bo = basioccipital, Bsphd = basisphenoid, Cranq. pass = cranioquadrate passage, Lat
= laterosphenoid, Occ. cond = occipital condyle, Po = postorbital, Pro = prootic, Pt =
pterygoid, Quad = quadrate, Quad-jg. = quadratojugal, II - V = second to fifth cranial
nerves. Scale bar is 50mm in A and 30mm in B. Adapted from Iordansky (1973).
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position within the group. The size of the olfactory apparatus and the optic lobes is most affected

by these factors (Healy and Guilford, 1990; Nevitt, 1999; see section 3.8).

Despite the variation in the size of the olfactory apparatus within the Aves it is always

much smaller than the equivalent in the Crocodilia or Sphenodon. There is only a very short tract

and a small bulb in close proximity to the cerebral hemispheres. The hemispheres are very rounded,

bulbous and deep, forming a large percentage of the area of the brain seen in dorsal view (figure

3.7 a; around 65 % in birds to around 32% in Gavialis gangeticus). A vallecula (or Wulst) is visible

as a bulging region on the dorsal surface of the cerebral hemispheres (see figure 3.7). It is

considered as the highest centre of learning and intelligence in birds, being most developed in

crows and parrots.

The optic lobe is displaced ventrolaterally to take up a position under the posterior part of

the hemispheres. The cerebellum encroaches right up to the back of the hemispheres and is very

large and foliated. There are prominent cerebellar flocculi projecting from the latera ventral sides of

the cerebellum. A small epiphysis is situated between the anterodorsal part of the cerebellum and

the medioposterior of the hemispheres.

The medulla oblongata is not as volumetrically important relative to the rest of the brain in

comparison with that of the Crocodilia, but it has a similar arrangement of cranial nerves projecting

away from it. A small pituitary projects posteroventrally beneath the optic chiasma.

See figure 3.8 for examples of dissected material detailing the variety of anatomy present

in the modern avian brain. Appendix 3 which contains modern bird brain dissection measurements

and section 3.8 of this chapter for further discussion of this variety and the reasons behind it.

The cranial nerves:

I = the first nerve stretches between the small olfactory bulb and the olfactory sac ventral to it

(figure 3.7 a and b).

II = the second nerve is in the form of the large optic tracts which lead down from a ventromedial

position beneath the cerebral hemispheres to the orbits (figure 3.7 b).

III = the third nerve projects anteriorly from the anteroventral end of the optic lobe (figure 3.7 b).

IV = the fourth nerve runs anteroventrally posterior to the ventral part of the optic lobe (figure 3.7

b).

V = the fifth nerve departs the medulla posterior to the fourth nerve with the seventh nerve in close

association with it (figure 3.7 b).

VI = the sixth nerve exits the brain in the same position as that in all tetrapods, a medioventral

position leading anteroventrally into the floor of the braincase, approximately medial to the seventh

and eigth nerves (figure 3.7 b).
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Figure 3.7 The brain of Anser anser in (a) dorsal and (b) right lateral view.
Abbreviations: Cbhms = cerebral hemispheres, CbI = cerebellum, CbI. fl =
cerebellar flocculi, Med. ob = medulla oblongata, Olf. ap = olfactory apparatus,
Opt. 1= optic lobe, Pit. = pituitary, p.o. = pineal organ, II - XII = second to twelfth
cranial nerves. After Kardong (1998).
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Figure 3.8 Examples of dissected material detailing the dorsal anatomy of the avian brain: (a)
Turdus merula, (b) Pica pica, (c) Melopsittacus undulatus, (d) Aptenodytes forsteri, (e) Bubo
virginianus, (t) Struthio came/us and (g) Gallus gallus. The brain is shown in life position in the
skull with the roof and lateral walls of the braincase removed.
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VII = the seventh nerve leaves in association with the fifth nerve (anteroventrally from the midway

up the medulla wall) in the bird, whereas it left in association with the eighth nerve in the alligator

(figure 3.7 b and figure 3.4 b).

VIII = the eighth nerve leads laterally out into the acoustic region ventral to the cerebellar flocculi

(figure 3.7 b).

IX = the ninth nerve departs laterally from the brain posterior to the eighth nerve branches and just

anterior to the tenth nerve bundle (figure 3.7 b).

X + XI = the tenth and eleventh nerves project laterally from midway up the medulla in the form of

a large bundle of nerves (figure 3.7 b).

XII = the twelfth nerve departs the brain posterior to the tenth and eleventh nerve bundle just

anterior to the foramen magnum (figure 3.7 b).

The avian brain fits tightly against the braincase walls (Iwaniuk and Nelson 2002) which

form the posterior of the skull so that a good impression of the general brain characteristics of a

bird can be recorded from a purely external examination of the cranium (figure 3.9). As most birds

mature the many sutures visible on the skull usually fuse.

3.7 Summary of the differences in the brains of the organisms at either end of
the Extant Phylogenetic Bracket

The crocodilian brain differs from that of the avian brain in that it:

is elongate and linear in form rather than bulbous, rounded and non-linear

has smaller cerebral hemispheres that do not take up most of the dorsal view of the brain

has a larger olfactory apparatus with a long olfactory tract

has smaller optic lobes that are mediodorsal as opposed to ventrolateral in position

has a smaller cerebellum that is posterior to the optic lobes as opposed to the cerebral

hemispheres

has a larger medulla oblongata relative to the overall size of the brain.

See figure 3.10 for more information.

As stated in Chapter 1, the aim of this project is to identify when, where and why the major

changes in brain morphology highlighted above took place in order to reach the modern avian

condition. Answers to these questions probably lie in those taxa that fall between less crown ward

diapsids such as Sphenodon and modern birds in phylogeny, the two most important groups in this

respect being non-avian theropods and early birds. The following chapters display results of an

extensive investigation into the brains and braincases of these and some further fossil organisms in
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Figure 3.9 The skulls of (a) Corvus brachyrhynchos in ventral view and (b)
Larus argentatus in right lateral view. Abbreviations: Carot. art = carotid artery,
CbI. prom = cerebellar prominence, Ext. occ vein = external occipital vein, FM
= foramen magnum, Fr = frontal, Occ. cond = occipital condyle, Orbit = orbit,
Pa = parietal, So = supraoccipital, I - XII = first to twelfth cranial nerves, VI =
ophthalmic branch of the fifth nerve and V2,3 = Maxillary and mandibular
branches of the fifth nerve. Adapted from Baumel and Witmer (1993).
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order to elucidate the pattern of acquisition of avian characters through evolution. Knowledge of

the brains of the extant phylogenetic bracket covered in this chapter will be essential for an

understanding of the palaeoneurological interpretation of these organisms.

3.8 Potential causes of variation found in crocodiles and birds

3.8.1 Phylogenetic

Living crocodiles show no observable gross morphological variation in the brain, although

one fossil crocodilian studied showed some variation in its endocranial blood vascular system (for

more information see chapter 4, section 4.2.1).

Modem birds show gross morphological brain variation among orders and to a lesser

extent within orders. Dissection of modem bird brains revealed that most plasticity was found in

the dimensions of the olfactory apparatus and optic lobes, although the overall size of the cerebral

hemispheres and the overall size and complexity of the cerebellum may also vary. This

dimensional variety was suggested to be due either to ecological factors (such as having a nocturnal

(Healy and Guilford 1990) or sea foraging lifestyle (Nevitt 1999», or to phylogenetic status (for

example, palaeognaths tend to have relatively larger olfactory apparati than Anseriformes or

Passeriformes, and Passeriformes and Psittaciformes tend to have larger brains overall than

Galliformes). The primitive condition of the avian brain is taken as that of the palaeognaths, the

most primitive birds based on phylogenetic evidence (Cracraft 1988). See Appendix 3 at the end of

this chapter for measured variation in avian bird brains collected via dissection.

3.8.2 Sexual

No variation in gross morphological brain features between the sexes have been

demonstrated within the Crocodilia. The only subtle sexual variation within the brain of the Aves is

recorded in derived passerine birds such as the zebra finch (Airey et al. 2000a) and the European

sedge warbler (Airey et al. 2000b). In these birds parts of the cerebral hemispheres in the male

brain (those controlling song) have been found to be slightly larger than the equivalent regions in

the female brain. These differences are related to the complexity of the male song during courtship

rituals (Airey et al. 2000a and b). This kind of subtle difference is unlikely to be perceivable in a

fossil endocranial cast.

3.8.3 Ontogenetic

The developmental pathways of the brain in crocodilians and birds differ; in crocodilians

the cerebral hemispheres are relatively larger in the juvenile (I have measured this in juvenile

Crocodilia, see figure 3.5), whereas they are relatively smaller in juvenile birds, especially in
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altricial birds (birds that are immature when they hatch, as opposed to more completely developed

chicks at hatching (precocial birds». In altricial birds the hatchling and adult brain show

remarkable differences; for example large spaces remain between the two forebrain hemispheres

and between the forebrain and optic lobes and cerebellum in the juvenile, whereas these areas all fit

tightly against each other in the adult. The optic lobes also start off in a lateral position, then, as the

forebrain grows throughout ontogeny, they are pushed down into a more ventrolateral position. In

contrast to this, in precocial birds the hatchling and adult brain are generally very similar in

external form (Starck 1993).

In crocodilians the cerebral hemispheres and the optic lobes are relatively larger in the

juvenile, resulting in a higher EQ. These regions fit more tightly to the braincase walls in the

juvenile, but otherwise the dimensions and positions of the parts of the brain remain roughly

similar throughout ontogeny (Parker 1883).

3.8.4 Ecological

In the living Crocodilia there is little variation in mode of life. Some fossil Crocodilia such

as the Steneosauridae and the Teleosauridae were at least partially aquatic or wholly terrestrial such

as the Sebecosuchidae, but the details of their gross endocranial anatomy do not reveal much

variation from the present neuroanatomical form of these beasts. One detailed endocast of

Steneosaurus pictaviensis reveals some change in the endocranial vasculature drainage system

(section 4.2 for more details) but no change to the overall dimensions of the parts of the brain.

Ecology appears to have little effect on the crocodilian brain although, as most crocodilian modes

of life are very similar, it is hard to be certain. There is, however, more variation in avian modes of

life, i.e. some birds are nocturnal, some live at sea, some dive and some fly while others are ground

dwelling.

It would seem that ecological factors do playa role in helping to create the diversity seen

in form of modem bird brains (Healy and Guilford 1990). For example, the kiwi, a palaeognath,

has very small optic lobes and very large olfactory apparatus due to its nocturnality (Healy and

Guilford 1990) whereas the ostrich, another palaeognath, has relatively larger optic lobes and a

relatively smaller olfactory apparatus. Other birds with larger olfactory apparatuses include the

albatross and the turkey vulture, both of which probably use smell as an important aid in finding

prey (Nevitt, 1999; Bang and Cobb, 1968).

The size of the cerebral hemispheres can also vary in their relative size amongst birds; for

example the hemispheres of the gray parrot are relatively much larger than those of the chicken

(see Appendix 3). This respective development is probably linked to many different factors such as

altriciality versus precociality, aboreality versus ground dwelling. as well as differences in mode of

life such as feeding strategy.
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The Aves, which are an ecologically plastic group, display a similar plasticity in the

relative sizes of the different parts of their brains. These differences, and their causes, should be

considered as factors playing roles in creating the brain forms seen in the fossil record.

3.8.5 Causes of the variation

The above suggests that the gender of a fossil theropod is unlikely to affect its brain

morphology, whereas its phylogenetic and ontogenetic status and mode of life may possibly affect

this morphology. Due to the complexities involved in the above it is difficult to create one set of

rules to follow when interpreting fossil brains, but a familiarity with these complexities should

result in a more reliable analysis.

For example, do we follow the ontogenetic trajectory of the crocodilian when examining

the endocast of a non-avian theropod, or the trajectory of the bird, and if that of a bird, that of an

altricial, or precocial bird? The solution is not straight-forward. However, if a fossil organism is

known to be juvenile, and its brain is exceptionally large and tightly fitting to the braincase walls, it

should at least be considered that these features may in part be ontogenetic features which do not

faithfully reflect the adult nature of the brain.

The reasonably high level of phylogenetic variation present in living birds suggests that

there may also be some level of phylogenetic variation in the brains of their fossil ancestors

(although it should be remembered that a lesser amount is found within the Crocodilia). The

ecological effects on the brains of living birds are also notable and should be considered as possible

driving forces where new features of the brain appear in the fossil record (again it should be noted

that there is less ecological variation within the brains of the Crocodilia). It would be difficult to

separate ecological and phylogenetic differences in the fossil record unless such data on one taxa

were available so that an overall phylogenetic pattern could be perceived over and above any

ecological patterns imprinted on top of this.

3.9 Endocranial drainage of the organisms of the Extant Phylogenetic Bracket

3.9.1 Introduction

A full description of the blood vasculature system of Sphenodon can be found in the classic

accounts of O'Donoghue (1921) and Dendy (1909), and a more general description of reptilian

cephalic vasculature is available in Bruner (1907-1908). These accounts basically explain that

Sphenodon has a median longitudinal sinus (the equivalent of the superior longitudinal sinus of

Alligator mississippiensis in figure 3.11 and the superior sagittal sinus of Anser anser in figure

3.12) running along the dorsomedial region of the braincase from which a pair of large transverse

sinuses (see equivalents with the same name in figures 3.11 and 3.12) project ventrolaterally just
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Figure 3.11 Reconstruction of the endocranial drainage system of Alligator mississippiensis
highlighted within the braincase of a sagitally sectionned skull. Abbreviations: abducens v =
abducens vein, carotid v = carotid vein, Internal occipital v = internal occipital vein and
ophthalmic v = ophthalmic vein.
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Figure 3.12 Reconstruction of the endocranial drainage system of Anser anser highlit in
a sagitally sectionned skull.
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anterior to the cerebellum. According to Dendy (1909) and O'Donoghue (1921) the blood then

drains from the dorsal and ventral surfaces of the brain mainly through a foramen along with the

ninth to eleventh cranial nerves via a posterior cerebral vein (which comes off the longitudinal

sinus), and through a small foramen above the fifth cranial nerve exit via the transverse sinus. A

dorsal head vein also drains blood from the occipita-temporal musculature (see section 4.2.1 for

more details). See section 3.9.3 below for details of how crocodilian and avian cranial vascular

drainage systems differ from this.

However, despite the above-mentioned studies and many others of the anatomy and

vasculature of the head in diverse archosaurians that were carried out in the 1800's and early

1900's a great deal of confusion remains, both with regard to terminology and homology. This

problem is exacerbated in fossil archosaurian species.

This research carried out by myself and Jayc Sedlmayr (Wharton and Sedlmayr, 2000)

aimed to resolve some of this confusion by first, detailed study of the extant phylogenetic bracket

using more the effective techniques now available and by second, application of this knowledge in

reconstructing the vasculature of fossil archosaurs.

The most important research technique in investigating cephalic vasculature is that of latex

injection (see section 2.2.7); specimens of the American alligator (Alligator mississippiensis), emu

(Dromaius novaehollandiae) and mallard duck (Anas platyrhynchos), amongst others, were

injected. The venous drainage systems of these specimens were then examined in one of the three

following ways (see section 2.2.7 for more details):

1. dissection.

2. corrosion of the flesh.

3. examination by X-ray.

The information gathered from the above was then used to make simplified reconstructions

of the venous drainage system in extinct archosaurs enabling the identification of some of the

vascular apertures present in their braincases and some of the protrusions visible on their endocasts.

The results are found chapter 4.

It is important to have a detailed knowledge and understanding of the blood system in the

crania of living Archosauria in order to try to interpret accurately some of the rarer and more

unusual morphology and foramina in fossil skulls. The blood system of the Archosauria seems to

be less stable than the configuration of the brain itself, and therefore mistakes can be made in

designating particular endocranial features to particular functions unless those evaluating the

situation have a comprehensive knowledge of the potential changes in the vascular drainage

system.

3.9.2 Materials and Methods

As stated, the main method used to examine the vascular drainage routes of the head of

various archosaurs here was vascular injection (see section 2.2.7).

57



3.9.3 Results: Reconstruction of crocodilian and avian endocranial drainage

These techniques enabled accurate maps of the endocephalic drainage routes in Iiving

archosaurs to be established:

In crocodilians, exemplified here by Alligator mississippiensis (figure 3.11), the orbital

vessels drain into the cavernous sinus via the cranial nerve foramina II to V (the ophthalmic

branch), this blood then flows into the carotid vein, which in turn leads to the external jugular

system. Some blood drains via the more medial sphenoparietal and rostral petrosal sinuses. The

vast majority of the brain and dura however are drained into the occipital sinus that flows either

into the internal occipital vein or into the intervertebral venous sinuses. The former vein drains into

the jugular system but will anastomose with intervertebral veins.

The disproportionate expansion of the cerebral hemispheres in the avian brain as illustrated

here by Anser anser leads to the movement of the optic lobes downwards as the brain became more

bulbous and rounded, rather than flat and elongate in shape. A consequence of these movements is

that the avian venous drainage system differs from that of other archosaurs (figure 3.12).

The avian transverse sinus is found to be associated with the both the sphenoparietal and

the rostral petrosal sinuses, whereas it is found only with the more posterior rostral petrosal sinus in

the alligator (see figure 3.11). The venous drainage routes otherwise remain similar to that of the

crocodilians; the orbital vessels drain into the cavernous sinus via the cranial nerve foramina II to V

(the ophthalmic branch), and this blood then flows into the carotid vein, which in tum leads to the

external jugular system. Most blood still leaves the brain cavity via the occipital sinus, the

intervertebral venous sinus and the internal occipital vein.

3.9.4 Conclusions

Examination of the extant phylogenetic bracket via venous latex injection has provided the

invaluable insights necessary for a simplified reconstruction of the vascular systems of extinct

archosaurians. The fact that the basic pattern has remained stable on either side of the extant

phylogenetic bracket and over time means that we can be reasonably confident about our

reconstructions for taxa within the Extant Phylogenetic Bracket. See the results in chapter 4.
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CHAPTER4:

DESCRIPTIONS OF FOSSIL MATERIAL

4.1 Introduction

Fossil descriptions are set out phylogenetic ally; starting with an examination of the

endocranial anatomy of the Crocodilia, and followed by examinations of the Pterosauria, the

Dinosauria outside the Theropoda, the non-avian Theropoda and the early birds.

Study visits to museum collections were planned to gain access mainly to non-avian

theropod material, but all available opportunities were taken to examine their close outgroups

(mentioned above) so that endocranial details of the widest possible range of relevant organisms

could be obtained.

Abbreviations to all the figures of chapter 4 are found in Appendix 1 at the end of the

thesis. Descriptions of specimens in sections 4.2 to 4.6 are split into subsections: The Material,

Previous workers, General description and Description and Interpretation. The first subsection

introduces the specimen number, its state and provenance, the second subsection gives information

about past publications concerning the material. The general section gives a brief overview of what

data the material can offer about the brain. The final section is a detailed account of the anatomy of

the material.

4.2 The Crocodilia

This part of chapter 4 will examine variation in the fossil crocodilian brain from that of the

modem state (which was explored in section 3.5). An investigation was conducted into whether the

brains of the marine Thalattosuchia of the Jurassic differed from those of modem crocodilians to

evaluate whether any neurological change has occurred in crocodilians over time. To facilitate this

comparison, a endocast was made of the unnumbered Gavialis gangeticus skull specimen from the

Biology Department in Poitiers (see Appendix 2).

4.2.1 Steneosaurus pictaviensis

The Material

This account of the brain of the thalattosuchian crocodile Steneosaurus pictaviensis IS

based an endocast of a 3-D and well preserved skull (LPP.M.35) from Les Lourdines, an Upper

Jurassic locality in the Departement de la Vienne, France. The endocast is three-dimensional but is

not very well preserved anteriorly or ventrally, resulting in a lack of detail concerning the olfactory

apparatus and the pituitary fossa. Dorsally the endocast is well preserved.
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Previous workers

Until the publication of Wharton (2000) (that describes the Steneosaurus endocast) only a

single description of a natural thalattosuchian endocranial cast, with a comparatively low degree of

preservation, had been given by Wenz (1968).

General description

There are strong similarities between the endocranial casts of Steneosaurus and that of the

modem crocodile, Gavialis gangeticus. The relative dimensions and positioning of their cerebral

hemispheres, optic lobes, cerebellum and medulla oblongata are approximately equal.

Unfortunately the fossil endocast offers no data on the pituitary fossa or the olfactory apparatus as

these regions are not preserved on the cast. The only disparity between the endocasts of Gavialis

and Steneosaurus (that was not derived from preservational differences) was found in the vascular

drainage system.

Description and Interpretation

The proportions of of the cerebral hemispheres, optic lobes, cerebellum and medulla

oblongata as are those of a modem crocodilian (figures 4.1 and 4.2 and Table 4.1). Details of the

pituitary fossa are not evident on the Steneosaurus endocast; presumably this area was infilled in

the fossil specimen. The fossil cast has additional material adhering to the base of the anterior

portion of the cast; however this is an artefact resulting from the slightly damaged floor of this part

of the braincase. Lastly, the Steneosaurus cast does not preserve the anterior part of the brain, so

the olfactory apparatus is missing. The fossil cast therefore appears shorter than the Gavialis

endocast.

The roof of the endocast of Steneosaurus in figure 4.1a is raised by 1.5 millimetres (where

indicated by the thicker arrow and by the anterior narrower part of the dashed line in figure 4.2b).

This begins on the midline one third of the way back from the front of the cerebral hemispheres and

extends posteriorly, widening to a point above the cerebellum, just anterior to the impression of the

tympanic bullae. Here, indicated by the thinner arrow and by the posterior irregular part of the

dashed line in figure 4.2b, are two rounded protrusions projecting posterodorsally from the dorsal

endocast walls above the cerebellar region. These tubular protrusions then extend to reach

approximately 7.8mm in length. These projections are close to the mid-line of the skull, and are

separated by just 9mm (figure 4.2b).

This extensive elevated area reflects the presence of a large longitudinal dorsal venous

sinus in the cranial cavity. The large cavities reflect the entrance of the dorsal head veins into the

endocranial cavity in Steneosaurus. Andrews (1913) mentioned these blood vessels but did not
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Figure 4.1 Left lateral views of the endocasts of (a) Steneosaurus pictaviensis (LPP.M.35)
and (b) Gavialis gangeticus. Arrows indicate equivalent regions. The dashed line in b
indicates the anteriormost point of the endocast of Steneosaurus.
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Figure 4.2 Dorsal views of the endocasts of (a) Gavialis gangeticus and (b) Steneosaurus
pictaviensis (LPP.M.35). Arrows indicate equivalent regions. The dashed line in figure b
highlights the enlarged endocranial area of Steneosaurus.
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describe them in detail, they have not been commented upon since, except briefly by O'Donoghue

(1921). The presence of a longitudinal dorsal blood sinus is found in most reptiles including

lizards, crocodilians, most dinosaurs and birds (where they rarely leave such large impressions on

the endocranial walls). Concerning the dorsal head veins, 0'Donoghue (1921) stated: 'The entrance

of the capiti dorsalis through a foramen or notch in the hinder end of the braincase, either in the

prootic or supraoccipital, appears to be a constant feature in early Amphibia and Reptilia'. This

said, the equivalents of the dorsal head vein are generally a lot smaller than those of Steneosaurus.

Modem Crocodilia have a much less prominent sinus arrangement than that seen in

Steneosaurus (see section 3.9 and figures 4.1a & 4.2b). The longitudinal dorsal blood sinus starts

far forward in the endocranial cavity and runs back over the optic lobes and the cerebellum, where

it gives off a pair of transverse sinuses laterally and an occipital sinus posteriorly (Dendy 1909), as

in Steneosaurus. However, they have only small remnants of the dorsal head veins (Walker 1990)

which enter the cranial cavity from a posterodorsal direction in Steneosaurus. The blood draining

from the occipitotemporal regions via equivalent vessels in these and other archosaurians then

generally exits the endocranial cavity through the trigeminal foramen (in the case of the middle

cerebral vein (the transverse sinus), (Gower and Sennikov, 1996; Bruner, 1907-1908), or the

metotic fissure (in the case of the posterior cerebral vein in Sphenodon: O'Donoghue 1921». In the

case of the posterior cerebral vein in more derived reptiles such as the adult crocodile, the blood

vessels exit the foramen magnum via the occipital sinus (Walker 1990), or both the exits mentioned

above for the posterior cerebral vein are used.

In non-avian theropods, such as Allosaurus fragilis and Tyrannosaurus rex, large dorsal

blood sinuses are present in similar regions of the skull, and large vascular vessels enter the

braincase in the same position as the dorsal head vein in Steneosaurus (see figures 4.21 and 4.28

and label 'vc'; Hopson (1979) figure 1). The hypothesized drainage routes out of the brain are

through the middle and posterior cerebral veins, which exit through the trigeminal foramen and

metotic foramen or foramen magnum respectively as in archosaurian relatives. Similar blood

sinuses also exist in other early archosaurs such as Sphenosuchus (Walker 1990), and

Erythrosuchus and Xilousuchus (Gower and Sennikov 1996). The drainage route for these sinuses

is hypothesized to be through the same pathways, though these sinuses do not leave any impression

on the endocranial roof.

On the basis of this evidence it seems probable that crocodilian neurology has changed

little over time.
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Feature: Sl!_ecimenmeasurements (mm)
Metric data for the endocast: Gavialis Endocast of LPP.M.3s

gangeticus
Width cerebral hemispheres (maximum) 33.8 27.5
Height cerebral hemispheres 25 24.9
Length cerebral hemispheres (equivalent 34 29.5
points)
Total length brain (from equivalent points) 95.2 75.9
Height brain (maximum) 28.5 26.4
Distance between dorsal braincase structures - 9
Depth into cavities until matrix is reached - 7.8

Table 4.1 Measurements of the endocasts of Gavialis gangeticus and Steneosaurus pictaviensis.

4.3 The Pterosauria

The brains of the Pterosauria are important to this project as they represent those of the

only close outgroup to the Dinosauria that flew at the time of the early birds (examined in section

4.6), and thus are very useful for comparison. Fossil evidence concerning the brains and braincases

of these extinct organisms is detailed below. The range of taxa described is based on availability of

appropriate material.

4.3.1 Parapsicephalus purdoni

The Material

This account of the brain of the rhamphorhynchoid pterosaurs is based mainly on a cast of

the skull of Parapsicephalus purdoni (BMNH R.1613) from the Alum Shale Series of the Lower

Toarcian (Upper Liassic, Early Jurassic) of Whitby, Yorkshire, England. The skull itself is well

preserved and three-dimensional, the posterodorsal part of the skull (especially on the left side) has

broken away to reveal a 3-D in-situ endocast (see figure 4.3). The endocast is therefore most visible

from a dorsolateral perspective (on the left). The dorsoposterior part of the endocast itself has been

broken away.

Previous workers

Newton (1888) first described the brain of Parasicephalus in a long and detailed account.

He noticed the avian nature of the brain and compared it to the first ever described pterosaur brain,

that of Pterodactylus, figured by Seeley (1871). I agree with his findings except his suggestion that

Parapsicephalus had large olfactory lobes, as there was no evidence for this on the fossil and

comparison with Tapejara (which shows no significant olfactory apparatus at all) suggests that

smell was probably not a primary sense for pterosaurs. Edinger (1941) also found fault with

Newtons' report of the presence of a large olfactory bulb due to lack of evidence. Interestingly, she
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suggested that a line along the ventroposterior of the cerebral hemisphere could have a been the

equivalent of an avian valleculla (which she also speculates may be present in a crushed specimen

of Pterodactylus based on some very rudimentary evidence). I find this highly unlikely given that

the complete endocast of Tapejara shows no indication of this feature and that this feature is much

more likely to represent a vascular feature than a valleculla (which would require a very high

degree of convergence between the birds and pterosaurs).

General description

The brain of Parapsicephalus has avian characteristics; it is rounded and bulbous in overall form

and its separate regions are clearly defined suggesting that it was tightly fitting to the endocranial

walls. The cerebral hemispheres are large and rounded as are the optic lobes, which are in an avian

position posteroventral to them. The posteromedial section of the endocast, which would have been

that for the cerebellum, is unfortunately missing, but the cerebellar flocculi are present and are

large in size. No information is available on the medulla oblongata or the olfactory apparatus.

Description and Interpretation

Unfortunately the most anterior region of the brain, the olfactory apparatus, is completely

covered by the frontal bones while the anterior tip of the left and a large anterolateral portion of the

right cerebral hemisphere are also obscured by the presence of this bone. Based on what is visible

of the left and right cerebral hemispheres they are large, round and bulbous and deep in lateral

profile. Based on comparison with the endocast of Tapejara, it seems likely that the obscured

olfactory apparatus was very small.

Posteroventral to these are large optic lobes, which surpass the cerebral hemispheres in

width. They are wider than long and they appear to reach further ventrally than the cerebral

hemispheres. The position of the optic lobes in Parapsicephalus is less ventral (and hence less

similar to their position in the avian brain) than that found in Tapejara (see section 4.3.4). Edinger

(1941) suggested that the brain of more crown ward pterosaurs may be larger and more like that of a

bird than those of less crownward pterosaurs, the evidence found here for Parapsicephalus, and

later in this section for Tapejara, supports this hypothesis.

Dorsomedial to the optic lobes is a large damaged region of the endocast that would have

otherwise formed the cerebellar region. The exceptionally large size of the cerebellar flocculi that

come off the brain posterolaterally from this damaged region behind the optic lobes suggests that

the cerebellum itself was also large and in an avian position.

No information is available concerning the medulla oblongata as this region has eroded

away. Comparison of this endocast with that of the pterodactyloid Tapejara wellnhoferi suggests

that the medulla oblongata may be unimportant in size in the Pterosauria. Examination of this

other pterosaurian endocast is able to shed light on the probable structure of the olfactory apparatus

in Parapsicephalus as it is complete.
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Figure 4.3 Dorsal (a) and lateral (b) views of a cast of the skull and endocast of
Parapsicephalus purdoni.
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Figure 4.3 Dorsal (c) and lateral (d) views of a cast of the skull and endocast of
Parapsicephalus purdoni.
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Feature: Specimen measurements (mm)
Metric data for the endocast: BMNH SMF SMF - Nr. 1934 I Nr. 1938

R.1613 R408b R410 36 1503/1
Length of brain - - - -12.7 -
Maximum width of cerebral 15.7 -10 (one) 17.8 - 9.95
hemispheres
Height of cerebral hemisphere 7.8 - - - -
Length of cerebral hemisphere 11.4 -16 - - -
Length and height of optic lobe 8.8.5.8 - - - -
Metric data for the braincase:
Height of braincase 53.75 46 (skull) - -19.05 -

(skull)
Length of braincase 140.7 113.8 88.3 (skull) -12.7, 53.4 -40

(skull) (skull) (skull)
Width of braincase 63.05 - 23.8 (skull) - 17.5

(skull)
Maximum width of frontal - -11.5 17.8 5.25 (one, 9.95

crushed?)
Maximum length of frontal - -16 - -7.2 -

Table 4.2 Measurements of the Parapsicephalus purdoni skull, along with details of the following

other Rhamphorhyncids: Scaphognathus crassirostris (SMF R408b), Rhamphorhynchus gemmingi

(SMF - R41O). Rhamphorhynchus intermedius (Nr. 1934 I 36) and Rhamphorhynchus longicaudus

(Nr. 1938 150311).

4.3.2 Pterodactylus spp.

The Material

The following account of the brain of Pterodactylus is based on two specimens of

Pterodactylus micronyx (Nr. 1964 XXIII 100, Nr. 1971 I 17a, b) from the Lithographic Limestone

(Lower Tithonian, Upper Jurassic), Solnhofen, Bavaria, Germany. Information has also been drawn

from the closely related Pterodactylus kochi (MB. I. 008. 08, SMF R 4072, SMF R4173, Nr. 1878.

VII, Nr. 1937 I 18, MB. 1876. 2059) and Pterodactylus antiquus (SMF R4169, SMF 4170) and

the data have been added to the table below where appropriate.

Unfortunately all the Pterodactyl us specimens are highly crushed, mostly in lateral view,

but some data can be retrieved from them as the back of the skull fitted tightly around the brain

(see figure 4.4).

Previous workers

The brain of Pterodactylus was examined by Seeley (1871) and Edinger (1941). Seeley's

account was not very detailed, but Edinger's is more comprehensive. Edinger suggested that the

Pterosauria had already developed an equivalent of the avian vallecula but I have not seen evidence

to verify this claim. Otherwise the evidence presented in this paper is substantiated. The brain of
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Pterodactylus is avian In all aspects except that it does not have the very bulbous cerebral

hemispheres of modem birds. The brain of the tapejarid pterosaur examined below seems slightly

more developed than that of Pterodactylus (in that its cerebral hemispheres were slightly more

rounded, although its juvenile status may be affecting this).

General description

The brain of Pterodactylus is avian in character, with large cerebral hemispheres tilting

behind the orbits of the skull. The optic lobes are ventral to the hemispheres with the cerebellum

posteromedial to them. No information is available on the medulla oblongata or olfactory

apparatus.

Description and Interpretation

The brains of these crushed Pterodactylus specimens fitted tightly inside their small skulls

so that their avian nature can be perceived from an exterior perspective. The braincase walls bulge

outwards behind the large orbits. This raised area curves down and fills the entire posterior region

of the skull, showing three subdivisions. The largest and most anteroventral of the subdivisions is

interpreted as that which held one of the large cerebral hemispheres. The smaller and most

anteroventral bulging region of the braincase wall is interpreted as that which held one of the optic

lobes in life. These were in a highly derived modem avian position ventral to the cerebral

hemispheres (instead of posteroventral, as is found in the non-avian Theropoda and some early

birds). The most posterior subdivision of the bulging braincase wall is interpreted as that which

held the cerebellum, which was relatively large and filled some of the posterior wall of the

braincase as it does in advanced birds. No data can be recorded concerning the olfactory apparatus

or the medulla oblongata as these features have not left an impression on the exterior walls of the

braincase.
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Figure 4.4 Left lateral view (a) of the crushed skull of Pterodactylus micronyx and
left lateral view (b) of the crushed skull of Pterodactylus kochi.
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Feature: Specimen measurements (mm)
Metric data for the endocast: Nr. 1964 Nr. SMF SMF Nr.

XXIII 1971 I R4072 R4173 1878.
100 17a. b VII

Length of brain -9.7 -11 - - -
Maximum width of cerebral - - - - 5 (one)
hemispheres
Height of cerebral hemisphere - 3.85 - - -
Length of cerebral hemisphere -8 8.1 -12 -13 9.05
Length and height of optic lobe - - -5.35, -5.15, -

-4.2 -4.2
Metric data for the braincase:
Height of braincase 11.9 11.2 11.05 12.05 20.7

(skull) (skull) (brain) (brain) (skull)
Length of braincase 27.3 25 57.65 72.4 68.55

(skull) (skull) (skull) (skull) (skull)
Maximum width of frontal - - - - 5
Maximum length of frontal - 8.1 -12 -13 9.05

Table 4.3 Measurements of the Pterodactylus skull.

4.3.3 Anhanguera blitterdorfi

The Material

The following account of the brain of Anhanguera is based on a 3-D, complete and very

well preserved skull specimen from the Santana Formation (Early Cretaceous), around the Araripe

Basin, Santana, NE Brazil (see figure 4.5).

Previous workers

The brain of Anhanguera has not been previously described but Kellner and Tomida

(2000) provides some information about these pterosaurs.

General description

This large skull gives little information on the brain except that the cerebral hemispheres

are probably large and the optic lobes and cerebellum are likely to be in an avian configuration.

Description and Interpretation

The brain of Anhanguera was probably not tightly fitting to the braincase walls as details

of the brain are not visible from the exterior of the skull as they were in the Pterodactylus. Large

supratemporal fossae lie posterolateral to most of the braincase, further masking the shape of the

brain within.

However, some details of the brain can be documented. The frontals are wide, their

maximum width probably covering the back of large cerebral hemispheres. Behind these the

braincase narrows between the supratemporal fossae, accommodating the cerebellum. As there is
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no room dorsally for the optic lobes these must be tucked down in an avian position ventral to the

cerebral hemipsheres as they have been in the other pterosaurs examined. The external occipital

veins exit half way up the occipital face of the braincase.

Feature: S_l)_ecimenmeasurements (mml
Metric data for the endocast:
Maximum width of cerebral hemispheres -49
Height of braincase 82.2 (skull)
Length of braincase 430
Width of braincase 66.5
Maximum width of frontal 49.5
Height and width of foramen magnum 5.5 (squashed), 8
Height and width of occipital condyle 6,6.3

Table 4.4 Measurements of the Anhanguera blitterdorfi skull.

4.3.4 Tapejara wellnhoferi

The Material

This account of the brain of the tapejarid pterosaur Tapejara wellnhoferi is based on a

juvenile specimen (SMNK 1137 PAL) from the Ceara de Mosina Formation, of Aptian or

Cenomanian age, around Chapada do Araripe, Santana, NE Brazil. The specimen consists of the

very well preserved skull roof from which the endocast was taken (for the endocast, see figure 4.6).

Previous workers

No previous accounts have ever been written on the brain of a tapejarid pterosaur.

General description

The brain of Tapejara is round and bulbous like that of a bird. The prominent cerebral

hemispheres fill the endocranial cavity; the optic lobes are in a posteroventral position. The

cerebellum encroaches upon the back of the hemispheres, and has large cerebellar flocculi

projecting from it. The olfactory apparatus and the medulla oblongata are small.

Description and Interpretation

Despite the completeness and accessibility of this endocast, it sheds little light on the

anatomy of the olfactory apparatus. The anterior of the endocast is rounded and smooth revealing

no details of the olfactory region except that it must have been insignificant in size like that of

modern passeriform birds. The cerebral hemispheres are very large and bulbous, avian in character

(more so than those of Parapsicephalus) and fit tightly to the braincase walls. Their bulbous nature

may be in some part attributable to the juvenile status of the specimen (see section 3.8.3).
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Figure 4.5 Dorsal (a) and lateral (b) views of the skull ofAnhanguera blitterdorfi.
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Ventrolateral to the hemispheres are large optic lobes, which are more like those of a modern bird

in both position and size than those of the Jurassic Parapsicephalus, with the cerebellum positioned

dorsomedial to them and encroaching upon the back of the cerebral hemispheres. In Tapejara the

cerebellar flocculi are again of exceptionally large dimensions and project posterolaterally from the

cerebellum. No information is available on the medulla oblongata except that it is not very large

(there is little remaining space in the endocranial cavity for it to fill).

A large blood vessel is visible running posteriorly between the optic lobe and the cerebellar

flocculi, which is probably the external occipital vein. Edinger (1941) postulated that the brains of

pterosaurs had a valleculla as that of birds. This material makes this seem highly unlikely as the

brain fits very tightly to the endocranial walls and there is no sign of a valleculla.

Feature: Specimen measurements (mm)
Metric data for the endocast: SMNK 1137 PAL
Length of brain -23.8
Maximum width of cerebral hemispheres 18.85
Height of cerebral hemisphere 8.8
Length of cerebral hemisphere 12.65
Length and height of optic lobe 6.95,4.5
Metric data for the braincase:
Height of braincase 25 (partial braincase only)
Length of braincase 101.4 (including elongate spine)
Width of braincase 39.7
Maximum width of frontal 39.7

Table 4.5 Measurements of the Tapejara wellnhoferi skull.

4.4 The Dinosauria outside the Theropoda

The brains of the Dinosauria outside the Theropoda are varied and are useful in interpreting

the brains of the non-avian Theropoda by aiding an understanding of dinosaurian brain variation

and biology as a whole. The following material is taken from a wide range of the Dinosauria where

endocranial data were available; in ornithischians such as the Stegosauri a and the Ceratopinae, and

saurischians such as the Sauropoda.

4.4.1 Triceratops sp.

The Material

This account of the brain of Triceratops is based on specimen SMM P621111, a complete,

three-dimensional and well preserved endocast (see figure 4.7). This specimen was found in rocks

of Late Cretaceous (Maastrichtian) age in the NW USA.

74



Figure 4.6 Dorsal (a) and lateral (b) views of the synthetic endocast of
Tapejara wellnhoferi.
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Previous workers

The most comprehensive recent attempt to describe the brain of Triceratops was by Forster

(1996), who documented all the features of the brain except the names of the cranial vasculature. I

agree with Forster's (1996) interpretations except possibly for her identification of the position, and

lateral extent of, the optic lobes (which I believe may be positioned further posteriorly, or are at

least accentuated (if her positioning is correct) by a swelling of the transverse sinus). I have also

added labels to some of the vasculature.

General description

The brain of Triceratops is long and elongate in overall shape and did not fit tightly to the

braincase walls. The anterior part of the cast enveloping the olfactory apparatus does not reveal any

details of this region. The cavity opens out posteriorly to expansive cerebral hemispheres. The optic

lobes are positioned posterior to the back of the cerebral hemispheres, either in the much narrower

part of the braincase just anterior to the Vth nerve, or at the back of the most expansive region of

the braincase beneath the transverse sinuses, which also contains the cerebral hemispheres. There

are no data concerning the position of the cerebellum as there is no evidence of any cerebellar

flocculi to aid in its location. The medulla oblongata is large in proportion to the dimensions of the

rest of the brain. This brain is more rounded than those of the sauropods and stegosaurs described

later in this section.

Description and Interpretation

The olfactory apparatus of Triceratops was relatively large compared to those of derived

non-avian theropods such as Sauromitholestes. It is clear that the brain did not fit tightly to the

braincase walls as details of the olfactory apparatus, the optic lobes and the cerebellum are not

clear on the endocast.

Posterior to the apparatus the brain expands laterally and dorsally into the cerebral

hemispheres. These are large and rounded, and an oval protrusion projects from midway up their

walls. This same protrusion is seen in the Sauropoda and the Stegosauria, in which it is thought to

be for the passage of the IVth nerve as well as the anterior cerebral vein (see sections 4.4.2 to

4.4.6). In Triceratops there is a clear separate swelling for the passage of the IVth nerve

posteroventral to this vein, so the former protrusion probably represents the exit for the anterior

cerebral vein only.

Ventral to the hemispheres a large medially positioned anteroventrally directed second

(optic) nerve base projects under the brain. A second smaller projection is found directly posterior

to this for the passage of the third nerve. A large posteriorly oriented tubular feature running off the

posterior of the pituitary fossa is interpreted as the carotid artery and an anteriorly oriented tubular

feature coming off the anterior of the pituitary fossa next to the third nerve exit is interpreted as the

ophthalmic artery.

The optic lobes are probably positioned posterior to the large cerebral hemispheres. They

77



Figure 4.7 Left lateral (a) and dorsal (b) views of the endocast of Triceratops sp.
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Figure 4.7 Left lateral (c) and dorsal (d) views of the endocast of Triceratops sp.

79



may have been positioned further posteriorly than Forster (1996) suggests. All of the widest part of

the braincase was probably filled by the cerebral hemispheres (as is the case in the Theropoda),

meaning that the optic lobes were placed further posteriorly. Forster (1996) mistook the bulging

transverse sinus for the swelling of the optic lobes. The optic lobes may have been positioned under

the transverse sinus, as is often the case in archosaurs, or in the more posterior position

hypothesized above. This more posterior position matches that of the Vth nerve exit, which would

otherwise (if Forster's interpretation were accepted) be much further from the back of this lobe in

Triceratops than in any other dinosaur studied. However, sufficient evidence to resolve this issue is

not available. There is little information regarding the position of the cerebellum as it does not

impress against the braincase walls either and there is no evidence for cerebellar flocculi.

Some distance behind the junction of the pituitary fossa and the endocranial cavity is a

large rounded lateral projection from the walls of the endocast. This is a cast of the Vth nerve base.

A smaller and anteroventrally directed protrusion from the cast is found medial and ventral to the

the Vth nerve, and represents the base of the VIth nerve.

Posterior to the large Vth nerve is a smaller, not very well defined raised region on the

endocranial mould. The position and size of this feature suggests that it represents the bases of the

VIlth and VIIIth nerves. A larger rounded, ventrally directed feature posterior to this relatively

undefined area represents the IXth-XIth nerve bases. The three aligned smaller protrusions

posterior to this project ventrally from the endocast floor anterior to the foramen magnum

suggesting that they represent casts of the XIIth nerve bases.

A faint small oval swelling mid-way up the endocast wall, dorsal to the XIIth nerve exits,

probably represents the passage of the external occipital vein from the endocranial cavity. Two

triangular shaped swellings projecting dorsally off the endocast above the Vth nerve bases probably

represent the dorsal head veins which usually enter the braincase above this nerve.

The flat roof of the cerebral hemispheres and cerebellar region suggest that the brain fitted

loosely to the endocranial cavity walls and that extensive blood sinuses were also present within

the brain cavity.

Feature: Specimen measurements (mm)
Metric data for the endocast: SMM 6211/1
Length of brain 210.6
Length of olfactory apparatus 46.9
Maximum width of olfactory apparatus 35.1
(across both bulbs)
Minimum width of olfactory apparatus -25.5
(across both tracts)
Maximum width of cerebral hemispheres 65.85
Height of cerebral hemisphere -43.8
Length of medulla oblongata 122.4
Height of medulla oblongata (just 32
anterior to foramen magnum)

Table 4.6 Measurements of the Triceratops sp. skull.
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4.4.2 Stegosaurus armatus

The Material

This account of the brain of Stegosaurus is based on a cast of the endocast USNM 4936,

which is complete, well preserved and three-dimensional (see figure 4.8). The braincase from

which the endocast was made was found in the Morrison Formation of Late Jurassic age in

Colorado, North America. This "cast of a cast" is lacking in detail and so interpretation of some

regions is difficult.

Previous workers

There is some speculation that the transverse diameter of this cast of the endocast is too

small (Hopson 1979). Hopson's (1979) brief account of the Stegosaurus brain also points out the

mistakes made in the identification of some parts of the endocast by Marsh (1881), author of the

original description of this material.

McIntosh (1981) worked on a more complete and better quality cast of the endocast and his

work suggests that the cast specimen that I observed was lacking in some details. For example, the

specimen of Stegosaurus examined in McIntosh (1981) had a separate anterior cerebral vein exit

anterodorsal to the IVth nerve exit, and the exit of the external occipital vein was visible dorsal to

the casts of the XIIth nerves as it is in Kentrosaurus, implying that it would have also been present

in S. armatus. Unfortunately sufficient funds were not available to see this material personally.

General description

The brain is elongate, linear, does not fit tightly to the endocranial cavity walls and in this

respect is similar to a crocodilian brain (although this feature may be accentuated due to a falsely

narrow endocast (see Hopson 1979». Although this cast is not very detailed, some data on the brain

of Stegosaurus can be recorded. The olfactory lobes are large in comparison with the rest of the

brain. The cerebral hemispheres, found posterior to these lobes, form the widest part of the

endocranial cavity. The optic lobes are positioned posterior to the hemispheres with the cerebellum

behind them. The medulla oblongata is large in comparison with the rest of the brain, which overall

is primitive in terms of its anatomy and dimensions.

Description and Interpretation

The olfactory lobes of Stegosaurus are long and narrow. Proximal to the cerebral

hemispheres they are narrow, then they expand into large olfactory bulbs. The olfactory tracts are

short, meaning that the bulbs lie close to the anterior of the hemispheres.

The cerebral hemispheres are not broad, although it is thought that the endocast may be

missing some of its true transverse diameter. The hemispheres narrow posteriorly into the optic

lobe region. Although it is not possible to delineate these features it is probable that they are
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Figure 4.8 Left lateral (a) and dorsal (b) views ofa cast of an endocast of
Stegosaurus armatus.
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Figure 4.8 Left lateral (c) and dorsal (d) views of a cast of an endocast of
Stegosaurus armatus.
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posterior to the cerebral hemispheres, and that the cerebellum was posterior to them given the

elongate nature of the brain. The medulla oblongata is large and long relative to the size of the

brain and in comparison with those of derived non-avian theropod dinosaurs such as Bambiraptor

(see section 4.5).

Midway up the lateral wall of the anterior part of the cerebral hemisphere is a small

anteriorly facing protrusion. The size, orientation and position of this feature suggest that it may

represent the passage for the IVth nerve, as well as for the anterior cerebral vein. Posteroventral to

this lies a second small anteriorly facing medial protrusion which represents the cast of the second

nerve base. The pituitary fossa would have projected down from the posterior of this nerve base

during life, although this is not preserved on the endocast. A third slight projection from the

endocast walls approximately 10 mm behind the second nerve base represents the base of the third

nerve which is usually positioned at the posterodorsal junction of the pituitary fossa with the main

body of the endocast. Here preservation is bad and so this feature, normally large (McIntosh,

1981), is not well represented.

The ventral projection below the main endocranial cavity does not represent a feature of

the brain but is probably an artefact of the cast making process or created due to a breakage in the

braincase walls. The large rounded protrusion out from the endocast walls above this artefact is in a

characteristic position for the Vth nerve. A swelling projects ventroposteriorly from the endocast

walls behind the Vth nerve base. This swollen oval protrusion is probably associated with the

acoustic region of the skull, probably encompassing the casts of the VIIth and VIIIth nerve bases

and also the cerebellar flocculi (if there are any). Due to the bad quality of replication of the

endocast I am unable to be more precise.

Posterior to this projection, on the lower part of the endocranial walls, is a large

horizontally oriented protrusion that is pinched dorsoventrally in its centre. The position of this

feature suggests that it is a cast of the Xth nerve base. Directly posterior to this structure are two

small rounded protrusions, one behind the other about 10 mm apart, from the lower part of the

lateral endocast walls. Their position and size suggests that these projections represent the casts of

the XIIth nerve bases.

The endocast roof rises up sharply behind the flat roof of the cerebral hemispheres to form

a triangular shape approximately above the optic lobe region. The anterior and posterior walls of

this triangular shape form a narrow ridge where they meet dorsally. Either side of this region are

rounded dorsally oriented swellings which probably represent the dorsal head veins. Posterior to

these features the roof of the endocast domes upward slightly before coming down to the level of

the foramen magnum, this domed area probably enveloping the occipital blood sinus.
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Feature: Specimen measurements (mm)
Metric data for the endocast: U.S.N.M. 4936
Length of brain 190
Length of olfactory apparatus 51.7
Maximum width of olfactory apparatus 26.25
(across both bulbs)
Length and width of olfactory bulb -, -29.3 (both)
Length and width of olfactory tract -, 19.45 (both)
Minimum width of olfactory apparatus 19.45
(across both tracts)
Maximum width of cerebral hemispheres 32.75
Height of cerebral hemisphere -30
Length of medulla oblongata -86
Height of medulla oblongata Gust 24.85
anterior to foramen magnum)
Length and width of cartilaginous region -20, -11
of braincase roof
Table 4.7 Measurements of the Stegosaurus armatus skull.

4.4.3 Kentrosaurus aethiopicus

The Material

This account of the brain of Kentrosaurus is based on specimen MB ki 124, a complete,

three-dimensional and well preserved endocast (see figure 4.9). This specimen was found in the

Tendaguru Beds, of Late Jurassic (Upper Kimmeridgian) age in Kindope, Tanzania. The endocast

seems to have undergone some damage to the right cerebral hemisphere and a cast of the olfactory

apparatus has not been preserved, but otherwise the cast is relatively complete and in good

condition.

Previous workers

This Kentrosaurus specimen was originally described by Hennig in 1915, and again in

1925. Galton (1988) then re-described this same material. Galton improved the description, but

there are some differences between his interpretations and those below; most are due to problems

with the quality of the cast I studied. For example the small protrusion dorsal to the third nerve exit

in Galton's description was not visible on the endocast surface. I agree with Galton that the Vlth

nerve exit is probably where he has placed it, but once again the quality of the cast studied was not

high enough to make out this feature. The major disagreements between Galtons' interpretations

and the present one concerns the cerebellar flocculi and his ductus endolymphaticus. I believe that

the cerebellar flocculi are more posteroventral in position, and that what he has interpreted as the

cerebellar flocculi are in fact a swelling of the transverse sinus. The actual position of the cerebellar

flocculi is probably where Galton has placed the ductus endolymphaticus (see interpretations

below).
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General description

The brain of Kentrosaurus is slightly fuller and more robust than that of the Stegosaurus

specimen examined, supporting the hypothesis that the previously described specimen is lacking in

its transverse diameter (the Stegosaurus described by McIntosh (1981) also suggests this). The

olfactory apparatus is unfortunately not preserved on this specimen and the right cerebral

hemisphere is distorted by damage, but the original slightly rounded area enclosing the cerebral

hemispheres is decipherable. It is not possible to estimate the exact positions of the optic lobes and

cerebellum, but it is highly probable that they were aligned linearly within the endocranial cavity.

The medulla oblongata is relatively large. Overall the brain is narrow, elongate and flat, with more

crocodilian brain characters than avian ones.

Description and Interpretation

The anterior part of this endocast is not well preserved so no data on the olfactory

apparatus are available. The cerebral hemispheres are rounded and probably form the widest part of

the endocranial cavity (it is not possible to be certain due to the damage to the right hemisphere).

Midway back through the hemispheres and half way up their walls projects a rounded protrusion,

its position suggests that this is a cast of the passage for the Nth nerve and the anterior cerebral

vein.

Ventral to the cast for the Nth nerve base is a much larger medially positioned and

anteroventrally directed projection for the second nerve. Immediately posterior to this feature the

pituitary fossa stretches down under the main cavity. Unfortunately this feature is not very well

preserved and hence no detail can be given concerning its morphology. Directly dorsal to the

pituitary fossa lies a large, rounded and characteristically positioned cast of the third nerve base.

Posterior to the third nerve base just after the join of the mid-brain to the medulla

oblongata lies a slightly larger protrusion that is in a characteristic position for the Vth nerve.

Dorsoposterior to the Vth nerve base is a smaller, less well defined swelling out from the lower

endocast walls, this swelling probably encompassing both the VIIth and VIIIth cranial nerve bases.

Posterodorsal to this small protrusion is another projection, with a slightly sunken rim around it;

this area may represent a small cerebellar flocculus that usually projects into this region, the

acoustic region. This feature was not visible on the Stegosaurus cast, but this is probably due to

both its small size and the lack of detail present on the later specimen.

Posterior to the casts of nerve bases VII and VIII is a large dorsoventrally oriented nerve

base for the passage of the IX-XIth nerves. A pair of smaller rounded protrusions are posterior to

this larger nerve base, one level with the base of the IXth-Xlth foramen, and one level with its

dorsalmost point. These two small casts of nerve bases, that are positioned close to the foramen

magnum and low down on the endocranial walls, represent the XIIth nerve bases. Dorsal to these

two features is a larger rounded projection that is probably vascular in origin, perhaps the external

occipital vein.

The roof of the endocranial cavity is similar to that of Stegosaurus. The roof over the
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Figure 4.9 Right lateral (a) and dorsal (b) views ofthe cast of an endocast of
Kentrosaurus aethiopicus.

87



IV/Ant.MS ki 124 Cartilag.
reg

CbI. fl

c

I

IX-XI
50mm

Figure 4.9 Right lateral (c) and dorsal (d) views of the cast of an endocast of
Kentrosaurus aethiopicus.

MS ki 124

Med. ob

Cbhms
! I
I 'I
(

___ --

Cartilag. V,
reg ,

(.' __7

d 50mm

88



cerebral hemispheres remains relatively flat, but then rises up centrally to form a triangular shape

level with the trigeminal foramen below. An elongate vascular channel runs down from either side

of this swollen roof area, the peak of which probably represents the dorsal head veins. The channels

running down away from these areas probably represent the transverse venous sinuses which

terminate dorsal to the trigeminal nerve exits.

Feature: Specimen measurements (mm)
Metric data for the endocast: MBKil24
Length of brain 99.1 (endocast without olf. ap)
Maximum width of cerebral hemispheres -30.4
Height of cerebral hemisphere 26.4
Length of cerebral hemiSQ_here 36.1
Length of medulla oblongata -56
Height of medulla oblongata (just 28
anterior to foramen magnum)

Table 4.8 Measurements of the Kentrosaurus aethiopicus skull.

4.4.4 Dicraeosaurus hansemanni

The Material

This account of the brain of Dicraeosaurus is based on specimen MB. R. 1917; a complete

and 3-D synthetic endocast (see figure 4.10). The specimen is derived from material from the

Tendaguru Beds, of Upper Jurassic age from Tendaguru, Tanzania.

Previous workers

Janensch (1935-36) published extensive details of this endocast and I agree with most of

his interpretations except those that Hopson (1979) also disagrees with - such as the assertion that

sauropods had a parietal eye (or pineal organ - an organ of the brain which, in some reptiles, has

light receptors and functions in a similar way to an eye). In order for this 'eye' to function there

needs to be a hole in the roof of the skull through which light may enter to reach it. In the

sauropods Janensch studied there appears to be a hole in the bones roofing the braincase. In reality

this region was probably a region of cartilage or was filled with a blood sinus, and would have been

covered by bone more dorsally. I also disagree with Janensch's placement of the IVth nerve which

probably exited the braincase cavity lower than he hypothesized.

General description

The endocast of Dicraeosaurus does not fit tightly to its endocranial cavity. It has an

elongate shape and has large protrusions coming off the main body of the endocast dorsally and

ventrally, representing either a cartilaginous part of the braincase roof or a blood sinus and the

pituitary fossa respectively. The olfactory region is not present for examination; either it was

extremely small in life or its anterior extremities were encased in cartilage. The cerebral region
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forms the widest part of the endocast although its limits are not clearly visible on the endocast

walls. Little information concerning the positions of the various brain regions is available other

than that they seem to be linear as the brain was not highly flexed (is it therefore likely that the

optic lobes lay behind the cerebral hemispheres with the cerebellum medioposterior to them).

Description and Interpretation

The anterior of the endocast reveals little information about the olfactory apparatus.

Posterior to this, a large, oval, dorsoventrally oriented protrusion half way up the walls of the

cerebral hemispheres functioned as the passage for the Nth nerve (as well as probably that for the

anterior cerebral vein).

Anteroventral to these features are two larger anteroventrally projecting casts of nerve

bases in the characteristic position for the second nerves, running down into the orbits. Posterior to

these, and in its usual position above the narrow proximal part of the pituitary fossa, is a marked

protrusion, the base of the third nerve. The pituitary fossa is large and oriented posteroventrally

under the endocast, but is badly preserved and hence little detail of this structure is known here.

Directly posterior to the pituitary fossa is the anterior of the medulla oblongata. The first

protrusion along the ventral part of this region is characteristic in size and position - it is the nerve

base of the Vth nerve. Two small raised rounded structures project ventrally from the base of the

endocast, medial and ventroposterior to the Vth nerve, and hidden in ventral view by the pituitary

fossa - these represent the VIth nerves. As in 'Barosaurus' africanus and Brachiosaurus below, a

raised dorsoventrally oriented linear feature, that represents part of the transverse sinus, is found

immediately dorsal to the Vth nerve base. This feature is associated, as in the other sauropods of

this study, with a dorsally oriented entrance into the endocranial cavity for the dorsal head vein

above and a large dorsoventrally oriented oval swelling out from the braincase walls for the

transverse sinus behind.

Ventral to the transverse sinus and directly posterior to the Vth nerve base lies a

characteristically small, rounded protrusion representing the VIlth nerve base. Posterior to this

protrusion lies a much larger protrusion in the acoustic region. Here, as in 'Barosaurus' africanus

(below), this region does not appear to have been ossified during life. As there are no easily

identifiable separate features representing the cerebellar flocculi it is thought that they may be

encompassed within the dorsal part of this acoustic structure pressing out from the endocast walls.

They may also be represented by the rounded swelling protruding posterior to the transverse sinus

and dorsal to the Vth nerve base (see figure 4.10), but this is probably too anterodorsal in position

to represent the cerebellar flocculi. Further posterior to the acoustic region is a very large pear-

shaped projection out into the braincase walls, this being characteristically positioned for the Xth

nerve base. The external occipital vein probably left the braincase just dorsal or dorsoposterior to

the Xth nerve exit. In Dicraeosaurus, as in 'Barosaurus' africanus and Brachiosaurus, a small

rounded cast of a nerve base is found in a ventral position on the endocast wall just anterior to the
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Figure 4.10 Right lateral (a) and dorsal (b) views of a synthetic endocast of
Dicraeosaurus hansemanni.
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Figure 4.10 Right lateral (c) and dorsal (d) views of a synthetic endocast of
Dicraeosaurus hansemanni.
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foramen magnum which allowed the passage of the XIIth nerve in life.

Dorsal to the cerebral hemispheres is a very large protrusion up into the braincase roof,

relatively larger than those of the other two sauropodomorphs studied here. As in 'Barosaurus'

africanus (see section 4.4.5) there is a larger anterior, more circular part and a posterior more oval

part to this once cartilaginous / blood-filled sinus region of the braincase roof.

Feature: S_p_ecimenmeasurements (mml
Metric data for the endocast: MB.R.1917
Length of brain 119.5
Maximum width of cerebral hemispheres -50
Length of cerebral hemisphere -44
Length of medulla oblongata 68.9
Height of medulla oblongata (just -40.5
anterior to foramen magnum)
Length and width of cartilaginous region 37.5, 27.4 (anterior part) and 15.05, 25.2 (posterior
of braincase roof part)

Table 4.9 Measurements of the Dicraeosaurus hansemanni skull.

4.4.5 'Barosaurus' africanus

The Material

The account of the brain of 'Barosaurus' africanus is based on a juvenile specimen,

MB.R.1913; a complete and 3-D synthetic endocast (see figure 4.11). This specimen was found in

the Tendaguru Beds, of Kimmeridgian (Upper Jurassic) age from Mtwara, Tanzania.

Previous workers

The same references and comments apply as for Dicraeosaurus above: Janensch (1935-36)

and Hopson (1979).

General description

The brain of this sauropod fitted closely to the walls of the endocranial cavity. The cerebral

hemispheres are rounded and prominent in dorsal view. forming the widest part of the endocast.

The position of the optic lobes and cerebellum is not distinguishable on the endocast. The medulla

oblongata is relatively large in comparison with that of some of the derived non-avian theropod

dinosaurs such as Bambiraptor (see section 4.5). Little information is available concerning the

olfactory apparatus, probably because this region was surrounded by cartilage in life. Overall the

brain retains an elongate and narrow shape.

Description and Interpretation

It is difficult to decipher the structure of the tissues that made up the most anterior part of
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the brain from the endocast. The large downward facing triangular-shaped anterior end of the

endocast probably represents the posterior part of the olfactory apparatus that would have been

surrounded by cartilage further anteriorly during life. The cerebral hemispheres start to open out

just behind the most anterior part of the cast. They form the widest part of the endocranial cavity

and are very rounded in shape. The smaller size of this endocast compared to those of the other

sauropods examined, and the smoother braincase walls (indicating that the sides of the brain were

pressed closely to them in this case) and the relatively larger and more rounded cerebral

hemispheres are all evidence that this endocast could have come from a juvenile specimen (see

section 3.8.3).

Dorsoposterior to them are two probably cartilaginous or blood-filled sinus regions of the

braincase roof. The anterior one is round and the posterior one is shaped as a two-dimensional

transversely sectioned bowler hat with its rim facing anteriorly and its bowl facing posteriorly (see

figure 4.10.

Three-quarters of the way up the side of the cerebral hemispheres is a small oval-shaped

antero-posteriorly oriented protrusion from the endocast walls. This probably represents the cast of

the base for the IVth nerve; the passage may have also had a vascular function (the anterior

cerebral vein may pass through here). Ventral to this lie two large anteroventrally directed casts of

nerve bases. Their medial position just anterior to the pituitary fossa implies that they represent the

bases of the second nerves.

The pituitary fossa does not reach far posteroventrally under the endocast, being small in

comparison with that of the adults. The passage of the sixth nerve from the endocranial cavity is

found approximately half way down the pituitary fossa on its lateral sides. The carotid artery enters

the braincase via the base of the pituitary fossa as in Brachiosaurus below. Dorsal to the posterior

join of the pituitary fossa to the main part of the endocranial cavity is a very large base of the nerve

stump for the third nerve. Directly posterior to this is the start of the medulla oblongata. Just into

this region of the brain lies a slightly smaller characteristically positioned cast of a base for the Vth

nerve. Dorsal to this lies an elongate raised linear feature (dorsoventrally oriented) with a raised

dome at its dorsal most point, the dome probably represents the entrance of the dorsal head vein into

the braincase. The more ventral part of this raised linear feature, and the whole dorsoventrally

oriented oval, raised swollen area ventral and posterior to this vascular feature, probably represent

the tranverse sinus.

Posterior to the Vth nerve lies a smaller rounded protrusion from the endocast walls for the

passage of the VIIth nerve. A large elongate dorsoventrally oriented swelling, which was probably

part of the acoustic region of the braincase, is located behind the smaller VIIth nerve base. The cast

of the VIIIth nerve base is usually small, so part of the wall of this region was probably

cartilaginous in 'Barosaurus' africanus as it is in other sauropods such as Diplodocus (explaining

the larger than usual size). As this open region reaches upwards towards the region where the
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Figure 4.11 Left lateral (a) and dorsal (b) views ofa synthetic endocast of
'Barosaurus' africanus.
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Figure 4.11 Left lateral (c) and dorsal (d) views ofa synthetic endocast of
'Barosaurus' africanus.

96



cerebellar flocculi are usually positioned, and because there is no other information concerning

their position on the endocast, it is presumed that these extended protrusions encompass the

flocculi (which are presumed to be small here as they are in Brachiosaurus and other

sauropodomorphs such as Diplodocus (see below». It is also possible that they were so

insubstantial in size that they are simply not reflected in the endocast walls at all, or that they form

the rounded swelling dorsal to the Vth nerve base and posterior to the transverse sinus (see figure

4.11), although this seems a little too anterodorsal in position to represent this feature.

Posterior to this unusual feature of the 'Barosaurus' africanus endocast, lie two rounded

protrusions, one dorsal to the other, neither very large. The more ventral cast probably represents

the base for the Xth nerve. The upper protrusion is probably for the passage of the external

occipital vein, which is found in this position dorsal to the Xth nerve exit in both Brachiosaurus

(below) and Dicraeosaurus. Just anterior to the foramen magnum and low down on the endocast

wall lies a small rounded cast of a nerve base which represents that of the XIIth nerve. The

posterior roof of the endocast, over the medullary region, is very smooth, wide and flat indicating

that the brain was not tightly fitting to the endocranial cavity in this area and that a large occipital

blood sinus is probably lying between the brain and the braincase walls here.

Feature: Specimen measurements (mm)
Metric data for tbe endocast: MB. R.1913
Length of brain -90
Maximum width of cerebral hemispheres 57.6
Height of cerebral hemisphere -34.6
Length of cerebral hemisphere -33
Length of medulla oblongata 42.5
Height of medulla oblongata (just 35.1
anterior to foramen magnum)
Length and width of cartilaginous region 12,20 (anterior portion). 10. 22 (posterior portion)
of braincase roof

Table 4.10 Measurements of the 'Barosaurus' africanus skull.

4.4.6 Brachiosaurus brancai

The Material

This account of the brain of Brachiosaurus is based on a synthetic endocast (MB. I.

121.02) from the Tendaguru Beds, of Kimmeridgian (Upper Jurassic) age from Mtwara, Tanzania.

The endocast is complete and three-dimensional (see figure 4.12).

Previous workers

The same references and comments apply as for Dicraeosaurus and 'Barosaurus'

africanus above: Janensch (1935-36) and Hopson (1979).
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General description

The brain is elongate and narrow and does not fit tightly to the endocranial cavity walls.

The combination of the casts of large nerve bases, large vascular channels and cartilaginous regions

or blood sinuses in the roof of the braincase creating protuberances on the braincase walls results in

an endocast that does not closely resemble the brain as in the above two cases. Despite this it is

evident that the cerebral hemispheres form the widest part of the cavity, with the optic lobes

posterior to them. The cerebellum was probably posterior to both of these. with very small

cerebellar flocculi. The anterior of the cast clearly represents the olfactory apparatus. although this

region probably represents only the posterior part of this apparatus. The brain has a more primitive

archosaurian character than those of the non-avian theropod dinosaurs.

Description and Interpretation

The anterior region of the endocast represents the olfactory apparatus, although it is

uncertain how much is represented here because the most anterior portion, probably cartilaginous

in life, is not preserved. If this was the entirety of the olfactory apparatus then it is short and

relatively small in comparison with those of the non-avian theropod dinosaurs.

Posterior to this apparatus the braincase widens to accommodate the cerebral hemispheres.

The lateral sides of these structures are not tightly pressed to the walls of the cavity. Ventrolateral

to the cerebral hemispheres is a large. elongate and characteristically positioned cast of a nerve

base which probably served for the passage of the Nth and possibly the third nerve as well as a

vascular channel. Medioventral to these features is an anteriorly facing cast of a nerve stump.

positioned just anterior to the pituitary fossa. This channel would have allowed passage of the

second nerve into the orbit.

Dorsal to these features the roof of the braincase is very uneven. A large. roughly square

region is carved out of the braincase roof that could have held a large blood sinus or could have

been made of cartilage. A large pituitary fossa runs posteroventrally under the braincase. Two large

passages on the most ventral part of the fossa are probably for the passage of the carotid artery.

Further dorsally on the posterior face of the fossa is another small cast of a passage. It is likely that

this is for the VIth nerve as it moves anteriorly through the skull from its braincase exit posterior to

the fossa. On the dorsolateral sides of the fossa is one last set of medium-sized protuberances.

These could be for the passage of the third nerve, although they seem a little too far ventral for this

to be the case.

Posterior to the join between the main part of the endocranial cavity and the pituitary fossa

is a characteristically positioned large and rounded cast of a nerve base representing the trigeminal

nerve. Directly posterior to this is a small cast of a nerve base which is positioned near to the

acoustic region of the skull. This raised region out from the endocast walls probably represents that

for the VIIth and VIIIth cranial nerves that often leave the cranial cavity in close association.

Posterodorsal to these braincase exits is another small protrusion from the endocast walls, which
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Figure 4.12 Left lateral (a) and dorsal (b) views of a synthetic endocast of
Brachiosaurus brancai.
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Figure 4.12 Left lateral (c) and dorsal (d) views of a synthetic endocast of
Brachiosaurus brancai.
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accommodated the small cerebellar flocculi in life. A large dorsoventrally oriented cast of a nerve

base is situated posterior to the small swelling out from the endocast sides for the cerebellar

flocculi. This characteristic protrusion is for the passage of the IX-XI nerves. The most posterior

small, rounded area raised from the endocast walls represents the cast of the base of the XIIth

nerve.

Dorsal to the IX-XI nerve exit is a posterodorsally oriented protrusion from the endocast

walls, which probably represents the channel for the passage of the external occipital vein. Directly

dorsal to the trigeminal nerve is a large protrusion from the endocast walls - this bulging region

probably represents the transverse sinus. Dorsal to this is smaller protrusion that is probably for the

passage of the dorsal head vein.

Feature: Specimen measurements (mm)
Metric data for the endocast: MH. I. 121.02
Length of brain -140 (without end olf. ap)
Length of olfactory apparatus 18.6
Maximum width of olfactory apparatus 31.5 (of what have)
(across both bulbs)
Minimum width of olfactory apparatus 19.85
(across both tracts)
Maximum width of cerebral hemispheres 34.7
Length of cerebral hemisphere -43
Length of medulla oblongata 73.75
Height of medulla oblongata (just 41.25
anterior to foramen magnum)
Length and width of cartilaginous region 50.2,48.05
of braincase roof

Table 4.11 Measurements of the Brachiosaurus brancai skull.

4.5 The non-avian Theropoda

This is the most important section of the descriptive chapter as the non-avian Theropoda

are informative about the changes in the brain leading up to the theropod-bird transition. A wide

range of material has been examined, for the broadest possible understanding of the evolving

neuroanatomy of this group. Many, although not all, of the non-avian theropod taxa were studied;

their inclusion in (or exclusion from) this study depended upon the availability of material.

4.5.1 Eoraptor lunensis

The Material

This account on the brain of Eoraptor is based on a cast of the 3-D skull (a cast of PVSJ

512, see figure 4.13) from the Ischigualasto Formation (Upper Triassic (Middle Carnian» of NW
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Argentina. The skull is small, broken towards its posterior end and has been slightly crushed

transversely. Despite these factors, it maintains some structural integrity. Little information except

crude measurements can be obtained from the lateral view of the cast, but the dorsal view offers

some detail of the cranial space available to the brain. No cranial nerve exits or details of the

topology of the different parts of the brain are apparent.

Previous workers

Sereno et al. (1993) described this material, but made no attempt to discuss any features of

the brain or braincase.

General description

The walls of the braincase do not display any outward curvature over the cerebral

hemisphere region or the cerebellar region, suggesting that the brain was not large relative to the

size of the skull and was not filling all the available space at the back of the skull. The brain itself

was probably narrow, elongate and flat, and closer in overall shape to the crocodilian brain than the

avian one. Given the poor preservation state of the actual specimen, and the fact that this is a cast, it

is not possible to be certain about the braincase characters.

Description and Interpretation

The bones of this narrow skull are broken such that the sutures are no longer decipherable

on the cast. Part of the frontal bones can be distinguished above the cerebral hemisphere region so

that the width of the hemispheres can be estimated. There is space under these bones anteriorly

(running between the orbits) for an olfactory apparatus of approximately 15 mm in length.

Posteriorly the parietals form a narrow ridge between the supratemporal fenestrae where they reach

a minimum width of just 14.5 mm. Presumably this region held the cerebellum in life.

Some of the supraoccipital is visible in posterior view. Although little of the original bone

is present, from what remains it is not likely that there was any pronounced outward curvature such

as is seen in more crownward small non-avian theropods, such as Omitholestes, to provide more

space for an expanded brain. A slightly displaced occipital condyle is found relatively centrally on

the occipital face. Its original position is unknown because there is not enough information

concerning the surrounding bone structure.

It is not possible to distinguish the exact sizes and positions of the different parts of the

brain from this cast, but they can be hypothesized using the information available: the cerebral

hemispheres are relatively small and the optic lobes are tucked in behind them in a dorsomedial

position. The cerebellum is posterior to the optic lobes and dorsal to the medulla oblongata which

runs ventrally to meet the cast of the foramen magnum. The olfactory apparatus is dorsomedial to

the orbits under the frontal bone, as mentioned above. Despite the difficulties associated with

accessing data from this skull, it is possible to infer that the brain is primitive.
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Figure 4.13 Right lateral (a) and dorsal (b) views of a synthetic cast of the skull
of Eoraptor lunensis.
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Figure 4.13 Right lateral (c) and dorsal (d) views ofa synthetic cast of the skull
of Eoraptor lunensis.
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Feature: Specimen measurements (nun)
Metric data for the endocast from the Cast of PVSJ 512
braincase:
Length of brain -65 (highest estimate)
Length of olfactory apparatus -up to 15
Maximum width of cerebral hemispheres -25
Metric data for the braincase:
Height of braincase -56
Length of braincase -120
Width of braincase -38
Maximum width of frontal -26

Table 4.12 Measurements of the Eoraptor lunensis skull.

4.5.2 Herrerasaurus ischigualastensis

The Material

The account on the brain of Herrerasaurus is based on a 3-D cast of the complete skull (a

cast of PVSJ 407, see figures 4.14 and 4.15) from the Ischigualasto Formation (Upper Triassic) of

NW Argentina. This long, narrow skull was cast in a dark grey plastic, meaning that the sutures

between the bones are not clear. The skull is skewed to the left ventrally. The major cranial

openings were filled in for protection during the casting process so they are smooth and therefore

offer no details of the braincase beneath. None of the cranial nerve foramina are visible on the cast

of the skull. The dorsal view provides some potential brain measurements.

Previous workers

Sereno and Novas (1992 & 1993) described the skull of Herrerasaurus, but no attempt to

discuss features of the brain or braincase was made.

General description

The brain of Herrerasaurus is probably long and elongate like the skull. There is nothing

to suggest any great degree of development or flexure here. The brain was not large relative to the

size of the skull and was probably relatively primitive, sharing features with those of crocodilians.

Description and Interpretation

The bones of this narrow. elongate skull remain intact and in their original positions apart

from the left ventrolateral skewing. A vague outline of the cerebral hemispheres. optic lobes and

cerebellum can be hypothesized from a dorsal view of the skull, beneath the frontals and parietals.

There is ample room for an olfactory apparatus of crocodilian proportions. The cerebellum was
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Figure 4.14 Left lateral (a) and right lateral (b) views ofa synthetic cast of the skull
of Herrerasaurus ischigualastensis.
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Figure 4.15 Dorsal views of a synthetic cast of the skull of Herrerasaurus
ischigualastensis.
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probably not particularly large because the parietals narrow between the supratemporal fossae to a

minimum width of just 24.2 mm.

In posterior view the occipital plate is short and high up, as is the foramen magnum,

meaning that there was probably not much flexure in the brain. There does not appear to be any

outward curvature on the supraoccipital apart from a very slight line down the midline suggesting

that the brain did not press tightly up against the endocranial walls in this region.

A hypothetical positioning of the various brain parts can be constructed based on the skull

morphology: the cerebral hemispheres are positioned behind the olfactory apparatus and are

relatively narrow, the optic lobes are behind them in a dorsomedial position, the cerebellum is

posterodorsal to these and the medulla oblongata runs ventrally beneath it. The olfactory lobes are

anterior to the brain and large. Unfortunately the complete nature of this braincase and the lack of

its tight moulding to the brain within means that it is not possible to be certain of the state of this

neural system, apart from that it is primitive relative to that of an advanced non-avian theropod

such as Bambiraptor (see section 4.5.15).

Feature: Specimen measurements (mm)
Metric data for the endocast: Cast of PVSJ 407
Length of brain -100
Length of olfactory apparatus -27
Maximum width of cerebral hemispheres -38
Metric data for the braincase:
Height of braincase 138 (maximum)
Length of braincase 300
Width of braincase 90.S
Maximum width of frontal -so
Maximum length of frontal -72
Height and width of foramen magnum 11,13.5
Height and width of occipital condyle 11.2, IS.9

Table 4.13 Measurements ofthe Herrerasaurus ischigualastensis skull.

4.5.3 Majungatholus atopus

The Material

This description is based entirely upon the three-dimensional Madagascan skull of

Majungatholus atop us (FMNH PR 2100 (12), see figures 4.16 and 4.17) from the Maevarano

Formation (Upper Cretaceous (Campanian'ij) of the Mahajanga Basin, Northwestern Madagascar.

This braincase is virtually complete, and is preserved in exquisite detail in a white rock that

resembles the original bone. The left side of the braincase is more cracked and distorted than the

right. The braincase is intact and so the information on the internal anatomy of the braincase comes

mainly from the study of tranverse CAT Scans (studied courtesy of Cathy Forster at Stony Brook

University; see figures 4.18 and 4.19). Information concerning the cranial nerves was obtained via

examination of their foramina in the braincase.
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Previous workers

Sampson et al. (1998) have written a preliminary description of this material, but no mention of

the brain or braincase was made. A paper describing the braincase is underway (pers. comm. Cathy

Forster 1998).

General description

The braincase is well preserved and, together with the CAT Scans, offers considerable

information about the brain of Majungatholus. The brain is primitive in overall shape and in the

topology of its constituent parts. It is narrow and elongate, closer to the crocodilian condition than

the avian one. The olfactory apparatus is very large, the cerebral hemispheres are narrow, the optic

lobes remain in a dorsomedial position with the cerebellum behind them and the medulla oblongata

sits under the cerebellum filling the braincase to the foramen magnum.

Description & Interpretation

The CAT Scans

The anteriormost region of the brain cavity, the olfactory apparatus, in the first CAT scan

(see figure 4.18) consists of two small bulbous chambers beneath the enormous nasal cavity. The

two rounded areas are pinched medioventrally by the bone which encases them. These chambers

represent the olfactory bulbs, which together are approximately 34 mm in maximum width.

Moving back through the skull into the second CAT scan this enclosed area quickly reduces in

width as the olfactory tracts are reached. Together these are approximately 12.5 mm in width.

In the third scan the endocranial cavity starts to expand once again, increasing in the fourth

scan to a maximum width of -48.7 mm. The sides of this region of the cavity curve down to a point

in the lateroventral comers, giving it a hemispherical shape, this part of the cavity holding the

cerebral hemispheres. In the fifth CAT scan (figure 4.19) there are two rounded impressions

pressing out into the braincase walls. These impressions are interpreted as the space where the optic

lobes were located. They are found in this central part of the brain behind the cerebral hemispheres

in Sphenodon and the Crocodylia. Above these lateral bulges, there is a swelling into the roof of the

braincase which probably represents the space left where part of the braincase was made of

cartilage in life and which is now filled with sediment.

There is a small space in the bone under the optic lobes - this is probably for the pituitary

fossa which slopes posteroventrally beneath the braincase in non-avian theropods. By scan 6 the

cartilaginous region (which was part of the braincase roof) is already diminishing in size and the

medulla oblongata, the beginnings of the cerebellum and the overlying occipital sinus fill the

remaining cavity space. Beneath the endocranial cavity the pituitary fossa has expanded towards its

base. In CAT scan 7 this fossa has closed, and the medulla oblongata and cerebellum fill the larger

space above. In the eighth and final scan the cerebellum is tapering to its end and the medulla
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Figure 4.16 Right lateral (a) and anterolateral (b) view from the left of
Majungatholus atopus.
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Figure 4.16 Right lateral (c) and left anterolateral (d) view of the skull of
Majungatholus atopus.
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Figure 4.17 Ventral (a) and posterior (b) views of the skull of
Majungatholus atopus.
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Figure 4.17 Ventral (c) and posterior (d) views of the skull of
Majungatholus atopus.
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Figure 4.18 Transverse CAT scans (l to 4) of the skull of Majungatholus atopus
(FMNH PR 2100(12)).
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Figure 4.19 Transverse CAT Scans (5 to 8) of the skull of Majungatholus atopus
(FMNH PR 2100(12)).
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oblongata is narrowing down to the size of the foramen magnum. A large, presumably pneumatic,

cavity is visible in the basisphenoid.

The brain of Majungatholus is very similar to that of Allosaurus (see section 4.S.S) in its

basic structure. Unfortunately, although these CAT scans have given much information about the

dimensions and topology of the brain, they contained little detail concerning the position of the

cranial nerves. The external position of the foramina for these nerves in the braincase can aid

interpretation of anatomy and structure.

The braincase

In ventral view (see figure 4.17), moving posteriorly from the anterior of the frontals, the

exits for the olfactory nerves are encountered in a medial position. They leave the braincase via two

large anteriorly facing foramina, each approximately ISmm in diameter.

Posteroventrally, there are two anteriorly facing, medially positioned oval foramina of

7rnm in transverse diameter. These distinctively placed foramina are interpreted as those for the

optic nerves. The identification of these nerves aids the interpretation of the surrounding foramina.

The nerve configuration is similar to that seen in Allosaurus. The third nerve lies caudoventral to

the optic nerves in an elongate slit -10 mm in length behind a broad ridge of bone. The IVth nerve

exited via a smaller rounded foramen just dorsal to the third nerve. Below the posteroventral end of

the oculomotor nerve foramen is the probable exit of the ophthalmic branch of the Vth nerve. This

foramen is not very large, a few millimetres in diameter and anteriorly facing. There is a small

rounded foramen (approx. 2mm diameter) about l Smm dorsal to the middle of the third nerve

foramen, the function of which is probably vascular (figures 4.16 and 4.17, vase).

The second set of very distinctively positioned foramina corresponds to the Vth and VIIth

nerves. The second Vth nerve foramen is large, rounded and approximately 7mm in diameter and

found above a flange in the prootic (the crista prootica). The maxillary and mandibulary branches

of this nerve passed through the braincase walls here. A much smaller opening in a bridge of bone

in the braincase wall just posterior to this large foramen is interpreted as that for the seventh nerve.

Ventral to these nerve foramina, a large foramen is found going up under the flange in the

prootic that is interpreted as the path of the carotid artery. A large dorsoventrally divided cavity

excavates the sides of the posterior part of the skull behind this prootic flange. Dorsally, above a

bridge of bone that crosses the excavation (formed by a small ventral flange of the opisthotic), is

the fenestra ovalis. There is a furrow along the anterior surface of the paroccipital process leading

away from the fenestra ovalis, similar to that seen in Allosaurus, which represents the path of the

stapes in life.

A probably vascular structure (perhaps the external occipital vein) exited the supraoccipital

dorsomedial to the foramen magnum and ran laterally between the dorsal edge of the paroccipital

processes and the ventral edge of the parietals in occipital view. The origin of these vascular paths

are in foramina of -lOmm diameter that pierce the occipital face and lie 20mm above the foramen
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magnum and approximately 20mm apart. In lateral view this vascular path can be seen to continue

between the parietal and paroccipital process.

In ventral view a large transversely split recess is visible on the midline of the basisphenoid

just anterior to the basisphenoid-basioccipital suture. This recess probably opens up posteriorly into

the eustachian tube system and anteriorly into a blind-ended pit.

In occipital view a foramen is tucked in under the top of the occipital condyle in a

characteristic position for the XIIth cranial nerve. A set of unusual openings are found medially

below the occipital condyle which could be pneumatic in origin (Tyrannosaurus rex has similar

openings in this area). It is unclear where the Xth nerve exited the braincase. It probably exited

laterally through the metotic foramen as there is no clear cranial nerve foramen for its exit from the

braincase on the occipital face.

Feature: Specimen measurements (mm)
Metric data for the endocast: FMNH PR 2100 (12)
Length of brain 157.49 (FM to anterior olf ap), 106.84 (FM to anterior

cbhms)
Maximum width of olfactory apparatus -34
(across both bulbs)
Minimum width of olfactory apparatus -12.5
(across both tracts)
Maximum width of cerebral hemispheres -48.7
Metric data for the braincase:
Height of braincase 200.75 (occipital view)
Length of braincase 225.42 (dorsal view)
Width of braincase 152.26 (occipital view), 166 (dorsal view)
Height and width of foramen magnum 21,26.41
Height and width of occipital condyle 31.18,43.71

Table 4.14 Measurements of the Majungatholus atopus skull.

4.5.4 Sinraptor dongi

The Material

This description is based on a cast of the 3-D braincase of Sinraptor (a cast of IVPP 10600,

see figure 4.20) from the Shishugou Formation (Upper Jurassic) of the Junggar Basin, NW China.

Little endocranial information can be deduced from this cast of the skull (which is slightly crushed

laterally) apart from some estimated dimensions and details of the external emergence of a few

cranial nerves. Because this organism is similar to its close relative Allosaurus (see section 4.5.5),

the following description focuses mainly on the differences between these two non-avian theropods

in order to minimise repetition. Where details are not visible on the cast, reference is made to

Currie and Zhao (1993a).
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Previous workers

The original description of this material was by Currie and Zhao (1993a). I agree with their

interpretations of this material.

General description

This slightly crushed 3-D braincase cast of Sinraptor offers limited information on the

brain of this organism. However, the braincase and pattern of cranial nerve exits appear to be very

similar to those of Allosaurus and Majungatholus, indicating that the brain here should also be

similarly configured, i.e. elongate and sharing features in common with those of the Crocodilia.

Description and Interpretation

The most anterior opening into the endocranial cavity is like that of Allosaurus (UUVP

5583, see figure 4.20, section 4.5.5). A small upwards curvature of the bone on both sides of this

opening results in a small u-shape ventrally, for the passage for the first nerve. Here, unlike

Majungatholus and Tyrannosaurus, but like Allosaurus, there is just one distinctive opening for the

passage of the first nerves. Posteroventral to this large passage is a smaller opening, placed

medially in the skull and facing anteriorly from the orbitosphenoid - the second nerves probably

issued from here.

Immediately lateral to the optic nerves lies a slit-like foramen which, as in Allosaurus, was

probably for the transmission of the third nerve. Dorsal to this slit-like foramen is a small rounded

foramen. Although further anterodorsal to the third foramen than in Allosaurus, this is probably for

the transmission of the fourth nerve. Further anteriorly a second slightly larger foramen is found,

which is probably for the passage of the anterior cerebral vein. This external configuration of the

passage of nerves III and IV and the anterior cerebral vein differs from that of Allosaurus in that III

and IV are further apart here. In addition the external vascular opening is lateral to IV in

Allosaurus, whereas it is anterior to IV in Sinraptor.

The next easily identifiable feature of the braincase is posterior to the region described

above. A large foramen is situated between the anterior surface of the prootic and the posterior

surface of the laterosphenoid. This is in a characteristic position for the fifth nerve. On the cast

little detail of this region was preserved apart from a large indented area. Currie and Zhao (1993a)

reported that this foramen was dorsoventrally compressed medially. These authors suggested that

this is the start of a larger separation of the two branches of the Vth nerve in the braincase wall seen

in more crownward non-avian theropods such as Tyrannosaurus. Approximately 10 mm behind

this the smaller VIlth nerve is found. A further 19 mm posterior to this the fenestra ovalis opens out

from under the prootic. In the actual specimen the bases of the stapes issue from this fenestra

(Currie and Zhao, 1993a), although this is not visible on the cast.

On the cast there was not enough information to distinguish whether the Xth nerve exited

laterally from the metotic fissure or posteriorly from just under the lateral sides of the occipital

condyle. Currie and Zhao (1993a) suggested that it emerges laterally from under the fenestra ovalis.
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Figure 4.20 Ventral (a) and left lateral (b) views ofa cast of the skull of
Sinraptor dongi.
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Figure 4.20 Ventral (c) and left lateral (d) views of a cast of the skull of
Sinraptor dongi.
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This is not usual in derived non-avian theropods such as Dromaeosaurus, but it is widespread in

more primitive archosaurs, such as Erythrosuchus (Gower and Sennikov, 1996). The passage of the

Xth nerve may not have moved from a lateral to a more derived posterior position in Sinraptor. The

XIIth nerves issued from under the laterodorsal comers of the occipital condyle. On the cast there

were some faint markings indicating this, and Currie and Zhao (1993a) reaffirmed this positioning,

saying that there were at least two foramina there.

Dorsal to the foramen magnum are two medial, curved and slit-shaped foramina which are

probably for passage of the external occipital vein. The carotid artery enters the skull up under a

flange of the prootic as in Majungatholus and Allosaurus.

Feature: Specimen measurements-(mm)
Metric data for the endocast: A cast of IVPP 10600
Length of brain -165
Maximum width of cerebral hemispheres -11 O(estimate from braincase root)
Metric data for the braincase:
Height of braincase 245
Length of braincase -280 (from ant. frontal to post. supraoccipital)
Width of braincase -250
Maximum width of frontal -130
Maximum length of frontal -105
Height and width of foramen magnum 23,25
Height and width of occipital condyle 42,54

Table 4.15 Measurements of the Sinraptor dongi skull.

4.5.5 Allosaurus jragilis

The Material

This account of the endocranial anatomy of Allosaurus is based principally on a 3-D, 95%

complete endocast (UUVP 294, see figure 4.21) from the Morrison Formation (Late Jurassic,

Tithonian), of the Cleveland Lloyd Quarry, Emery County, Utah. Only the lower part of the

olfactory apparatus and a few casts of nerve bases are missing from this exquisite natural cast.

Other Allosaurus cranial material that I was able to study was: AMNH 600, a 3-D poorly preserved

braincase and its incompletely preserved rubber endocast (lacking the olfactory apparatus); UUVP

3304, a 3-D detailed left lateral internal view of the braincase walls that may have suffered some

distortion in the posterior region; UMNH 5583, a complete and well preserved 3-D braincase (see

figure 4.21). The closely related Carcharodontosaurus saharicus (Larsson 2001) also aided in the

determination of the position and description of some of the casts of nerve bases in Allosaurus.

This material comprises a 3-D, partly disarticulated braincase and digitally produced endocast (see

figure 4.22 and section 4.5.6 and Larsson 2001).
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Previous workers

Allosaurus cranial material has been published upon many times by, for example, Hopson

(1979), Chure and Madsen (1996b), Rogers (1998 and 1999), Madsen (1976) and Gilmore (1920).

Of these accounts, only Rogers (1998 and 1999) and Hopson (1979) attempt detailed analysis of

this exceptional endocranial data. I agree with both of their main indentifications of the exterior

parts of the endocast, but I believe that Rogers tried to go too far with his interpretations of the soft

tissue that once filled this endocranial region from the CAT scan data that he created. I have added

some details of the vasculature to the endocast.

General description

The brain is primitive compared to those of more crownward members of the non-avian

Theropoda such as Bambiraptor, and it does not fit tightly against the braincase walls, which

makes it difficult to determine the precise dimensions of individual features. Endocranial blood

sinuses and dural matter also prevent the brain from leaving distinct impressions on the braincase

walls. Overall, the brain is rather narrow and elongate, with more crocodilian characters than avian,

and is slightly flexed. The olfactory apparatus is long, the cerebral hemispheres are relatively

narrow and the optic lobes are not very prominent and remain in a dorsomedial position. The

cerebellum does not impress upon the braincase walls and probably does not encroach upon the

back of the cerebral hemispheres. The medulla oblongata curves down deeply into the basisphenoid

braincase floor. The cerebellum and medulla oblongata account for between one third and one half

of the volume of the brain.

Description & Interpretation

The anteriormost region of the brain cavity, which contained the olfactory apparatus, is

split longitudinally and is long and narrow. The two sides of this elongate feature separate and flare

out distally. Their height is not known due to the incomplete nature of the endocast. The flared

regions terminate in an oval bulb-like region, which housed the olfactory bulbs. The olfactory tracts

that run into them are relatively short and narrow. The path of the olfactory tracts opens out

anteriorly in specimen UUVP 5583. A single 15 mm diameter foramina reveals the internal

structure of these tracts (I on figure 4.21c).

Behind this elongate region the brain expands to reach its maximum width. This area,

containing the cerebral hemispheres, forms the widest part of the brain (except for the distal ends of

the olfactory bulbs) and is represented by a slight outward bulging of the endocast walls. The

highest point in the endocranial cavity is situated posterodorsally above these hemispheres, where a

pear-shaped section projects up into the braincase roof. This could represent a region of the

endocranial roof that was made of cartilage. Centrally positioned near the base of the hemispheres
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Figure 4.21 Right lateral view of
the natural endocast (a) of Allosaurus
fragilis. Left lateral view (b) of a cast
of the natural endocast. Anterior view (c) of the posterior of the skull of Allosaurus fragilis.
Left lateral view (d) of the posterior of the skull of Allosaurus fragilis.
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hFigure 4.21 Right lateral view of
the natural endocast (e) of Allosaurus
fragilis. Left lateral view (t) of a cast
of the natural endocast. Anterior view (g) of the posterior of the skull of Allosaurus fragilis.
Left lateral view (h) of the posterior of the skull of Allosaurus fragilis.
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Figure 4.22 Left lateral views of a digitally produced endocast of
Carcharodontosaurus saharicus highlighting the position of the second and third
cranial nerves.
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there is also a -10 mm long, narrow, slit-shaped canal, which projects anteroventrally from each

side of the braincase. This probably represents a venous blood vessel, perhaps the anterior cerebral

vein.

Around the ventral margin between the cerebral hemispheres and the optic lobes, and

ventromedial to the anterior cerebral vein, there is another, larger pair of rounded and easily

identifiable canal-like protuberances, the second nerves. These project anteriorly from the endocast

in a medial position just anterior to the pituitary fossa. The latter runs beneath the middle of the

endocast and extends in a posteroventral direction for approximately 35 mm. It is approximately

15mm wide in lateral view and 20 mm wide in anterior view. The approximate position of the

second nerves in Allosaurus can be identified by comparison with their position in the closely

related non-avian theropod Carcharodontosaurus (figure 4.22, II). Externally, these nerve foramina

are characteristically round, paired, and medially located near the midline of the skull, below the

first nerve foramen, in the orbitosphenoid bones, and approximately 24mm in diameter.

A third set of more slit-like protuberances is located just posterior and slightly lateral to the

second nerves and above the pituitary fossa. Again, the approximate position of these (the third)

nerves in Allosaurus can be identified by comparison with their position on the endocast of

Carcharodontosaurus (figure 4.22, III). The external exits of these canals are represented by large

elongate foramina (-30 mm in height by just 4.5 mm across) and are sited, as the casts of the nerve

bases, posterolateral to the second nerve exits. These foramina are separated from those of the

second nerves by a thin sliver of bone and are situated between the prootics and laterosphenoids.

Immediately dorsal to this large elongate exit is a small rounded foramen. No trace of this

canal is found on any of the endocasts, but judging by its location it is probably for the passage of

the IVth nerve.

Posteroventral to the cerebral hemispheres there is a second slight outward bulging visible

on the endocast wall, probably representing the impressions of the optic lobes. It is not possible to

determine accurately their maximum dorsal extent, but they probably terminate dorsally

somewhere between the middle cerebral vein and the dorsal head vein (see figure 4.21). The optic

lobes are probably at a slight anteroventral-posterodorsal angle behind the cerebral hemispheres.

Their ventral termination probably lies somewhere above the proximal end of the pituitary fossa.

Few details of brain structure are imprinted on the endocast walls in the region posterior to

these lobes, except for a large spade-shaped lateral protrusion at mid-height on the endocast wall

that represents one of the cerebellar flocculi. The cerebellar flocculi project into the centre of the

acoustic canals that stand out from the surface of the brain. These flocculi project from the

ventrolateral sides of the cerebellum and thus indicate the probable position of this part of the

brain. The prominent cerebellar flocculi are very large in comparison with those of a crocodilian.

In the ventral most part of the endocast leading to the foramen magnum, the medulla

oblongata curves down deeply into the braincase floor. The ventral curvature of the cavity floor

starts directly below the cast of the middle cerebral vein. Several large protuberances project

outward from the medulla oblongata; the most anterior is positioned below the anteriormost part of
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the cerebellar flocculus, and is rounded and -lOmm in diameter. This characteristically large

foramen represents that for the Vth nerve, which, after leaving the braincase cavity, can be seen to

split into two, one branch for the ophthalmic, and one for the maxillary and mandibulary.

Medioventral to the Vth cranial nerve is a pair of very small indentations out from the

endocast into the braincase floor. Their position indicates that these are the casts of the VIth nerve

bases, which run anteroventrally from this position to enter the pituitary fossa.

The protruding area representing the bases of the VIIth and VIIIth nerves is just posterior to, and

smaller than, the cast of the Vth nerve base. In external view only the VIIth nerve is visible, exiting

under an arch formed by the prootics, the ventroposterior wall of the foramen being formed by the

basisphenoid. The fenestra ovalis is also clearly visible externally, its identification being certain

because the stapes still projects from here as it did in life on the right hand side of the braincase,

between the prootic and exoccipitaUopisthotic.

Further posteriorly is a second, very large protuberance on the endocast positioned -20 mm

anterior of the foramen magnum. This protuberance probably represents the bases of the IXth, Xth

and Xlth cranial nerves. One small, slit-like protuberance out from the endocast walls, just

posterior to the opening for cranial nerves IX-XI, represents the passage of the XIIth cranial nerve.
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Specimen measurements (mm
Feature: UUVP SGM- UUVP UUVP AMNH DNM

294 Din 1 5583 3304 600 2149
Metric data for the endocast:
Length of brain -170 -200 - -182 -141.2 -
Length of olfactory apparatus -50 -75 - - - -70
Maximum width of olfactory -50 -59 - - - -80
apparatus (across both bulbs)
Length and width of olfactory 37.5,22 - - - - -
bulb
Length and width of olfactory 20,20 -45, - - - -40
tract -12
Minimum width of olfactory -25 23.4 - - - -18.65
apparatus (across both tracts)
Maximum width of cerebral -50 -45.5 - - -48.1 -
hemispheres
Height of cerebral hemisphere -40 -47 - -44 -48 -
Length of cerebral hemisphere -52 -50 - -46 -51 -
Length and height of optic lobe 35,20 - - - - -
Length of medulla oblongata -70 -95 - - -65 -
Height of medulla oblongata -28 -38 - -20 -35.5 -
(just anterior to foramen
magnum)
Length and width of cartilaginous -35.3, - - - - -
region of braincase roof -2.5

(10)
Metric data for the braincase:
Height of braincase - - -230 - -190 -
Length of braincase - - -220 - -320 -
Width of braincase - - -174.9 - -220 -
Maximum width of frontal - -190 - - - 176.1
Maximum length of frontal - -150 - - - 167.3
Height and width of foramen - -38,38 28,31 - 24,24.7 -
magnum
Height and width of occipital - 59,70 46,54 - 48,59 -
condyle

Table 4.16Measurements for specimens of Allosaurus and Carcharodontosaurus saharicus (SOM-

Din 1).

4.5.6 Carcharodontosaurus saharicus

The Material

This account of the endocranial anatomy of Carcharodontosaurus is based principally on

a digitally produced 100% complete endocast made from a well preserved 3-D braincase of this

taxon (SOM-Din 1, see figure 4.23).The braincase was found in the Kern Kern Beds (Late

Cretaceous, Cenomanian), in the Kern Kern region of Morocco, and is broken into three parts. The

most anterior section is the largest, consisting of the frontal, parietal and laterosphenoid bones.

The smaller more ventroposterior section consists of the prootic, exoccipital, basisphenoid and

basioccipital bones. The third and final part of the braincase consists only of the basioccipital,
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basi pterygoid processes and part of the paroccipital processes. The broken nature of the braincase

reveals much of the internal surface of the endocranial cavity. The digitised endocast lacks some

detail due to the way in which it was made. but most of the major casts of nerve bases and vascular

canals are visible. and where they are not. information can be added from the braincase itself.

Previous workers

Larsson (2001) has written a thorough and informative description of the endocast and

braincase of Carcharodontosaurus, with which I find no discrepancy.

General description

The brain is exceptionally narrow and elongate. It is evident that it did not adhere closely

to the braincase walls because the major divisions of the brain have not made very distinct

impressions on the braincase walls. The olfactory lobes are very long and narrow and flare out

distally. The optic lobes are not prominent on the braincase walls and remain in a more

plesiomorphic dorsomedial position. The cerebellum does not impress upon the endocranial walls

at all and does not appear to encroach upon the back of the cerebral hemispheres. The medulla

oblongata curves down into the braincase floor. The brain has a high degree of flexure (about 60°)

and is longer and narrower than that of Allosaurus, being approximately 200mm in length and just

45.5mm in maximum width. Because this endocast is very similar to that of its close relative

Allosaurus. the following description will only focus on the differences between these two taxa.

Description and interpretation

As stated. all the main characteristics of the brain are very similar to those of Allosaurus.

although the digitised specimen may lack the middle cerebral vein exit of Allosaurus (possibly the

digitisation process is not sensitive enough to pick up this feature). There is a small protrusion in

approximately the same position as this vein in Allosaurus. but unfortunately it was not possible to

answer this question with certainty because the area of the braincase concerned was not visible.

There is no cartilaginous region dorsal to the cerebral hemispheres in Carcharodontosaurus

although. in contrast to Allosaurus, the area surrounding the acoustic region does possess cartilage.

The braincase was as pneumatic as that of Allosaurus, with large openings lateral and ventral to

the basioccipital condyle.
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Figure 4.23 Left lateral view of the digitally produced endocast of
Carcharodontosaurus saharicus.
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Feature: Specimen measurements (mm)
Metric data for the endocast: SGM-Din 1 MB. R. 2056
Length of brain -200 183
Length of olfactory apparatus -75 64.3
Maximum width of olfactory apparatus 43.7 (59 if most distal 44.1
(across both bulbs) points are accepted)
Length and width of olfactory tract -45,-12 -
Minimum width of olfactory apparatus 23.4 19.9
(across both tracts)
Maximum width of cerebral hemispheres 45.5 51.35
Height of cerebral hemisphere -47 48.35
Length of cerebral hemisphere -50 -59
Length of medulla oblongata -95 -65
Height of medulla oblongata (just 38 -
anterior to foramen magnum)
Metric data for the braincase:
Height of braincase Not possible to -
Length of braincase record as the braincase .
Width of braincase was in two pieces -
Maximum width of frontal -190 -
Maximum length of frontal -150 -
Height and width of foramen magnum -38,-38 -
Height and width of occipital condyle 59.5,70.8 -

Table 4.17 Measurements of the Carcharodontosaurus saharicus skull and endocast.

4.5.7 Acrocanthosaurus atokensis

The Material

This account is based on a 3-D white plaster of paris braincase cast of Acrocanthosaurus

(DNM 247, a cast of OMNH 10146, formerly known as MOU-8-0-S9, see figure 4.24) from

Trinity Sands (Lower Cretaceous), Herman Arnold Farm, Atoka County, SE Oklahoma, and

studied at Dinosaur National Monument, Utah. The cast is of good quality but the detail of the

midline is obscured by an artifact of the casting process, a large smooth area of plaster of paris that

runs down and projects out from the centre of the braincase. This feature, and the fact that casts do

not always record information perfectly, means that some of the foraminal identifications are

tentative. Unfortunately no endocasts, CAT Scans or serial sections of this taxon were available to

me, so all the information on the brain is based on this one braincase cast.

Previous workers

Stovall and Langston (1950) described this material superficially, but no further research

into this material has been undertaken since then.
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General description

The braincase and pattern of cranial nerve exits appears to be similar to that of Allosaurus

and Majungatholus indicating that the brain here should also be similarly configured: narrow,

linearly constructed and elongate, similar to the plesiomorphic state.

Description & Interpretation

Starting most anteriorly, two distinctive large openings in front of the olfactory apparatus,

very similar to those of Majungatholus, are encountered. The second nerve foramina are found

lying in a medial and anteriorly facing position posteroventral to the apparatus. The exact size and

shape of these foramina and that of their surrounding bones has been obscured by the casting

process. Due to the lack of detail in the area it is not possible to delineate the exact positions of the

third and fourth nerves, but there is one large slit-like foramen posterior to the optic nerve which

might have served as the passage for the third or fourth nerves.

The next easily identifiable foramen of the braincase is for the distinctive Vth nerve. This

is a round foramen under an arch of the prootic. There does not appear to be a separate exit for the

ophthalmic branch of this nerve, so both branches of this nerve must have exited here and then split

exterior to the endocranial cavity. The seventh nerve is characteristically close to the more

posteriorly positioned exit of the Vth nerve (that of the maxillary and mandibulary branch, situated

in the prootic bone in non-avian theropods) and in this case is ventral to it. Behind these features

there is a large depression in the braincase surface which represents the fenestra ovalis. A ridge

runs out along the anterior surface of the paroccipital process for the stapes as in Allosaurus and

Majungatholus.

The cerebral branch of the internal carotid artery may have entered the braincase under a

small flange of bone (as it is hypothesized to have entered under the prootic flange in

Majungatholus) which could either be composed of the prootic or the basisphenoid.

A vascular channel, similar to that of Majungatholus, is seen on the occiput. The bone structure

replicates that of Majungatholus with two openings in the bone between the supraoccipital and the

parietal positioned dorsolaterally to the foramen magnum approximately 55 mm apart and 30 mm

above it. A pathway leads away from these points ventrolaterally between the parietals and

supraoccipitals proximally and the parietals and exoccipitals distally to the edges of the braincase.

This presumably vascular pathway is probably for the external occipital vein.

There are large paracondylar pockets ventrolateral to the foramen magnum. Two foramina

were found in the dorsomedial comers of these excavated areas - the medial one was in the usual

position for the XIIth nerve and the lateral one in the usual position for the Xth. Stovall and

Langston (1950) suggested that there may have been three foramina, which is feasible as some

other non-avian theropods have three foramina in this area, one being for a separated IXth or Xlth

cranial nerve. A large triangular basisphenoid recess lies between the basioccipital and

basisphenoid.
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Figure 4.24 Anterior (a) and posterior (b) views of a cast of the skull of Acrocanthosaurus
atokensis.
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Figure 4.24 Anterior (c) and posterior (d) views of a cast of the skull of Acrocanthosaurus
atokensis.
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Feature: Specimen measurements Imml
Metric data for the endocast: DNM247
Length of brain -240
Maximum width of cerebral hemispheres -70
Length of cerebral hemisphere -50
Metric data for the braincase:
Height of braincase 320 (including paroccipital_Qrocesses)
Length of braincase 260
Width of braincase 270
Maximum width of frontal 141.1
Maximum length of frontal 135
Height and width of foramen magnum 29,32
Height and width of occipital condyle 40.5,46.8

Table 4.18 Measurements of the Acrocanthosaurus cast.

4.5.8 Compsognathus longipes

The Material

This description is based mainly on a crushed specimen of Compsognathus longipes (BSP

AS I 563, see figure 4.25) from the Solnhofen limestone (Jurassic (Late Kimmeridgian,

Tithonian)) of Bavaria, Germany. Though the skull is crushed almost flat much of the original

structure remains visible. The anterior of the skull has held together but the occipital plate has

broken away and rotated in an anteroventral direction such that the occipital condyle and foramen

magnum are now present in dorsal view. From this perspective, the skull roof is clearly outlined as

are some of the cranial nerve foramina. Despite the loss of some of the frontal bones their original

shape can still be discerned.

Previous workers

Ostrom (1978) and Wagner (1861) published papers on Compsognathus, but did not

consider the configuration of the brain.

General description

This crushed and disarticulated skull offers limited data on the brain of this organism,

although the dorsal view does offer some valuable information. The position of the cerebral

hemispheres and olfactory apparatus are distinguishable beneath the bone. The cerebral

hemispheres, lying behind the olfactory apparatus fitted tightly to the braincase walls. The position

and size of the optic lobes are not discernable. The cerebellum may have encroached upon the

dorsal surfaces of these lobes, although it is not possible to say for certain whether it did, or to

what extent. There are no data on the medulla oblongata. Due to the small size of the skull, and the

spatial restrictions that this applies, the brain may have taken on a more rounded morphology.
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Figure 4.25 Dorsal view of the crushed skull of Compsognathus longipes.
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Description and Interpretation

The braincase of this small non-avian theropod was tightly fitting to the brain over the

cerebral hemispheres so details of their size and shape can be determined in external view where

they impressed upon the frontals, forcing them to dome up around them. The olfactory tracts and

bulbs, anterior to the hemispheres, appear to be relatively large if the dimensions of the bone that

covers them gives an accurate indication of their size. There is no evidence of the presence of the

optic lobes on these distorted braincase walls and thus they may not have fitted tightly to the

endocranial walls. The cerebellum is not clearly outlined in the braincase walls but was probably

above the medulla oblongata. Any overlap of the cerebellum onto the posterior of the optic lobes

or cerebral hemispheres could be due to the size restrictions which apply when trying to fit the

brain into a smaller skull (see section 5.3.1 for more details). There is no information on the

dimensions of the medulla oblongata.

Under microscopic inspection it became evident that some of the sutures of the skull had

remained open, explaining the disarticulation and wide spread of the cranial bones on the slab. The

large orbit and small overall size of this non-avian theropod also support the fact that this is

probably a juvenile which could help explain the fact that the cerebral hemispheres fit tightly to

the braincase walls (see section 3.8.3). The Xth and XIIth nerve foramina also became apparent

lateral to the occipital condyle under closer magnification. Ventral to these openings on the

occipital face of the braincase are a set of larger rounded openings up into the braincase which

may be for the passage of the carotid artery.

The brain is approximately 38 mm in length, if the estimations made here for the length of

the olfactory apparatus are correct. The brain appears to be less elongate and more rounded and

tightly fitting to the endocranial walls than those of the larger non-avian theropods such as

Allosaurus, but how much of this reflects the fact that Compsognathus is much smaller and,

importantly, probably a juvenile, is difficult to define.

Feature: S_I!ecimenmeasurements (mm)
Metric data for the brainlendocast: BSP AS I 563
Length of brain -38 (ma_ybe overestimation due to olf aps)
Length of olfactory apparatus -16
Maximum width of olfactory apparatus -10/11
(across both bulbs)
Minimum width of olfactory apparatus -617 (maximum width)
(across both tracts)
Maximum width of cerebral hemispheres -14
Length of cerebral hemisphere -11
Metric data for the braincase:
Length of braincase -75
Maximum width of frontal -15
Height and width of foramen magnum -2.55 (~uashed verticalh), -47
Height and width of occipital condyle 28,45

Table 4.19 Measurements of the Compsognathus longipes skull.
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4.6.9 Ornitholestes hermanni

The Material

This description is based on the only existing cranial specimen of Ornitholestes (AMNH

619, see figure 4.26). This material is from the Morrison Formation (Late JurassiclEarly Cretaceous

(Kimmeridgian-Tithonian") of Wyoming, Utah. This small skull is severely crushed, very fragile

and sheared (the left side has been pushed backwards relative to the right side) laterally. It was not

possible to gain information from ventral and dorsal views because the braincase was crushed to a

thickness of approximately 15 to 20 mm. The individual bones maintain some of their 3-D

integrity, although they are very broken up and have been moved around, meaning that

measurements can only be approximate. Only a few nerve foramina on the occipital face remain

distinguishable. Most of the bones forming some of the dorsal and posterior walls of the braincase

are visible in right lateral view, although much of their original shape has been lost.

Previous workers

Osbom (1903, 1916) described this material but did not attempt to describe any features of

the brain or braincase.

General description

The braincase walls have some outward curvature, suggesting that the brain may have

fitted against them tightly. This seemingly advanced state is probably at least partially attributable

to the reduction in size that has occurred between this and all the previously described specimens,

except Compsognathus. Having said this, the brain does seem to be confined to the posterior part

of the skull, in a configuration more similar to that found in a modem bird; the optic lobes are

tucked under, and the cerebellum may approach the back of the cerebral hemispheres. Given the

preservational state of this braincase, however, it is not possible to be certain about these

characters.

Description and Interpretation

Because Ornitholestes is much smaller than Allosaurus and Tyrannosaurus. its brain takes

up a higher volume percentage of the posterior part of the skull. The large orbit and shorter

posterior skull region result in this braincase taking on a configuration more like that found in a

modem bird. The frontal on the right side shows some doming outwards, probably indicating that it

moulded around the cerebral hemispheres. The parietals form a ridge along the dorsoposterior part

of the skull, this part of the braincase roof probably moulding around the cerebellum. The lack of

space available in the dorsoposterior region of the skull indicates that the optic lobes would have

probably been positioned ventrolateral to the cerebellum. The slightly bulging walls of the
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Figure 4.26 Right lateral (a) and left lateral (b) views of the crushed skull of
Ornitholestes hermanni.
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braincase could supply space for a comparatively larger brain or could be a result of fitting a

similarly developed brain into a smaller skull (see section 5.3.1 for more details).

As in Aves, Bambiraptor, Troodon and ornithomimids, the supraoccipital appears to dome

out mediodorsally from the occipital face. In birds, this doming forms around the enlarged

cerebellum (Baumel and Witmer, 1993; the cerebellar prominence). This could be the case here,

although the crushing of the skull may have led to this medially expanded appearance.

The only nerve foramina visible on this braincase are three under the dorsolateral comers

of the occipital condyle in the exoccipital, the largest of which is closest to the condyle in the

characteristic position for the XIlth nerve. The smallest foramen below this nerve foramen

probably represents the passage of a second XIIth nerve. The third foramen lying exterior to these,

at approximately the same height as the largest foramen, probably represents the Xth nerve exit.

Feature: Specimen measurements_{mm)
Metric data for the endocast: AMNH619
Length of brain -35 (back parietals to midw~ throl!&h frontals)
Metric data for the skull:
Height of braincase 60 (skull height)
Length of braincase 140 (skullleng_th)
Width of braincase 40 (occipital face), 30 (max width_Qarietals)
Height and width of foramen magnum 10 (in a 40mm high occiQital face), -

Table 4.20 Measurements of the Ornitholestes hermanni skull.

4.5.10 Tyrannosaurus rex

The Material

This description is based mainly upon endocasts of a tranversely bisected 3-D skull of

Tyrannosaurus rex (AMNH 5029, see figure 4.27, 4.28 and 4.29) from the Hell Creek Formation

(Upper Cretaceous (Maastrichtian» of Northern Montana. This specimen has been repaired, and

some plaster (which was hard to distinguish from the bone) has been used to fill in gaps and

reconstruct parts of the skull. The bones of the braincase are very thick. An endocast was made

from this bisected skull although it did miss some width where the skull material had been wasted

as it was sawn open. MOR 008 was also used to aid description where necessary (see figure 4.30).

Larsson et al. (2000) made a new endocast from AMNH 5029 that is corrected for the missing

width and the measurements presented in Table 4.21 were mainly taken from the width-corrected

specimen.

Previous workers

Larsson et al. (2000) examined the new endocast of Tyrannosaurus and found that it has

relatively large cerebral hemispheres (for more details see section 5.2.1). Osborn (1912) first
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Figure 4.27 Left lateral (a) and dorsal (b) views of a digitally produced width
corrected endocast of Tyrannosaurus rex.
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Figure 4.27 Left lateral (c) and dorsal (d) views of a digitally produced width
corrected endocast of Tyrannosaurus rex.
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Figure 4.28 Left lateral (a) and dorsal (b) views of an original synthetic
endocast of Tyrannosaurus rex (without width correction).
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Figure 4.28 Left lateral (c) and dorsal (d) views of an original synthetic
endocast of Tyrannosaurus rex (without width correction).
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Figure 4.29 An internal view of the left side of the skull of Tyrannosaurus rex
(AMNH 5029) from which the endocast was made.
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described this material. I agree with his interpretations of the endocast except that I recognise the

presence of the cerebellar flocculi where Osborn suggests a vasculature function and I am able to

identify the external occipital vein and the dorsal head vein. Brochu (2000) also examined an

endocast of Tyrannosaurus that was created using CAT scan data. This study exemplifies the kinds

of problems that can arise from using solely CAT scan data to study the brain of a fossil organism.

Brochu claims that Tyrannosaurus had an enormous olfactory apparatus. I think it more likely that

although the olfactory apparatus was relatively large, a nasal or pneumatic cavity above the

olfactory apparatus became continuous with it in the CAT scan. This false unification of two

originally separate cavities could result if the wall between such regions was thin, or originally

cartilaginous.

General description

The brain has a fuller and less elongate appearance than the endocast of Allosaurus and the

cerebral hemispheres at least fit more closely against the braincase walls. upon which several

vascular imprints are clearly visible. The braincase is less pneumatic than that of Allosaurus and is

thick-walled and massive. The olfactory apparatus is large. the cerebral hemispheres are expansive.

the optic lobes are indistinct and probably situated in a dorsomedial position. and the cerebellum is

not visible on the braincase walls and does not encroach upon the posterior of the cerebral

hemispheres. The medulla oblongata remains an important feature ofthe brain volumetrically.

Description & Interpretation

The anteriorly positioned nasal cavity is relatively large for a theropod. even of these

dimensions, as was that of Majungatholus. The olfactory apparatus itself is configured as that of

Allosaurus. in being elongate and flaring out distally. The path of the first nerves opens out

anteriorly in specimen MOR 008 through two large foramina visible on figure 4.30.

Posterior to the olfactory tracts the brain widens out to accommodate the large cerebral

hemispheres. which form the widest region of the theropod brain. A large probably vascular feature

that projects from the anterolateral sides of the cerebral hemispheres may represent the anterior

cerebral vein. which gives this region added width (in many dinosaurs this vein departs through the

same foramen as the Nth nerve (or through a foramen close by to it), but it is possible that it is

situated further anterolaterally in Tyrannosaurus). Evidence against this is that in internal view (see

figure 4.29) this area appears dead-ended. as though no vascular feature departs through here. This

swollen region may therefore represent a blood sinus. Two posteriorly oriented v-shaped ridges are

found on the dorsal surface of the brain which terminate at their most anterolateral points in the

aforementioned protruding region. The ridges lead posterolaterally from the midline to join the

lateral edges of the hemispheres where they swing anterolaterally to produce the v-shape. These

ridges are probably also vascular in origin.

Anteroventral to the margin between the cerebral hemispheres and the optic lobes lies a

cast of a large nerve base for the optic nerve. Externally the foramen for the passage of this nerve
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Figure 4.30 Anterior view of the braincase of Tyrannosaurus rex.
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measures approximately 40mm in diameter. On the endocast immediately posterior to the second

nerve, the start of the pituitary fossa is visible. Directly above the pituitary fossa in a typical

position is the third nerve which issues on the exterior of the braincase from a slit-shaped foramen

behind that for the optic nerve. In internal view, the IVth nerve exit is found dorsal to the third, and

above the proximal part of the pituitary fossa. In external view the IVth nerve exits through a small

foramen dorsal to the third nerve.

Posterodorsal to the IVth nerve is an enormous anterodorsally directed spine on the top of

the endocast. This is perhaps equivalent to the cartilaginous pear-shaped protrusion on top of the

Allosaurus endocast, although in Tyrannosaurus this region is found further back, and is narrower

and more dorsally extending. This protruding area is found between the supraoccipital and parietal

in Tyrannosaurus, whereas it was contained within the parietal in Allosaurus. Between the small

bulge of the posterior end of the cerebral hemispheres into endocranial walls and the ventral

curvature of the braincase floor lies the optic lobe. Unfortunately it has made no major impression

into the sides of the braincase, but an approximate size and position can be estimated. The

endocranial cavity has a flexure of 130° compared to the approximately 135° flexure of Allosaurus.

Several vascular canals are visible on the endocranial cavity wall of this region and in that

dorsal to the optic lobe. Posterior to the aforementioned large dorsal protrusion is another large

projection, directed posterodorsally, and representing part of the endocranial venous drainage

system, the cast of the dorsal head vein. This lies, as in other non-avian theropods, directly dorsal

to a spade-like protrusion into the endocranial walls, characteristic of the cerebellar flocculi. These

flocculi can be used to predict the position of the cerebellum, which here is probably found behind

the optic lobes and above the medulla oblongata. Its anterodorsal end may encroach upon the dorsal

part of the optic lobes, but not the cerebral hemispheres. Anteroventral to these flocculi are casts of

a nerve base with two branches, the smaller one leading anteriorly and the larger one laterally;

these protuberances therefore probably represent the Vth nerve, which splits within the endocranial

cavity.

A small cast of a nerve base is visible posterior to the casts of the Vth nerve branches.

Internally more detail of this area is found; there is a smaller and more dorsal foramen for the

passage of the Vllth nerve. A slightly larger foramen directly below this is likely to represent the

passage for the VIIIth nerve as these are often found in association.

Posterior to the VIIIth nerves on the endocast is a large, 20mm long protuberance which

expands posteriorly. This is probably a cast of the nerve base for the passage of the IXth, Xth and

XIth nerves. Lastly, where the endocast narrows as it approaches the foramen magnum, a small

rounded cast of a nerve base is situated midway up the braincase wall. This is in the typical

position for the cast of the XIIth nerve base.

Exteriorly the situation is more complex. A large foramen sits under the lateral sides of the

base of the occipital condyle, which is probably for the Xth and XIIth cranial nerves. An unusual

foramen is visible under the occipital condyle, which is probably pneumatic.
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A small foramen was found -10 mm posterodorsal to that of the IX-XI nerves on the

internal view of the skull which probably served as the passage of the external occipital vein. The

foramen magnum is not large in comparison with the size of the skull.

Feature: Specimen measurements (mm)
Metric data for the endocast: AMNHS029
Length of brain -275
Length of olfactory apparatus 75
Maximum width of olfactory apparatus -54
(across both bulbs)
Length and width of olfactory tract -37,-18
Minimum width of olfactory apparatus -37.3
(across both tracts)
Maximum width of cerebral hemispheres -65
Height of cerebral hemisphere -41
Length of cerebral hemisphere -55
Length and height of optic lobe -
Length of medulla oblongata 91.9
Height of medulla oblongata (just 36.1
anterior to foramen magnum)
Metric data for the braincase:
Height of braincase -440
Length of braincase -420
Height and width of foramen magnum 38.5, -

Table 4.21 Measurements of the Tyrannosaurus rex skull.

4.S.11 Ornithomimid indeterminate

The Material

This description is based upon a partial and slightly distorted braincase of an

ornithomimid (IGM 100/987, see figure 4.31) from Upper Cretaceous beds near Ukhaa Tolgod,

SE Gobi Desert, Mongolia. This 3-D posterior braincase fragment is composed of the slightly

broken occipital bones of the skull, mainly parts of the supraoccipital, paroccipital processes,

basioccipital, basisphenoid and prootic, and so it offers limited data concerning only the hindbrain.

The specimen has been slightly distorted; the left exoccipital is displaced dorsally relative to the

right and some erosion of the anteromedial part of the skull and the occipital condyle has taken

place. Despite the abrasion, some of the cranial nerve and pneumatic foramina are distinguishable.

For further information see the following sections on Dromiceiomimus and Struthiomimus,

omithomimids that are closely related to IGM 100/987, in which the frontal bones are also

preserved.
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Figure 4.31 Posterior (a) and right lateral (b) views of the occipital
braincase region of an omithomimid.
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Figure 4.31 Posterior (c) and right lateral (d) views of the occipital
braincase region of an ornithomimid.
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Previous workers

Makovicky and Norell (1998) described this material in detail. I agree with all their

interpretations, but here I describe the material from a slightly different perspective. relating

mostly only details of the braincase which provide information about the brain.

General description

The material offers limited information on the occipital portion of the braincase. The

outward curvature of the supraoccipital suggests that the brain (the cerebellum) was tightly fitting

to the endocranial walls in this region. The braincase is also highly pneumatic. These features.

and the data from the other omithomimids examined, Struthiomimus and Dromiceiomimus (see

the following sections), suggest that the brain shared numerous characters with that of the Aves.

Description and Interpretation

In posterior view the foramen magnum is relatively large. as is the abraded occipital

condyle. The supraoccipital bone, which forms part of the dorsal rim to the foramen magnum,

bulges outwards medially to form a small raised area (the cerebellar prominence). This region

probably provided space for the cerebellum and occipital blood sinus as it does in living birds

(Baumel and Witmer 1993).

Lateral to the base of the occipital condyle on each side lie four cranial nerve foramina.

The three Xllth nerve foramina are most medially positioned, lining up vertically beside the base

of the occipital condyle. The largest of the three XIIth nerve foramina is most dorsally placed.

with two much smaller exits positioned beneath it. If this interpretation is correct (that all the

three foramina represent XIIth nerve exits), then this is another avian character (Makovicky and

Norell 1998), as some modem birds display this XIlth nerve configuration while less crown ward

non-avian theropods such as Tyrannosaurus and Allosaurus do not (they have only one XIIth

nerve exit on the occipital face of the skull). Further laterally and much larger than those of the

XIIth nerves, configured again as in modem birds, is the foramen for the passage of the Xth

cranial nerve.

Several openings into the pneumatic cavities of the skull are visible on the occipital face.

For example, on the right side there is a large opening medioventral to the cranial nerve foramina

described above, whereas on the left side there is a set of three smaller foramina in a similar

position. This asymmetry is suggestive of pneumaticity.
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Feature: Specimen measurements (mm)
Metric data for partial braincase: (GM 100/987
Height of partial braincase 49
Length of partial braincase -20
Width of partial braincase 31
Height and width of foramen magnum Distorted:( -15.2, -9.6)
Height and width of occipital condyle Broken (-6.5, -8.3)

Table 4.22 Measurements of the Ornithomimid indeterminate skull.

4.5.12 Dromiceiomimus brevitertius

The Material

The following account is based on the 3-D roofing bones of the right side of the skull of

Dromiceiomimus brevitertius (NMC 12228, see figure 4.32) from the Horseshoe Canyon

Formation (Late Cretaceous (Maastrichtian» of Alberta, Canada. This bisected domed skull roof

consists mainly of the frontal bone, which is well preserved, while the parietal is quite fractured.

The preserved bone is three dimensional and provides a good view into the anterior half of the

endocranial cavity. The material reveals data concerning the cerebral hemispheres and olfactory

apparatus of ornithomimids.

Previous workers

Russell (1972) described this material and attempted to reconstruct an endocast from it.

This endocast accurately depicts the state of the cerebral hemispheres, but is not entirely reliable in

its other features. Currie and Zhao (l993a) stated that the optic lobes of this specimen (based on

this reconstructed endocast) are down in an avian ventrolateral position. This is probably the case,

but as I have not seen the specimen, and can see no evidence to support this statement in the figure

of this material in Russell (1972) I cannot say for certain.

General description

The forebrain of Dromiceiomimus was in a highly advanced state relative to the

plesiomorphic non-avian theropod condition. The cerebral hemispheres were large, rounded and

bulbous. Anterior to the hemispheres, the olfactory apparatus is small. The brain of

Dromiceiomimus shared the above derived features with Aves. Unfortunately, no further

information can be inferred about the brain from this material.

Description and Interpretation

The roof of the frontal is highly domed in lateral view. Examination of the ventral view

reveals the reason for the doming; the cerebral hemispheres were large and fitted tightly to the

endocranial walls in life, pushing them upwards and outwards, the numerous and deep vascular

imprints etched into them in this region providing further evidence for this.
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Figure 4.32 Internal (a) and external (b) view of the left side of the
bisected braincase of Dromiceiomimus brevitertius.
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Figure 4.32 Internal (c) and external (d) view of the left side of the
bisected braincase of Dromiceiomimus brevitertius.
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Anterior to the imprint of the cerebral hemispheres is a small oval-shaped depression into

the ventral side of the frontal. This was probably for the olfactory apparatus. but the preservational

state in this area means that identification is not certain. These data. and that from Struthiomimus,

indicate that the olfactory tract was relatively short in omithomimids and that the olfactory bulb

was relatively small and close to the cerebral hemispheres (Russell 1972). which were nearly as

short as they are in Sauromitholestes (see figure 4.42).

This information. together with that from the partial omithomimid braincase and

Struthiomimus suggests that the forebrain and hindbrain of these non-avian theropods was nearer

to the avian condition in gross overall form than those of the non-avian theropods described earlier

in this section such as Allosaurus and Tyrannosaurus.

Feature: Specimen measurements (mm)
Metric data for the endocast: NMC 12228
Length of olfactory apparatus -
Maximum width of cerebral hemispheres -27 (one)
Length of cerebral hemisphere -44
Metric data for the braincase:
Height of braincase -31 (frontal and parietal of frgament only)
Length of braincase -90 (of fragment)
Width of braincase -40 (of fragment)
Maximum width of frontal -40
Maximum length of frontal -

Table 4.23 Measurements of the Dromiceiomimus brevitertius skull.

4.5.13 Struthiomimus altus

The Material

This account of the endocranial anatomy of Struthiomimus altus (AMNH 5355. see figure

4.33) is based upon a 3-D, undistorted and well preserved occipital portion and one frontal. This

material was found in the Horseshoe Canyon Formation (late Campanian. early Maastrichtian), of

Alberta, Canada. This braincase is better preserved than the partial omithomimid braincase

described previously, and thus provides more information on the hindbrain of the Omithomimidae.

The occipital portion stretches further anteriorly and gives clear indications of the cranial nerve and

vascular foramina. This braincase is also very pneumatic. The frontal gives information on the size

and shape of the cerebral hemispheres.
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Figure 4.33 Posterior (a) and anterolateral into the left side (b) views of the posterior
of the skull of Struthiomimus altus. Ventral view (c) of the frontal of Struthiomimus altus.
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Previous workers

This specimen was briefly discussed and figured by Russell (1972). Makovicky and Norell

(1998) interpreted the features of this material in more detail and compared it to their omithomimid

braincase. I agree with their identifications and attempt to discuss the brain on the basis of my

observations.

General description

The brain of this ornithomimid, Struthiomimus, was also advanced, with large rounded

cerebral hemispheres that adhered closely to the braincase walls and probably also possessed a

large cerebellum with large cerebellar flocculi. The foramen magnum is large, and there is much

pneumaticity. Unfortunately, no trace of the olfactory apparatus is visible anterior to the cerebral

hemisphere on the ventral surface of the frontal. It is not possible to discuss the relative positions of

the cerebellum, optic lobes and cerebral hemispheres because the relevant parts of the braincase are

not preserved. Given the bulbous nature of the cerebral hemispheres, and the evidence that the

cerebellum was large, it is probable that the brain is relatively derived, sharing many features with

birds.

Description and Interpretation

In anterior view a large pair of oval indentations are visible entering into the prootic. The

position and size of these indentations mid way up the braincase wall, and the bulging acoustic

(inner ear) canals surrounding them, suggest that they represent the cerebellar flocculi. Their

impressive size suggests that the cerebellum may also have been large. The bulging midline of the

supraoccipital dorsal to the foramen magnum also suggests that the walls of the braincase fitted

tightly to a large cerebellum in this region.

Anteroventral to these flocculi are several small foramina. The most anterior of these is just

posterior to the end of the preserved occipital braincase fragment and anterior to the acoustic region

- this is interpreted as the passage for the VIIth nerve. The two foramina posterior to the VIIth

nerve lead straight into the inner ear region, their position and size indicating that they represent the

VIIIth cranial nerve foramina (and probably also associated vasculature) for the acoustic area.

Posteroventral to the foramina for the VIIIth nerve and proximal to the foramen magnum

lie further small foramina which exit the posterior face of the braincase. The two indentations into

the cranial walls nearest the foramen magnum and in a ventral position near the braincase floor

serve for the passage of the XIIth nerves, and that further anteriorly just behind the bulge of the

inner ear canals is probably for the Xth nerve.

In posterior view the large foramen magnum and occipital condyle dominate the occipital

face upon which cranial foramina are only preserved on the left hand side of the skull. The most

easily identifiable foramina are those that lie nearest to the base of the occipital condyle. There are

two foramina for the XIIth nerves, one larger and more mediodorsal than the other. Further lateral
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to these is the larger exterior foramen for the Xth nerve. Beneath both of these sets of exits is an

unidentified opening into the skull in the same position as those in 10M 100/987. These are also

probably pneumatic. A final pair of foramina lie either side of the midline, at the lateral sides of the

foramen magnum. These are probably vascular, relating to the external occipital vein.

The condyle is composed of the exoccipital and the basiocciptal, the sutures being clearly

visible. Directly ventral to the occipital condyle are two large elongate presumably pneumatic

openings into the basioccipital similar to the recesses of Acrocanthosaurus beneath the occipital

condyle. IGM 100/987 also has pneumaticity in the same region as these larger regions in AMNH

5355.

In ventral view the impressions into the underside of the frontals accurately reflect the size,

position and proportions of the cerebral hemispheres. They are large, oval and bulbous, filling all of

the available space and are therefore avian in character. Unfortunately there is little or no trace of

the olfactory tracts on the frontals suggesting that they were not very large.

Feature: Specimen measurements (mm)
Metric data for tbe endocast: AMNH5355
Maximum width of cerebral hemispheres -26 (one), and taper to 17 (one) anteriorly
Length of cerebral hemisphere -35
Metric data for the skull:
Height of skull -54
Length of skull -30 (incomplete)
Width of skull -67
Maximum width of frontal -35 (max posterior width)
Maximum length of frontal -67
Height and width of foramen magnum 15.5, 17.5
Height and width of occipital condyle -1O?, -18

Table 4.24 Measurements of the Struthiomimus altus skull.

4.5.14 Troodonformosus (= Stenonychosaurus inequalis)

The Material

The following description is based on the synthetic endocasts of a pair of well preserved,

3-D frontals and parietals (AMNH 6174, see figure 4.34) from the Belly River Formation (Upper

Cretaceous), near Red Deer River, Alberta, Canada and a well preserved, 3-D posterior portion of

a braincase (RTMP 86.36.457, see figure 4.35) from the Judith River Formation (Upper

Cretaceous), in the Steveville Railway Grade, Alberta, Canada. I amalgamated the endocasts of

these two braincase portions to make a composite endocast (see figure 4.36). The small amount of

cranial nerve data not available from these casts has been retrieved from the original bone of

RTMP 82.19.23 (see figure 4.37).
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Figure 4.34 Dorsal view of a synthetic endocast of the roof of the braincase of
Troodon formosus.
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Endocast of RTMP 86.36.457
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Figure 4.35 Right lateral view of an endocast of the posterior of the braincase of
Troodon fo rm os us .
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Composite endocast ofAMNH 6174 and RTMP 86.36.457:
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Figure 4.36 Right lateral view of a composite endocast of Troodon formosus.
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Figure 4.37 A ventrolateral view of the right side of a braincase of Troodon
formosus.
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Previous workers

Currie (1985) and Currie and Zhao (1993b) described the brain of Troodon in excellent

detail, but did not attempt to create a composite endocast. I agree with most of their interpretations

of the material except his labelling what I interpret as the external occipital vein as the posterior

canal of the middle cerebral vein.

General Description

The endocast of Troodon is closer in gross external form to the avian condition than the

crocodilian. The olfactory lobes, although smaller than those of less crown ward non-avian

theropods such as Allosaurus, are relatively larger than those of Bambiraptor (see section 4.5.15)

and Sauromitholestes (see section 4.5.17). The cerebral hemispheres are rounded and bulbous and

filled the endocranial cavity. The optic lobes are in an avian lateroventral position relative to the

ancestral non-avian theropod condition, sloping from posterodorsal to anteroventral behind the

expanded cerebral hemispheres. The cerebellum is dorsomedial to the optic lobes, with large

cerebellar flocculi issuing from it, and it approaches the posterior end of the cerebral hemispheres.

The medulla oblongata accounts for a small percentage of the overall volume of the brain in

comparison with less crownward non-avian theropods such as Tyrannosaurus.

Description and Interpretation

The synthetic endocast made from the roof of a braincase of Troodon (AMNH 6174)

indicates that the brain was rounded and bulbous, and tightly fitting to the endocranial walls. This

endocast shows a strong similarity to that of Bambiraptor (see section 4.5.15), although it differs

from the latter in that the olfactory apparatus of Troodon is longer, narrower and larger. A true

endocast of Troodon may have had more flexure than is seen in figure 4.36. The composite

endocast was created by placing the anterodorsal and posteroventral endocasts together and getting

the best fit between the two parts which makes it difficult to determine the degree of flexure

originally present.

The cerebral hemispheres of Troodon, however, are more similar to those of Bambiraptor

in that they are bulbous and rounded like those of a bird. There are numerous vascular imprints

etched on the walls of the endocranial cavity in this region suggesting that the brain fitted closely

to them.

The cerebellum is also found to approach the avian condition in that it is dorsomedial to

the ventrolateral optic lobes and immediately posterior to the cerebral hemispheres, as that of

Bambiraptor. Posterior to the optic lobes and ventroposterior to the cerebellum lies the medulla

oblongata. This accounts for a relatively small percentage of the overall volume of the brain in

comparison with less crown ward non-avian theropods. There are numerous features protruding

from the posterior walls of the endocast in this region. The most prominent are large tubular

ventrolateral projections from the sides (at the base) of the cerebellum. The size and position of
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these features indicates that they represent the cerebellar flocculi, which are large and strongly

developed, as are those of Bambiraptor.

Anteroventral to this feature are another two protrusions, the casts of the Vth nerve bases.

The exit of this nerve appears to have split within the cranial cavity. The anterior branch, the

ophthalmic branch, probably exits the braincase via a forward facing foramen (possibly along with

the middle cerebral vein), whilst a larger laterally facing branch, the maxillary and mandibular

branch of the Vth nerve, departs the braincase posterior to this. The cast of the VIth nerve

protrudes from the endocast ventromedial to the Vth nerves.

The casts of the VIIth and VIIIth nerve bases protrude from the medulla oblongata ventral

to the cerebellar flocculi. There is a large elongated prominent feature on the endocast walls

posterior to the VIIth and VIIIth nerves probably for the passage of the Xth nerve. Lastly there are

three small swellings just anterior to the foramen magnum for the passage of the XIIth nerves.

These latter nerves and the Xth nerve exited the occipital face; the XIIth nerves exited closer to the

lateral sides of the base of the occipital condyle than the Xth nerve.

The only details of the brain that have not been covered by the above description are those

of the second, third and fourth cranial nerves. This information can be taken from the

reconstruction of the braincase illustrated by Currie and Zhao (1993b), which was made using data

from RTMP 79.8.1, 82.19.23, 86.36.457 and 86.49.90, augmented by my observations of RTMP

82.19.23: the second nerve exits through separate elongate slits which leave the braincase

anteriorly into the orbital cavity, the third nerves are posterolateral to these, and the fourth nerves

anterior and dorsal to the two former.
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Feature: Specimen measurements (mm)
Metric data for the endocast: RTMP 86.36.457 AMNH6174
Length of brain - -112 (from composite)
Length of olfactory apparatus - -28
Maximum width of olfactory apparatus - -13
(across both bulbs)
Length and width of olfactory bulb - -11, -6
Length and width of olfactory tract - -17.5, -4.5
Minimum width of olfactory apparatus - -9
(across both tracts)
Maximum width of cerebral hemispheres - -41.5
Height of cerebral hemisphere - -13.5 (from cast - not full

height)
Length of cerebral hemisphere - -40
Length and height of optic lobe - -3D, - 15 (from composite)
Length of medulla oblongata -31 -
Height of medulla oblongata (just -15 -
anterior to foramen magnum)
Metric data for the braincase: Braincase roof:
Heig_htof braincase -62 -30
Length of braincase -70 -108.8
Width of braincase -65 -97.3
Maximum width of frontal - -97.3
Maximum length of frontal - -
Height and width of foramen magnum 13.85, 13 -
Height and width of occipital condyle 11, 15.7 -

Table 4.25Measurements of the Troodon formosus skull.

4.5.15 Bambiraptor feinbergi

The Material

The following account is based on a nearly complete 3-D synthetic endocast of

Bambiraptor feinbergi (see figure 4.38) cast from the braincase elements of FIP 001 from the Two

Medicine Formation (Upper Cretaceous), Bynum, Montana. This virtually complete endocast is

arguably the most informative of any derived non-avian theropod dinosaur. It was produced by

pouring silicone rubber into a reconstruction of the braincase. Although a small portion of the walls

of the endocranial cavity is missing (i.e. the supraoccipital bones) or damaged (i.e. the frontals),

this has little effect on the resulting endocast. The cast clearly shows the five main regions of the

brain and the bases of most of the cranial nerves. Because the braincase offers no additional

information to this account, it is not included in this description (see Burnham et al. (2000) for

information about the skeletal material).

Previous workers

No details of the endocast have been published to date.
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Figure 4.38 Dorsal (a) and right lateral (b) views of the endocast of
Bambiraptor feinbergi.
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Figure 4.38 Dorsal Cc) and right lateral (d) views of the endocast of
Bambiraptor feinbergi.
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General description

The brain of Bambiraptor has many avian characteristics. The brain was obviously tightly

fitting to the walls of the endocranial cavity because all the different regions of the brain are

clearly visible on the endocast, and there are vascular imprints in the endocranial roof. The overall

structure of the brain is rounded and bulbous, relatively derived, and with little flexure. The

olfactory apparatus is relatively small, the cerebral hemispheres large. The optic lobes slope from

posterodorsal to anteroventral behind the back of the cerebral hemispheres, with the cerebellum

dorsomedial to them and reaching anteriorly to meet the back of the cerebral hemispheres. The

medulla oblongata forms only a small overall proportion of the brain and curves deeply down into

the braincase floor before curving up posteriorly to reach the foramen magnum.

Description and Interpretation

The anteriormost portion of the endocast represents the olfactory apparatus. This region is

much smaller in Bambiraptor than in many non-avian theropods such as Allosaurus and

Dromaeosaurus. The apparatus is not very long, the olfactory tracts being so short that the

olfactory bulbs lie very close to the cerebral hemispheres. The bulbs stay pressed together distally

(and do not flare as they did in Allosaurus).

Behind these features lie the much larger cerebral hemispheres. These are rounded and

bulbous, filling the space available in the posterior part of the skull. Posteromedial to the

hemispheres is a small diamond-shaped region. This probably represents the tight pressing of the

dural envelope around the epiphysis and blood vessels in this region into the roof of the

endocranial cavity. (In Sphenodon (Butler and Hodos, 1996) and birds (Cobb and Edinger, 1962)

the epiphysis is found in this region).

Ventral to the cerebral hemispheres in non-avian theropod endocasts the second, third and

fourth nerve bases are usually apparent, but this region of the endocast is damaged, and so the data

concerning these nerves is missing (the braincase does not supply this information either). The

optic lobes slope from posterodorsal to anteroventral behind the cerebral hemispheres, perhaps

pushed into this position via continued expansion through evolution of the hemispheres in the

confined space of the cavity to reach this condition which is more similar to that found in a

modem bird. The optic lobes are large, indicating, along with the large orbits, that sight could have

been acute in Bambiraptor.

Dorsomedial to the optic lobes lies the cerebellum, the two halves of the bone roofing this

brain structure having been slightly misplaced during the casting process, resulting in both sides of

this feature having rotated slightly posterolaterally away from the midline. Unfortunately, the

posteroventral part of the optic lobes has not been cast due to the absence of the supraoccipital.

Despite these problems, it is evident that the cerebellum is found in an essentially avian

dorsomedial position approaching the back of the cerebral hemispheres and also that there are

large cerebellar flocculi projecting off the lower sides of this structure, further suggestive of the
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developed nature of this part of the brain (see below).

The final major region of the braincase is the medulla oblongata, which is clearly visible

curving down into the basicranial floor behind the optic lobes. This area takes up proportionally

less space in Bambiraptor than it does in less crownward non-avian theropods such as

Carcharodontosaurus, and its highly curved and condensed nature is reminiscent of the structure

of the medulla oblongata in birds.

Posteroventral to the optic lobe and just posterior to the start of the medulla oblongata,

there is a large protrusion from the cast brain surface which is slightly larger posteriorly than it is

anterodorsally. This protrusion represents the base of the Vth nerve, its large size and lack of

symmetry being characteristic. The anterodorsal part of this protrusion probably represents the

base of the ophthalmic branch of the Vth nerve, whilst the larger, more posterior part of the

protrusion probably represents the maxillary and mandibulary branch of this nerve.

Posterodorsal to the cast of the Vth nerve base is a large oval protrusion which is directed

posterolaterally from the lower sides of the cerebellum representing the cerebellar flocculi. The

large size of these features and the position and tight-fitting nature of the cerebellum to the

endocranial walls suggests that this part of the brain was also avian-like.

Directly ventral to the cerebellar flocculi and posterior to the Vth nerve lie two small

protuberances from the endocast wall. Their size, shape and position near the otic region suggest

that they represent casts of the nerve bases for the VIIth and VIIIth nerves. Posterior to the casts of

these nerve bases is a long and elongate dorsoventrally oriented slit which probably allowed the

passage of the IXth, Xth and XIth nerves in life. The Xth nerve exits the occipital face of the

braincase (David Burnham, pers, comm., 2000).

Just anterior to the foramen magnum, two small foramina are found posterior to the

elongate slit which served for the passage of the ninth to eleventh nerves. The position of these

protuberances is characteristic of the XIIth nerves. In Bambiraptor these exit the occipital face as

in many of the non-avian theropods studied, one ventral to the other under the base of the occipital

condyle with the tenth nerve exit lateral to them in the exoccipital, as in Deinonychus.

The brain of Bambiraptor feinbergi is in a highly derived state which matches its proposed

phylogenetic position close to the non-avian theropod ancestry of birds.
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Feature: S_pecimen measurements_lmml
Metric data for the endocast: FIPOO1
Length of brain 59.25 (entire endocast including part of endocast

anterior to end olf bulbs). -53 (without)
Length of olfactory apparatus 10.5
Maximum width of olfactory apparatus 11.1
(across both bulbs)
Length and width of olfactory bulb 8.35.5.55
Length and width of olfactory tract 2.15.4.5
Minimum width of olfactory apparatus 9
(across both tracts)
Maximum width of cerebral hemispheres 26
Height of cerebral hemisphere -13 to 15 (hard to measure)
Length of cerebral hemisphere 22.45
Length and height of optic lobe -18 (split so artificially elongated). 8.33
Length of medulla oblongata 19.35
Height of medulla oblongata (just -11
anterior to foramen magnum)
Length and width of cartilaginous region No cartilaginous regions
of braincase roof
Metric data for the braincase:
Height of braincase -39 (skull. excluding lower jaw) Measured from

Burnham et al. 2000
Length of braincase -119 (skull) Measured from Burnham et al. 2000
Width of braincase -44 (skull) Measured from Burnham et al. 2000
Maximum width of frontal 42.9
Maximum length of frontal 42.9
Height and width of foramen magnum -8.5. -10 (from endocast)
Height and width of occipital condyle 3.5.6 (from cast of braincase)

Table 4.26 Measurements of the Bambiraptor feinbergi skull.

4.5.16 Dromaeosaurus albertensis

The Material

The following account of the endocranial anatomy of Dromaeosaurus (AMNH 5356. see

figures 4.39.4.40 and 4.41) is based on a 3-D. well preserved and practically undistorted occipital

braincase fragment and a pair of frontals. The material was found in Campanian or Early

Maastrichtian rocks from Little Sandhill Creek. in Dinosaur Provincial Park. Alberta, Canada. This

3-D braincase is well preserved. so that many of the cranial foramina are visible and some

hypotheses about the brain can be made. The braincase is quite broken up and has been

reassembled with glue and plaster. The occipital fragment is composed of the basisphenoid,

basioccipital, exoccipital, supraoccipital, parietal, frontal. prootic. a small fragment of the

laterosphenoid and some other more ventrally located cranial bones which are not involved in the

braincase. The frontal bones are very broken up. Their undersurface offers some information on the

anterior part of the brain although they were obviously not tightly fitting to its sides because little

detail of the brain in this region has been recorded.
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Figure 4.39 Posterodorsal internal view (a) into the right side of the posterior
part of the braincase of Dromaeosaurus albertensis. Lateroventral exterior view
(b) up to the right side of the posterior part of the braincase of Dromaeosaurus
albertensis.
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MNH 5356

a 50mm

AMNH 5356

b 50mm

Figure 4.40 Dorsal (a) and posterior (b) views of the posterior part of the braincase of
Dromaeosaurus albertensis.
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AMNH 5356

Olf. bulb

Figure 4.41 Ventral view of the frontals of Dromaeosaurus albertensis.
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Previous workers

Currie (1995) described this material in detail. I agree with his interpretations except for

his placement of the foramen for the Vlth nerve (and consequently also his failure to show a split in

the Vth cranial nerve in his figures) and the endolymphatic duct (see below).

General description

This posterior portion of the braincase offers limited information on the brain of

Dromaeosaurus. Although the frontals provide the approximate dimensions of the cerebral

hemispheres and the olfactory apparatus (the latter was large), this is all that can be deciphered

from the material because the brain did not press tightly against the endocranial walls. There is no

information concerning the optic lobes. The foramen magnum appears to be large but the small

and undeveloped cerebellar flocculi indicate that the cerebellum may not have been very derived

relative to the ancestral non-avian theropod condition. Several other characteristics of this

braincase are similarly confusing given the close position of Dromaeosaurus to birds, such as the

non-pneumatic nature of the braincase bones. It is therefore difficult to assess the relative state of

development of the brain of Dromaeosaurus.

Description and Interpretation

An impression of the anteriormost region of the brain cavity is etched into the ventral side

of the frontal bones. In ventral view, the raised outer edges of the bone form two curved

semicircles leaving a deeper hour glass impression medially. The anterior part of this area

contained the olfactory apparatus, the medial narrow region holding the olfactory tracts whilst the

wider anterior area formed the walls to the olfactory bulbs. Space is adequate for a large olfactory

apparatus. The more posterior part of the bone covered the cerebral hemispheres. Despite the

broken nature of the bone it is clear that these features were not tightly pressed up to the braincase

walls because no discrete impression of individual structures or vasculature remains.

Ventroposteriorly, in the occipital fragment of the braincase, most of the laterosphenoid

has been eroded away (or was never ossified) and hence there is no information on the relative

positions of cranial nerve foramina I - IV. The walls of the more posterior part of the braincase,

however, do show many features that relate to the state of the brain, for example the prootic is

punctured by several foramina which shed light on the anatomy of some brain structures. A small

foramen is found just anterior to the laterosphenoid - prootic suture; this foramen is unusual and is

probably vascular in origin. Currie (1995) suggested that it transmitted the anterior cerebral vein.

A characteristicIy large foramen is found posteroventral to this small vascular foramen, in

the prootic, which represents the exit of the maxillary and mandibulary (and possibly the

ophthalmic) branch of the Vth nerve. This nerve may have split inside the braincase walls, the

ophthalmic branch exiting anteroventral to the maxillomandibulary exit. Currie (1995) suggested

that this is the external exit for the Vlth nerve, but it is not in a usual position for this nerve. The

more anterior foramen may also serve as the exit of part of the middle cerebral vein. Internally,
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medial to the Vth nerve foramen in the braincase floor, are a pair of small foramina which are

always found in this characteristic position in archosaurs, the VIth nerve canals.

A large, shallow depression in the braincase wall posterodorsal to the Vth nerve exit

contains the cerebellar flocculi. Its small size here is notable given the phylogenetic position of

Dromaeosaurus, and given that all its close relatives have relatively larger cerebellar flocculi.

A pathway is etched into the braincase wall in an anterior to posterior direction leading into

a foramen anterodorsal to the cerebellar flocculi. This canal connects with a foramen that issues

onto the occipital face laterodorsal to the foramen magnum, for the external occipital vein.

A small foramen posterodorsal to the cerebellar flocculi is probably for the endolymphatic

duct at the top of the vestibular pyramid. Directly ventral to this feature is a group of four foramina.

The two more anteriorly positioned foramina represent the canals for the VIIIth nerve (dorsally

positioned) and for the Vllth nerve (ventrally positioned). Two foramina positioned in a small

indentation in the braincase wall posterior to the former nerve canals represent the fenestra ovalis,

and possibly a blood vessel associated with the otic region.

Posterior to the fenestra ovalis and midway up the braincase wall, lies a large opening

with a smaller separate foramen just posterior to it. These features probably represent the canals

for the passage of the IXth to XIth nerves. The smaller canal behind the larger opening is probably

for the passage the IXth cranial nerve (see Walker 1985, where the same foramen is labelled IX in

Pygoscelis papua (BMNH 1898».

Two small foramina are found in a typical position near the braincase floor and just

anterior to the opening of the foramen magnum. These features represent the canals for the passage

of the XIIth nerves which exit the occipital face (see below). Lastly, a foramen is visible in internal

view just anterior to the foramen magnum and which probably represents part of the endocranial

vascular system (fig 4.39a and 4.40b, vasc?).

On the occipital face, just ventrolateral to the occipital condyle, are three cranial foramina,

one very close to the base of the condyle, one slightly smaller and ventral to this, and one larger

and positioned further laterally. The foramen closest to the condyle is in a characteristic position

for the XIIth nerve, as is the foramen just ventral to this. The slightly larger foramen lateral to the

XIIth nerve foramina probably represents the passage for the Xth nerve. There are no other

openings into the bone on the occipital face except for two small foramina laterodorsal to the

foramen magnum. These features, previously mentioned, represent the passage for the external

occipital vein that is positioned lower down at the sides of the foramen magnum in birds.
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Feature: Specimen measurements (mm)
Metric data for the endocast: AMNH5356
Minimum width of olfactory apparatus -14
(across both tracts)
Maximum width of cerebral hemispheres -18 (one), -35 (together)
Metric data for the braincase:
Height of braincase 63.3 (base quadrate to top supraoccipital)
Length of braincase 83.2 (FM to end parasphenoid)
Width of braincase 105.2 (tips parocc procs)
Maximum width of frontal -40
Maximum length of frontal 53 (height = -18)
Height and width of occipital condyle -11.6, -17

Table 4.27 Measurements of the Dromaeosaurus albertensis skull.

4.5.17 Saurornitholestes langston;

The Material

The following description is based mainly on a pair of frontals of this species (RTMP

74.lO.5, see figures 4.42 and 4.43) from the Judith River Formation (Upper Cretaceous.

Campanian). in Dinosaur Provincial Park. Alberta, Canada. The frontals are well preserved in dark

and shiny rock. They have been broken along the posterior part of the bone, but have been glued

back together. The frontals are quite complete except for the anterior tip, and a hole towards the

posterolateral corner of the right frontal. Further data to aid this description have been taken from

the following specimens: RTMP 94.12.795, 89.50.145, 80.16.312, 84.94.6, 81.23.7, and their

measurements are given in Table 4.29.

Previous workers

Sues (1978) described this material and concluded that the olfactory bulbs are smaller than

those of Dromaeosaurus. and that the cerebral hemispheres are larger. I agree with his statements

concerning this material.

General description

These frontals offer some data on the forebrain of Saurornitholestes. The ventral surface of

RTMP 74.10.5 reveals that the olfactory apparatus was not very prominent, and that the cerebral

hemispheres were rounded and bulbous and pressed tightly against the endocranial walls. There is

no information on the more posterior regions of the brain.
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Figure 4.42 Dorsal (a) and ventral (b) views ofthe frontals of Saurornitholestes langstoni.
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Figure 4.42 Dorsal (c) and ventral (d) views of the frontals of Saurornitholestes langstoni.
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Figure 4.43 Ventral (a) and dorsal (b) views offrontals of Saurornitholestes.
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Description and Interpretation

In ventral view the frontals reveal the anterior roof of the endocranial cavity, where an

asymmetric hour glass shape is etched into the endocranial roof, the detail and definition of which

suggests that the brain fitted more tightly to the walls of the braincase than in Dromaeosaurus.

Anteriorly, where the cavity is narrower, there are small oval-shaped impressions in the roof of the

braincase. These impressions were created by the olfactory bulbs that were in this position during

life. Only a short distance behind these, the impression narrows to a slender neck before it expands

posteriorly to envelope the cerebral hemispheres. Between the olfactory bulbs and this expansion

lie short olfactory tracts.

The walls of the expanded area curve posterolaterally around the cerebral hemispheres.

These are large and fill the available space in the posterior region of the frontals. Vascular imprints

are not visible on the endocranial walls.

Feature: Specimen measurements (mm)
Metric data for the endocast: RTMP 74.10.5
Length of olfactory apparatus - 14
Maximum width of olfactory apparatus -12.5
(across both bulbs)
Length and width of olfactory bulb 9.25,5.5
Length and width of olfactory tract length = - 4.5, width (one) = - 4
Minimum width of olfactory apparatus -8.5
(across both tracts)
Maximum width of cerebral hemispheres 18.5 (one), 36.5 (both)
Metric data for the braincase:
Width of braincase 64 (frontals)
Maximum width of frontal 64 (both)
Maximum length of frontal 53

Table 4.28 Measurements of the Saurornitholestes langstoni skull.

Specimen No: Max. Max. Max. Max. Min. Width and
(one side of the length width width width width length olf.
frontal only) frontal frontal cbhms available available bulb (mm)
All start with (mm) (mm) (mm) to olf. ap to olf. ap
RTMP: (mm) (mm)
94.12.795 39.05 23.7 16.6 10.45 7.4 6.15,10.5
74.10.5 53.6 31.0 18.0 12.9 6.2 5.5,9.25
89.50.145 41.7 31.0 16.5 10.5 6.35 6.4, 13.45
80.16.312 49.0 33.3 17.8 11.1 7.25 6.1, 10.5
84.94.6 44.0 - 15.8 10.9 6.75 6.0,10.6
81.23.7 45.5 33.1 18.5 11.6 6.2 0.9, 12.1

Table 4.29 Measurements of the frontal bones of a range of Saurornitholestes-like non-avian

theropods.
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4.5.18 Velociraptor mongoliensis

The Material

This cast of a very crushed, broken and slightly eroded skull (a cast of AMNH 615, see

figure 4.44) offers little information on the brain of Velociraptor. The specimen from which this

cast is made is from the Djadokhta Formation (Late Cretaceous, Early Campanian?), of Bayn

Dzak, Omnogov province. Gobi Desert, Mongolia. This cast of Velociraptor shows less detail than

the original specimen, although even the holotype itself does not offer much data on the structure

and biology of the brain.

Previous workers

Although Sues (1977) described the holotype, he did not discuss any aspects of its brain.

Further information on the brain of Velociraptor mongoliensis has been obtained from Barsbold

and Osmolska (1999) who have more recently found less crushed and damaged material. Although

I have not seen their material, the brief description below has been enhanced by their description

and reconstructions of specimen GIN 100/25, a 3-D and almost complete skull.

General description

Most of the braincase of AMNH 615 has been crushed beyond identification. The skull

was long and narrow, the orbits relatively large. The cerebral hemispheres appear relatively large

and the optic lobes seem to have moved down into a ventrolateral position in the endocranial

cavity. This evidence, and that offered in the schematic illustrations offered of the braincase and

its cranial foramina by Barsbold and Osm6lska (1999), suggest that the brain of Velociraptor

possessed avian characters.

Description and Interpretation

Little information concerning the brain could be obtained from the cast of the holotype,

although the opening into the braincase wall on the right side does give some rough detail of the

endocranial cavity. This interior view reveals that the brain probably has a structure that

approaches the avian condition, at least in its topographic layout.

Further information can be taken from the specimens figured in Barsbold and Osm6lska

(1999). The morphology of the roof of the braincase suggests that the brain of Velociraptor was

similar those of Troodon and Saurornitholestes, with large cerebral hemispheres and an overall

topology more similar to that found in a modern bird than that of Allosaurus or Tyrannosaurus.

Examination of the dorsal view of GIN 100125 (figure 2 of Barsbold and Osmolska, 1999) reveals

that the cerebellum is probably positioned close behind the cerebral hemispheres and hence that

the optic lobes are in a ventrolateral position.
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Figure 4.44 Left lateral (a) and right lateral (b) views ofa cast of the skull of
Velociraptor mongoliensis.
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Figure 4.44 Left lateral (c) and right lateral (d) views of a cast of the skull of
Ve/ociraptor mongoliensis.
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The foramen magnum is large indicating that the brain fills a large part of the posterior

part of the braincase. It is not possible to comment on the morphology of the olfactory apparatus.

The schematic diagrams of Barsbold and Osmolska (1999: figure 6) reveal that much of the

braincase structure and the positioning of the various cranial foramina are as those of Troodon

fonnosus, see section 4.5.14.

Feature: Specimen measurements (mm)
Metric data for the endocast: Cast of AMNH 615
Maximum width of cerebral hemispheres (From frontals of GIN 100125 = - 28.8)
Metric data for the braincase:
Height of braincase 38.4, GIN 100125 = 43.3 (both exclude lower jaw)
Length of braincase 176, GIN 100/25 = 222 (both whole skull)
Width of braincase -30 (max width above orbits, crushed skull), GIN

100125 = -42.2 (max width above orbits, uncrushed
skull)

Maximum width of frontal -30, GIN 100125 = -44
Maximum length of frontal -. GIN 100125 = -53.3
Height and width of foramen magnum -, GIN 100125 = -6.6, 6.6
Height and width of occipital condyle -, GIN 100125 = -5.5. 9.9

Table 4.30 Measurements of the Yelociraptor mongoliensis skull.

4.5.19 Deinonychus antirrhopus

The Material

This account of the features of the brain of Deinonychus antirrhopus is based upon a well

preserved 3-D posterior braincase fragment (see figure 4.45) that is part of a larger collection of

Deinonychus skeletal fragments (MOR 747). This material was found in the Cloverly Formation

(Early Cretaceous (Aptian or Albian» of Montana, USA. This posterior braincase fragment is

mainly composed of the basioccipitals, exoccipitals, opisthotics and supraoccipitals. The broken

anterior face is more difficult to interpret due to damage and its highly pneumatic nature. The

posterior of the braincase is in quite good condition and several cranial foramina are easily

identifiable. Most of the broken edges of the specimen are still rough implying that little erosion

has taken place.

Previous workers

Ostrom (1969) was the first to describe Deinonychus, but as no skull roof or other

braincase material had been found at the time of his writing. details of these areas have remained

undocumented. Witmer and Maxwell (1996) wrote a short abstract on MOR 747 but did not

attempt to discuss the brain.
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Figure 4.45 Posterior (a) and anterior (b) views of the occipital region of the skull of
Deinonychus antirrhopus.
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Figure 4.45 Posterior (c) and anterior (d) views of the occipital region of the skull of
Deinonychus antirrhopus.
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General description

The braincase appears like that of Velociraptor (GIN 100/25) (Barsbold and Osmolska,

1999). In posterior view, the foramen magnum is large and the exits of all the cranial nerve

foramina are clearly defined. The anterior view is more difficult to interpret due to the breakage

and the small amount of erosion and distortion that has taken place. Despite this, evidence of a

large cerebellar flocculus (see below) suggests that the cerebellum may have been well developed.

A deep groove in the roof of the endocranial cavity suggests that the brain may have fitted tightly

to the braincase walls. The fragment unfortunately offers only this limited information on the brain

of Deinonychus.

Description and Interpretation

The posterior view clearly indicates the close relationship between Deinonychus and

Veiociraptor. The external occipital vein foramina are also found in a very similar position to

those of GIN 100125 in Barsbold and Osmolska (1999: figure 2), above the lateral borders of the

foramen magnum.

The cranial nerve openings ventrolateral to the base of the occipital condyle are also

placed as they are in Velociraptor (Barsbold and Osmolska, 1999: figure 5): the two more medial

nerve foramina closer to the occipital condyle (a larger dorsal one and a smaller more ventral one)

represent openings for the passages of branches of the XIIth nerve. The largest and most laterally

positioned foramina are interpreted as being for the passage for the Xth nerve.

In anterior view, the highly pneumatic nature of the braincase is evident. Of the more

easily recognisable openings, one of the passages for the external occipital vein is visible in the

dorsal right hand comer of the braincase leading out to the occipital face. Medial to the passage of

this vein lies a deeply grooved indentation in the endocranial roof which forms a wider fan-shape

anterodorsally and then narrows down and becomes straighter as it slopes down diagonally to the

foramen magnum. This channel probably encloses the dorsoposterior end of the cerebellum, the

medulla oblongata (just anterior to the foramen magnum), and the occipital blood sinus that lay

between the bone and the different parts of the brain in this area, giving the channel its smooth and

straight appearance.

Anteroventral to this channel, and lateral to the foramen magnum, lie two recesses into the

bulging braincase walls in the acoustic region, which probably housed the cerebellar flocculi. They

are not equal in size or in exact positioning within the braincase, but this is probably due to both

erosion and a slight dorsally oriented distortion on the right hand side. The cerebellar flocculus on

the left hand side of the braincase in anterior view is large suggesting that the cerebellum could

also have been well developed, but it is relatively small on the left, and it is not certain which of

these two states is closer to the original. Comparison with close relatives of Deinonychus, such as

Bambiraptor (see section 4.5.15), indicates that Deinonychus may have had large flocculi.

Ventroposterior to the cerebellar flocculus lies a channel that runs out of the braincase just
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behind the otic region. This channel probably represents the fenestra ovalis and the metotic

foramen.

Feature: Specimen measurements (mm)
Metric data for the fragmentary MOR 747
braincase:
Height of braincase 43.75
Length of braincase -23
Width of braincase 74.6 (with parocc procs)
Height and width of foramen magnum -13.2, 14
Height and width of occipital condyle 11.35,12.1

Table 4.31 Measurements of the Deinonychus antirrhopus skull.

4.5.20 ShUVUUUl deserti

The Material

This account is based on two skulls of Shuvuuia deserti, MOl 100/1001 (see figure 4.46)

and MOl 100/977 (see figure 4.47). These specimens were found in the Djadokhta Formation

(Late Cretaceous/Campanian?) of Ukhaa Tolgod, South Gobi Aimak, Mongolia. MGI 10011001 is

well preserved in places, three dimensional. eroded and slightly distorted over to the left side. The

severely crushed braincase of MOl 100/977 has been tilted downwards under the back of the skull.

and the occipital face now lies face down in the sediment. This skull is shorter than it was in life

because it has been anteroposteriorly compressed so that part of the parietals have been pushed up

under the frontals. Only the occipital face yields cranial nerve information on both of these

specimens. Only rough estimates of the dimensions and topology of the brain can be made from

this material.

Previous workers

Chiappe et al. (1998) described this unusual skull. but made no attempt to discuss any

features of the brain.

General description

The braincase of Shuvuuia is in an unusual position. high up in a seemingly self-contained

unit in the posterodorsal comer of the skull. This condition is slightly different from that found in

derived non-avian theropods and birds, where the brain curves around the rounded back wall of

the skull instead of protruding behind it squarely as is the case here. The brain probably does not

display a high degree of flexure because the braincase itself is very flat. The position of the

cerebral hemispheres is easily decipherable below the frontals, but the exact positioning of the

optic lobes and cerebellum is not clear. The foramen magnum is very large given the size of the

braincase, and the occipital condyle is small. The few cranial nerve foramina that are visible also
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Figure 4.46 Dorsal (a) and left lateral (b) view of a three-dimensional skull of
Shuvuuia deserti.
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Shuvuuia deserti.
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Figure 4.47 Dorsal (a) and left ventral (b) views of a crushed skull of
Shuvuuia deserti.
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Figure 4.47 Dorsal (c) and left ventral (d) views of a crushed skull of
Shuvuuia deserti.
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follow the derived non-avian theropod and avian pattern. The data that can be recorded from this

brain are limited by the lack of internal information, so unfortunately this account cannot be very

useful in supporting or rejecting hypothesized phylogenetic positions for Shuvuuia.

Description and Interpretation

The prominent posterodorsal and detached-looking nature of the braincase of Shuvuuia is

unusual for archosaurs. The frontals however are much like those of other non-avian theropods,

bridging between two large orbits anteriorly, covering the olfactory apparatus and curving

posterolaterally from there. The size and shape of this more posterior part of the frontals gives a

reasonable indication of the proportions of the cerebral hemispheres. Behind these, the parietals

roof the optic lobes, cerebellum and medullary regions of the brain.

The cerebral hemispheres are large and rounded relative to those of Allosaurus. There is

space anterior to the hemispheres and between the orbits for a small olfactory apparatus. Posterior

to the hemispheres the cerebellum probably sits in a dorsomedial position to the optic lobes. This

situation seems likely because the braincase does not appear wide enough dorsally to

accommodate the optic lobes, although there is enough room for a decent-sized cerebellum in this

region. The medulla oblongata must curve under this region. The foramen magnum IS

exceptionally large and may indicate that the brain completely filled the posterior of the skull.

The occipital face provides the only data on cranial nerve foramina. There are two small

foramina lateral to the occipital condyle which are shifted slightly dorsally relative to their usual

position at the base of the condyle by the large foramen magnum. These openings are for the

passage of the XIIth nerves. A larger more dorsolaterally positioned foramina probably represents

the opening for the Xth nerve.

The braincase of Shuvuuia seems to be derived relative to those of its crocodilian-like

ancestors, but slightly different from those of other crownward non-avian theropods and early

birds.
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Feature: Specimen measurements (mm)
Metric data for the endocast: MGI 100/1001 MGI100/977
Length of brain -24.2 (mid-frontals - -19.1

back parietals, exclud.
olfactory apparatus)

Maximum width of cerebral hemispheres -17.15 -20
Metric data for the braincase:
Height of braincase -24 (skull), 11 -

(braincase only)
Length of braincase -60 97.1 (skull)
Width of braincase -26 (skull), 15 44 (skull)

(braincase only)
Maximum width of frontal 17.15 20.1
Height and width of foramen magnum 5.05,7.95 -
Height and width of occipital condyle -1.5, -3 -

Table 4.32 Measurements of the Shuvuuia deserti skull.

4.6 The Early birds

Apart from the excellent and well known endocast of Archaeopteryx, little well preserved,

complete endocranial data are available for this group. What data can be recorded from the often

crushed and fragmentary existing cranial material are relayed below.

4.6.1 Archaeopteryx luhographica

The Material

This account of the brain of Archaeopteryx is based on the endocast of the London

specimen (BMNH 37001, see figure 4.48). This specimen is from the Solnhofen limestone

(Jurassic (Late Kimmeridgian, Tithonian» of Bavaria, Germany. This is a complete and three-

dimensional endocast although there may have been some slight distortion due to crushing.

Unfortunately the lower right hand part of the endocranial mould is not very well preserved and

hence some detail of this region is missing. As the other braincases of Archaeopteryx studied

(MBI.027.03 and Eichstatt Archaeopteryx) did not add any data to those already recorded from the

London endocast, their details are not described here.

Previous workers

Archaeopteryx is perhaps the most worked upon fossil in vertebrate palaeontology. Nearly

100 researchers have published on it including Edinger (l926b, 1941), de Beer (1954), Jerison

(1968, 1973), Walker (1985), Martin (1991, 1995a) and Wellnhofer (1993) to name but a few. The

early work was based on what was visible of the partially embedded endocast and consequently

some errors were made, including mis-judgement of the position of the midline suture which led to

authors describing the brain as reptilian. Jerison (1968) pointed out that the position of the midline
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Figure 4.48 Dorsal (a) and left lateral (b) views of the endocast of Archaeopteryx
lithographica.
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Figure 4.48 Dorsal (c) and left lateral (d) views of the endocast of Archaeopteryx
lithographica.
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had been misinterpreted, and re-evaluated the brain as being more avian and less reptilian.

Whetstone (1983) removed the endocast finally from its surrounding matrix and enabled a proper

examination of this important cast. Martin (1991, 1995) reconstructed the brain of Archaeopteryx

based on the newly exposed natural endocast but he based his lateral view on the right lateral view

only and does not seem to have taken the left lateral view into account. The left lateral view

suggests to me that the right lateral view may be slightly crushed or distorted, making the cerebral

hemispheres appear slightly less deep than they were in life. BUhler (1985), however, provided a

more realistic lateral reconstruction of the Archaeopteryx skull which clearly allows for slightly

deeper cerebral hemispheres. I agree more closely with the BUhler reconstruction.

General description

The brain of Archaeopteryx is rounded and bulbous, clearly more avian than crocodilian in

its proportions and morphology although not quite at the modern avian state. The brain has sharp

delineations to its different regions revealing that it fitted tightly to the endocranial cavity walls.

The olfactory apparatus is long in comparison to those of modern birds, but also narrow in

comparison with the width of the cerebral hemispheres. The hemispheres are large and rounded in

dorsal view. The cerebellum reaches the back of the cereberal hemispheres as it does in birds, with

the optic lobes displaced ventrolateral to it. Little data are available from this specimen concerning

the medulla oblongata apart from that it is a relatively small compared to that in less crown ward

non-avian theropod dinosaurs such as Allosaurus. The brain of Archaeopteryx lies morphologically

between those of modern birds and the non-avian theropods in terms of its evolutionary state.

Description and Interpretation

The olfactory lobes are long and narrow in comparison with those of modern birds.

Unfortunately the exact proportions of the tract to the bulb are not available as these features are

not individually distinguishable on the cast. The slender olfactory regions of the brain open out into

the rounded and expansive cerebral hemispheres. These were bulbous in dorsal view but, if the

lateral details of this cast are correct, not very deep. I believe that there may have been some slight

distortion (crushing) of the hemipsheres in right lateral view, since in the left lateral view they

appear to be higher. Whatever the case, these hemispheres are avian in character, although are more

elongate and not as rounded as those of a modern bird.

The cerebellum encroaches upon the back of the hemispheres, its rounded anterior end

slotting into the v-shaped space provided by the joined posterior ends of the hemispheres. The

cerebellum is large and in an avian position, displacing the optic lobes down into a ventrolateral

position beneath it. The optic lobes are also large (though not as large as those of modern birds)

and are almost as wide as the hemispheres at their widest point.

The medulla oblongata does not appear to form a very important part of the brain relati ve

to its other features and relative to the medulla of other archosaurs such as Allosaurus. On the right

ventroposterior side of the endocast the preservation is not good enough to establish details of the
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cerebellar flocculi and on the left side part of the acoustic apparatus appears to have formed part of

the cast, obscuring any detail underneath this region.

Vascular imprints which overlie the optic lobes may represent the external occipital veins,

suggesting that the brain fitted tightly to the braincase walls, at least in this region.

Feature: Specimen measurements (mm)
Metric data for the endocast: BMNH 37001
Length of brain 26
Length of olfactory apparatus 5.5
Maximum width of olfactory apparatus 1.6
(across both bulbs)
Minimum width of olfactory apparatus -9
(across both tracts)
Maximum width of cerebral hemispheres 24
Height of cerebral hemisphere -12
Len_gthof cerebral hemisphere -12.5
Length and height of optic lobe 7.5,5

Table 4.33 Measurements of the Archaeopteryx lithographica skull.

4.6.2 Confuciusornis sanctus

The Material

This account of the brain of Confuciusornis is based on an unnumbered specimen held in

the Jura Museum collections in Elchstatt, Germany. This specimen is from the Chaomidianzi

Formation (Upper Jurassic/Lower Cretaceous, -124Ma) from Beipiao in the Province of Liaoning,

China. This specimen is unusual in that it is dorsoventrally crushed (see figure 4.49) which makes

interpretation of the endocranium more feasible (when examined in conjunction with laterally

crushed material). The other specimen referred to during this account is a Confuciusornis held at

the Senckenberg Institute (SMF Av 416) that is from exactly the same beds and region, but which

is laterally crushed.

Previous workers

The main works on the Confuciusornis skull consist of a lengthy account by Chiappe et al.

(1999), and some somewhat shorter papers by Peters and Ji (1998) and Martin and Zhou (1998).

none of which discuss the brain. Martin and Zhou (1998) reconstructed a crushed skull, giving it an

exaggeratedly high a skull roof. which Chiappe et al. (1999) corrected in their more detailed

monograph.
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Figure 4.49 Dorsoventrally crushed skull of Confuciusornis sanctus.
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General description

Due to the crushed nature of the material the data that it reveals about the brain of this

organism are limited. The more unusual dorsoventrally crushed specimen held in the Jura Museum

collections aids visualisation of the brain within the skull, as the frontal bones are visible. These

bones lie closely over the cerebral hemispheres giving some indication as to their size and

morphology. The lateral view adds some information on the position of the brain within the skull

and the size of the brain relative to the skull. The size and shape of the frontal and parietal bones

roofing this skull in dorsal view suggest that the cerebral hemispheres were large and well

developed and the curvature of the back of the skull indicated that the brain must have been flexed

(curved) also to fill the available space. The brain was avian in overall form, but not as bulbous and

rounded as that of a modem bird.

Description and Interpretation

The dorsoventrally crushed specimen reveals that the cerebral hemispheres at least were

wide and avian in character in Confuciusornis, taking up a large part of the posterior of the skull in

dorsal view.

The lateral view of SMF Av 416 (for figure see Peters and Ji (1998» gives some indication

as to the structure of the brain below the frontals and parietals: it can be estimated that the optic

lobes probably lay under the more posterior part of the cerebral hemispheres, with the cerebellum

directly posterior to the hemispheres. The medulla oblongata and olfactory apparatus were

probably small.

The skull, however retains some primitive attributes such as the diapsid temporal

construction, and the proportion of the skull occupied by the brain is small relative to that occupied

in a modem avian skull. The brain of Confuciusornis probably has all the avian characters except

the bulbous and expanded nature of the modem avian brain.
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Feature: Specimen measurements (mm)
Metric data for the endocast: Jura Specimen SMF Av 416
Minimum width of olfactory apparatus -5 -
(across both tracts)
Maximum width of cerebral hemispheres 24 (frontals) -
Metric data for the braincase:
Height of braincase - 38.75 (skull)
Length of braincase 23.85 (be), 65 (skull) 57.75 (skull)
Width of braincase 24 (be), 53.7 (skull -

crushed)
Maximum width of frontal 24 -

Height and width of foramen magnum -, -9 -

Table 4.34 Measurements of the Confuciusomis sanctus skull.

4.6.3 Patagopteryx deferrariis!

The Material

This account is based on a cast of the skull of Patagopteryx (MACN-N-II). This is a poor

quality cast of a damaged, but three-dimensional skull (see figure 4.50). This specimen was found

in the Rio Colorado Formation (Upper Cretaceous) of Patagonia. Argentina. A large part of the

right frontal bone appears to have been eroded away, and the finer details of the cast are hard to

interpret as it is of bad quality, but this material can still offer some information on the brain

within.

Previous workers

The details of this specimen were discussed by Chiappe (1995a & b), but he made no

attempt to reconstruct details of the brain.

General description

This three-dimensional skull cast reveals that the cerebral hemispheres of this organism

were deep and transversely expanded. The cerebellum was positioned posterior to them under the

parietal and supraoccipital bones. It is highly probable that the optic lobes are located

posteroventral to the cerebral hemispheres. This poor quality cast of a damaged skull offers little

data on the brain.
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Figure 4.50 Dorsal (a) and right lateral (b) views of a cast of a skull of Patagoptery
deferrariisi.
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Description and Interpretation

The size of the cerebral hemispheres can be estimated in dorsal view, where they appear

wide and rounded. The cerebellum, behind the hemispheres, probably creates the outwardly

curving bulge in the posterior wall of the supraoccipital. Given the lack of space behind the

hemispheres (and given that any space is probably filled by the cerebellum), little room is available

in the dorsal part of the braincase for the optic lobes, which are probably ventral to the more

posterior region of the hemispheres. Little information can be gathered externally concerning the

medulla oblongata and the olfactory apparatus. In lateral view the brain appears to curve around the

back of the skull and occupy a high percentage of this region. The brain of this organism is

probably reasonably derived except that it lacks the overall expansiveness of the modem avian

brain.

Feature: Specimen measurements (mm)
Metric data for the endocast: MACN·N·ll
Maximum width of cerebral hemispheres -25
Height of cerebral hemisphere -18.69
Length of cerebral hemisphere -28
Metric data for the braincase:
Height of braincase 31 (skull)
Length of braincase - 35 (be), 64 (skull)
Width of braincase -30
Maximum width of frontal -13

Table 4.35 Measurements of the Patagopteryx deferrariisi skull.

4.6.4 Enaliornis barretti

The Material

This account of the brain of Enaliomis is based on an endocast made from a well

preserved, three-dimensional posteroventral braincase fragment (SMC B54404) from the

Cambridge Greensand (Lower Cretaceous, Lower Albian; see figure 4.51 and 4.52), Coldham

Common near Cambridge, V.K.

Previous workers

The Enaliomis material from which this endocast was created was initially described by

Seeley (1870) as a pterosaur, a mistake that he corrected in 1876. In 1963 Brodkorb made this

specimen the type of Enaliomis. Elzanowski and Galton (1991) first described this material

comprehensively, claiming that Enaliornis has a primitive avian brain with a relatively large

medulla oblongata, small cerebral hemispheres and a small cerebellum. I agree with these

observations, except possibly for the observation that the optic lobes are positioned at a primitive
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Figure 4.51 Right lateral (a) and dorsal (b) views of an endocast of Enaliornis barretti.
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Figure 4.51 Right lateral (c) and dorsal (d) views of an endocast of Enaliornis barretti
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Figure 4.52 Posterior (a) and ventral (b) views of an endocast of Enaliomis barretti.
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Figure 4.52 Posterior (c) and ventral (d) views of an endocast of Enaliornis barretti.
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angle. The brain of Enaliomis is like those of the other early birds examined in this section, having

all the avian brain characters and lacking only the highly rounded and bulbous nature.

General description

This endocast reveals that the brain of Enaliornis was highly avian in character, at least

posteriorly. The optic lobes are large and down in an avian position. The cerebellum is also large

and is found tilted diagonally posterodorsal to the optic lobes and dorsal to the large cerebellar

flocculi. Details of the cerebral hemispheres and olfactory apparatus are not available as the

anterior part of the skull was not recovered. The medulla oblongata accounts for only a small

proportion of the space available in the endocranial cavity.

Description and Interpretation

The anterior part of the endocast consists of the large cerebellum and the optic lobes. The

outer edges of the optic lobes (lateroventral to the cerebellum) form the widest part of the posterior

region of the skull. The lobes are large and oval-shaped and tilt slightly anteroventrally-

posterdorsally behind the cerebral hemispheres, they are also some distance apart ventrally. The

cerebellum itself tilts anterodorsally - posteroventrally dorsomedial to them, with the large

cerebellar flocculi projecting laterally from its posteroventral end.

The cast of the cerebellar flocculi is surrounded by a deep excavation into the endocast

walls, this "moat" is created by the swelling of the acoustic region out from the braincase walls

around the vertically oriented oval cerebellar flocculi.

Anteroventral to the oval floccular region is a small rounded protrusion from the ventral

walls of the medulla oblongata. This characteristically shaped and positioned protuberance

represents the cast of the Vth nerve base. Posterior to this nerve base and directly ventral to the

cerebellar flocculi are two small structures projecting from the endocast walls representing the

VIlth and VIIIth nerve bases. Posterior to these an elongate and vertically oriented slit-like

structure stands out on the endocranial mould which is characteristic in shape and position for the

cast of the IX-XIth nerve bases. A faint small, rounded swelling from the endocranial wall just

anterior to the foramen magnum represents the cast of the XIIth nerve base.

The path of a vascular feature can be followed from near the posteroventral comer of the

optic lobe, curving up around the exterior of the excavation caused by the acoustic region and

cerebellar flocculi and then running posteriorly from there to exit the skull through foramina to the

upper sides of the foramen magnum. This probably represents the path of the external occipital

vein.

In ventral view the start of the medulla oblongata is visible medioposterior to the optic

lobes. It curves down from there into the braincase floor to the foramen magnum. All of the brain

characters described here are highly avian.
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Feature: Specimen measurements (mm)
Metric data for the endocast: SMCB54404
Length of brain 14.5 (from anterior of optic lobes to FM)
Length and height of optic lobe 6.2 (length), 9.7 (diagonal length)
Length of medulla oblongata 10.1
Metric data for the braincase:
Height of braincase 23.7 (skull)
Length of braincase -17 (skull)
Width of braincase 28.6 (skull)
Height and width of foramen magnum 9.4, 7.9

Table 4.36 Measurements of the Enaliomis barretti skull.

4.6.5 Hesperornis regalis (& Parahesperornis alexi)

The Material

This account of the brain of Hesperomis is based on YPM 1206, YPM 1207 and KUVP

71012 (see figures 4.53 and 4.54). YPM 1206 is an almost complete crushed skull, which has been

sheared slightly in an anterior direction and the anterior tip of which is missing. This specimen was

found in the Niobrara Formation (Upper Cretaceous) by Smokey Hill River, Kansas. YPM 1207 is

a 3-D occipital region of the skull which has been eroded open dorsally and from which a small

endocast has been made. This specimen is also from the Niobrara Formation (Upper Cretaceous) in

Gave County, Kansas. KUVP 71012 represents a set of three-dimensional frontals. A further

specimen was also examined (Parahesperomis alexi - KU 2287), but revealed no further

information about the brain of these organisms and so is not included in the following descriptions.

Previous workers

This material was first described by Marsh (1880), but much of his account is

unsubstantiated by the specimens (see Edinger, 1951). I agree with Edinger (1951) when she states

that "the cerebellum had the extent, the vault and the flocculi characteristic of avian cerebella, and

the optic lobes were in the typically avian, lateral position" and "every recognisable feature of the

brain agrees with the avian type".

General description

The brain of Hesperomis was highly advanced. The cerebral hemipsheres probably filled

the area under the frontals and perhaps under some of the anterior of the parietals. The cerebellum

probably tilted anterodorsally - posteroventrally behind the back of the hemispheres causing the

occipital wall of the skull to bulge medioposteriorly. YPM 1207 reveals that Hesperornis had large

cerebellar flocculi which indicates that the cerebellum was also of large size. The frontal specimen,

KUVP 71012, reveals that the olfactory apparatus was also of large size (see figure 4.54).

Unfortunately it is not possible to estimate the size of the optic lobes, although their position

ventrolateral to the cerebellum can be predicted from the small part of them visible on the endocast.
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Figure 4.53 Dorsal (a), posterior (b) and anterodorsal internal (c) view of skulls
of Hesperomis regalis. Posteroventral (d) view of the endocast of Hesperornis regalis.

213



KUVP 71012..... . '. '.

Figure 4.54 Ventral (a) and dorsal (b) views of the frontals and parietals of
Hesperornis regalis.
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Details of the medulla oblongata are limited, although its length can be estimated.

Description and Interpretation

The ventral view of the 3-D and well preserved frontals (KUVP 71012, figure 4.54)

reveals details of the olfactory apparatus. The olfactory bulb is large in comparison with those of

some modem birds, e.g. Columba livia, but not so large in comparison with some sea birds such as

Diomedea exulans, although more elongate. The bulb forms an elongate oval which stretches

anterior to the cerebral hemispheres. The olfactory tract is very short (a situation opposite to that

found in non-avian theropod dinosaurs such as Troodonformosus).

Details of the cerebral hemispheres are difficult to determine. The dorsal view of the

crushed specimen (YPM 1206 in figure 4.53) is the most informative regarding the hemispheres:

that probably filled the area under the frontals and possibly some of that under the parietals. The

nature of the material makes it hard to define the limits of each part of the brain with certainty, but

the hemipsheres were probably of moderate size. An impression of the anterior of the hemispheres

is seen in the ventral view of KUVP 71012, posterior to the olfactory bulbs, where they appear to

dome up the roof of the frontals slightly, suggesting that they were bulbous.

YPM 1207 is useful in studying the posterior part of the brain. It reveals the presence of

large cerebellar flocculi, which indicate the paired development of a large cerebellum. The

cerebellum probably lay in an anterodorsal - posteroventral position behind the cerebral

hemispheres as in modem birds. The high roof of the medioposterior region (the cerebellar

prominence) of the parietals suggest this, as does the bulging occipital wall.

Unfortunately this material provides little data on the size of the optic lobes, although an

indication of their presence in an avian position (ventrolateral to the cerebellum (as they were in

Enaliornis, another hesperomithiform bird» is found at the anteromedial point of the walls of YPM

1207 and of those of the endocast. Little information is provided by the medulla oblongata, except

its length, the small curvature it makes down into the braincase floor, and data on the positioning of

the cranial nerve exits. An endocast of YPM 1207 reveals the characteristically sized and placed

rounded cast of the Vth cranial nerve base low on the lateral walls of the braincase near the anterior

end of the medulla oblongata. Posterior to this lies a small protrusion from the endocast walls

representing the VIIth cranial nerve just anterior to the acoustic region. The cast of the VIIIth

cranial nerve base is just posterior to the VIIth under the larger protrusion from the endocast that

represents the cerebellar flocculi. Ventroposterior to these features is a large and rounded cast of

the Xth cranial nerve base and ventroposterior to this is a small cast of the XIIth cranial nerve base.

The hindbrain of Hesperornis, like those of the other early birds such as Enaliomis,

appears shortened relative to those of even the more crownward non-avian theropod dinosaurs such

as Troodon. The overall character of this brain is avian, although it is not certain that it has yet

reached the same state as the bulbous and very expanded nature of the modern avian brain.
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Feature: Specimen measurements (mm)
Metric data for the endocast: KUVP71012 YPM 1206 YPM 1207
Length of olfactory apparatus 15.45 - -
Maximum width of olfactory apparatus -7 - -
(across both bulbs)
Length and width of olfactory bulb -10, -3 - -
Length and width of olfactory tract 1,2 - -
Maximum width of cerebral hemispheres - -28 -
Length of medulla oblongata - - -17.5
Metric data for the braincase:
Height of braincase - 18.5 30
Length of braincase 71.4 (fragment) 96.5, 257 (with 23 (fragment)

premaxillae)
Width of braincase 38.75 58.5 (crushed 55.5 (skull)

skull)
Maximum width of frontal - -30 -
Height and width of foramen magnum - - -, 13
Height and width of occipital condyle - 7.1, 10.5 6.9,9.3

Table 4.37 Measurements of the Hesperornis regalis skull.

4.6.61chthyornis dispar / victor

The Material

This account of the brain of lchthyornis is based on two crushed and fragmentary skulls,

YPM 1450 (I. dispar) and YPM 1459 and YPM 1728? (I. victor), from the Niobrara Formation

(Upper Cretaceous) of Wallace County, Kansas. YPM 1450 consists almost solely of the crushed

braincase of the skull, all of that dorsoposterior to the orbits. YPM 1459 consists of the same region

but it is more fragmentary, the anterior part (possibly YPM 1728?) consists mainly of the frontals

and is less crushed than the more posterior region of the skull (YPM 1459) which does not yield

any useful data on the brain of Ichthyornis.

Previous workers

Marsh first described this material in 1880 and, like that of Hesperornis, it was reviewed

by Edinger in 1951. I agree with Edinger's (1951) comments concerning the brain of Jchthyornis

(see figure 4.55).

General description

This highly crushed material offers limited data on the brain of Ichthyornis. These

specimens reveal that the cerebral hemispheres of lchthyornis were rounded and bulbous and filled

the forebrain region of the braincase. The prominent raised area at the back of the skull suggests

that the cerebellum was well developed and situated in an avian position, directly posterior to the

cerebral hemispheres. It is highly probable that the optic lobes lay in a ventrolateral position to the
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Figure 4.55 Left lateral (a) and right lateral (b) views of the skull of Ichthyornis.
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cerebellum. Overall the evidence that this material offers on the brain of lchthyornis reveals that it

was avian in character.

Description and Interpretation

The brain fitted tightly to the endocranial walls and details of the internal structure are

visible from an external perspective of YPM 1450. Where the braincase walls bulged outwards

during life (as regions of the brain fit tightly to the braincase walls) they are now crushed down into

the sediment, allowing the different regions of the brain to be identified easily. For example. the

walls of the braincase that once surrounded the bulbous hemispheres are now pressed into a

concavity on the flattened fossil and so that their boundaries can be relatively easily defined. The

hemispheres appear to have been large and to have filled the anterior region of the braincase

entirely.

The posterior region of this profile has a marked raised area which probably

accommodated the cerebellum during life. Ventral to this raised area is a small horizontal linear

shallow depression enclosing a small oval region towards the ventral border of the braincase which

may, given the topographical arrangement of the other brain parts, and the constraints of the small

braincase, represent the optic lobe. There are no data on the olfactory apparatus and little can be

said of the medulla oblongata except that it was probably not a volumetrically very important part

of the brain. The foramen magnum appears large and ventral in the skull and the occipital condyle

appears small.

The posterior part of YPM 1459 (possibly 1728?), the region that encompassed the cerebral

hemispheres during life, has retained its bulbous nature and therefore also suggests that they were

large and tightly fitting to the braincase walls. The more posterior fragment associated with this

(YPM 1459) is so crushed and distorted that little information on the brain is available. Overall the

brain of Ichthyornis seems to be highly developed but unfortunately it is not possible to state any

more than this with certainty.

Feature: Specimen measurements (mm)
Metric data for the braincase: YPM 1450 YPM 1728?*
Height of braincase 21 (fragment) 12.5 (anterior fragment)
Length of braincase 28.5 (fragment) 32.5 (anterior fragment)
Width of braincase -5 (fragment)

-7 (anterior fragment)
*antenor fragment only - possibly YPM 1728.

Table 4.38 Measurements of the lchthyornis dispar skull.
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4.6.7 LiJhornis vulturinus

The Material

This account of the brain of Lithornis is based on a 3-D and well preserved cranial

specimen (BMNH A5204, see figure 4.56). The specimen was found in the London Clay beds of

Lower Eocene (Ypresian) age at Warden Point, Sheppey, Kent. Some of the frontal and parietal

bones are missing but the cranium offers some information on the brain within.

Previous workers

This material is previously undescribed.

General description

The brain of Lithornis is large and rounded and fills the back of the braincase. The dorsal

view of the skull reveals a rounded braincase roof, which probably covered the cerebral

hemispheres. There was a slight bulge medioposteriorly on the skull roof which probably

accommodated the cerebellum. Little can be said of the position of the optic lobes but given the

very avian external morphology of the skull it is likely that they are also in an avian position,

ventrolateral to the cerebellum. Similarly little can be discussed concerning the morphology and

size of the olfactory apparatus and the medulla oblongata, except that they were probably relatively

small compared to those of the non-avian theropod dinosaurs such as Troodon and Tyrannosaurus.

Some data can be recorded on the cranial nerve foramina.

Description and Interpretation

The lateral and dorsal views of this skull reveal the avian nature of the braincase, the

posterior part of which, behind the orbits. is very rounded in both profiles. The cerebral

hemispheres lie under the frontal bones and possibly some of the anterior of the parietal bones. The

cerebellum tilts anterodorsally - posteroventrally behind the cerebral hemispheres and the optic

lobes probably lie ventrolateral to the cerebellum and posteroventral to the cerebral hemispheres.

This avian configuration is highly probable given the physical constraints of the skull, which limit

the possibilities for the packaging of the brain.

The anteriormost part of the braincase is not preserved so it is not possible to discuss the

morphology of the olfactory apparatus. The sutures between the cranial bones are open and it

appears that the parietal bone has remained up on the dorsal surface of the skull (rather than being

positioned further down on the occipital face) as they do in juvenile modern birds. These features

indicate that Lithomis could represent a juvenile specimen.

In anterior view, a large first cranial nerve exit opens at the most anterodorsal point of the

preserved skull (figure 4.56, this may have been expanded artificially by erosion). In a

characteristically avian position a large foramen opens medially in the lower part of the skull,

facing anteriorly and representing the exit for the second cranial nerve. The third and fourth nerves
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Figure 4.56 Anterior (a), dorsal (b), left lateral Cc) and posterior (d) views of the skull
of Lithornis vulturinus.
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may also issue from this expansive opening. A small foramen just posteroventral to the larger

opening for the second nerve probably represents that for the opthalmic branch of the Vth nerve. A

slightly larger foramen just ventral to the postorbital bar represents the nerve exit for the maxillary

and mandibulary branch of the Vth nerve.

The large foramen magnum is placed centrally in the occipital face. with a small roughly

oval-shaped occipital condyle below it. Lateroventral to the condyle is a single small rounded

foramen representing the exit for the XIIth nerve. Lateral to these smaller foramina is a larger

entrance into the cranium which probably represents that for the Xth nerve and possibly the carotid

artery as well. These cranial foramina are positioned as those found on the skulls of modem birds.

In conclusion. the brain of Lithornis is close to the modem avian condition.

Feature: Specimen measurements (mm)
Metric data for the endocast: BMNHA5204
Maximum width of cerebral hemispheres 20.5
Metric data for the braincase:
Height of braincase 21.7
Length of braincase 33.7 (skull)
Width of braincase 23.1 (skull. posterior view)
Maximum width of frontal 20.5 (both)
Height and width of foramen magnum 5.4.6.4
Height and width of occipital condyle 1.8.3

Table 4.39 Measurements of the Lithornis vulturinus skull.

4.6.8 Prophaethon shrubsolei

The Material

This account on the brain of Prophaethon is based on a three-dimensional. reasonably

complete and quite well preserved skull (BMNH A683. see figure 4.57). This specimen was found

in the London Clay beds of Lower Eocene (Ypresian) age. in Sheppey, Kent, V.K.

Previous workers

This material was described by Harrison and Walker (1976a) but they did not discuss the

anatomy of the brain.

General Description

Despite its large size the dorsal view of this skull reveals some data on the brain because

the cerebral hemipsheres have impressed up into the cranial roof pushing it outwards and revealing

their size. shape and position. Posterior to these swellings the braincase roof flattens out and the

occipital face bulges outwards medially to accommodate the cerebellum. Unfortunately little detail

of the optic lobes. medulla oblongata or olfactory apparatus is offered by this material. but some
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Figure 4.57 Right lateral (a), dorsal (b) and posterior (c) views of the skull
of Prophaethon shrubsolei.
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details of the cranial nerve foramina and vasculature (which is very similar to that of modern birds)

can be observed in posterior view.

Description and Interpretation

In dorsal view two hemispherical domes, which represent the cerebral hemispheres, are

immediately apparent posterior to the orbits. Their impression up into the roof of the endocranium

reveals the tight fit of the brain to its surrounding cavity and the rounded and bulbous nature of the

hemispheres themselves. These meet the cerebellum medioposteriorly which fills this region of the

skull, and forces the occipital face to bulge outwards over it above the foramen magnum. Given

this configuration of the hemispheres and cerebellum, and the physical constraints of placing the

brain within the skull, it is highly likely that the optic lobes are ventrolateral to the cerebellum. It is

not possible to estimate the size of the olfactory apparatus in this bird, although if it were a sea bird

it is likely that, as in modern sea birds (and Hesperornis), the olfactory bulbs were relatively large.

Details of the medulla oblongata are not available.

In posterior view the foramen magnum is large with a relatively large horizontally

exaggerated heart shaped occipital condyle below it. Dorsal to the foramen magnum, and lateral to

the median bulge for the cerebellum, are two small vascular foramina with paths that run ventrally

towards the dorsolateral corners of the foramen; these represent the exits and paths of the external

occipital vein. Ventrolateral to the occipital condyle are two small foramina for the XIIth nerve

and, as in Lithornis, a larger and more laterally positioned foramina for the passage of the Xth

nerve. The sutures are not as visible on this cranium as they were on Lithornis. The large temporal

fossae of Prophaethon mask details of the avian brain from the exterior of the skull.

Feature: Specimen measurements (mm)
Metric data for the endocast: BMNHA683
Length of brain -30 (without olfactory apparatus)
Maximum width of cerebral hemispheres 27
Length of cerebral hemisphere 21
Metric data for the braincase:
Height of braincase 39 (skull)
Length of braincase 91 (broken skull), -112 (com_plete skull)
Width of braincase -38 (skull)
Maximum width of frontal -29 (excludes Po bar curving round Temp. foss)
Height and width of foramen magnum -10,-10
Height and width of occipital condyle -3,-7

Table 4.40 Measurements of the Prophaethon shrubsolei skull.
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4.6.9 Odontopteryx toliapica

The Material

This account of the brain of Odontopteryx is based on a 3-D, poorly preserved

posterodorsal region of a skull (BMNH 44096, see figure 4.58). This specimen was found in the

London Clay beds of lower Eocene (Ypresian) age in Sheppey, Kent, UK.

Previous workers

Harrison and Walker (1976b) described this material, but they mention nothing of

relevance to the brain.

General description

In dorsal view the skull is square posteriorly, but the rounded posterior of the cranium is

evident in lateral view. There is no impression of the cerebral hemispheres up into the frontal as

there is on Prophaethon, but they were probably large in size. A slight raised ridge above the

relatively small (relative to the size of the occipital face) foramen magnum probably served to

accommodate the cerebellum. The optic lobes are probably in an avian ventrolateral position. No

data are available on the olfactory apparatus or the medulla oblongata. It is difficult to be certain

about the morphology of the brain within this large skull.

Description and Interpretation

The individual features of the brain of Odontopteryx are difficult to distinguish from an

external perspective. The lateral view of the braincase region reveals that it is rounded as that of a

modem bird. Although the cerebral hemispheres leave no impression up into the frontals there is

sufficient space for a bulbous morphology of appreciable size under these broad bones. The fact

that the cerebral hemispheres do not impress up into the frontals may suggest that the brain of

Odontopteryx was slightly smaller than those of the other Eocene birds such as Lithomis and

Prophaethon, but the larger and more robust nature of this skull is likely to mask such the features

of the brain even if they were present.

A slight medial bulge above the foramen magnum on the occipital face probably represents

that caused by the presence of the cerebellum, tilting anterodorsally - posteroventrally behind the

hemispheres. A small rounded bulge medioventral to the orbits (in the same position as that

housing the optic lobes in modem birds) may represent the position of the optic lobes in this fossil

bird. The lobes are ventrolateral to the cerebellum and (postero)ventral to the cerebral hemispheres.

Little information is available concerning the olfactory apparatus and medulla oblongata.

The foramen magnum is rounded and positioned low down on the occipital face. Details of

the occipital condyle have unfortunately been eroded away, but some details of the cranial

foramina are still visible in posterior view. Two small foramina with small ventrally running

pathways leading away from them dorsolateral to the foramen magnum represent the external
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Figure 4.58 Right lateral (a), dorsal (b) and posterior (c) views of the skull
of Odontopteryx toliapica.
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occipital veins. The Xth cranial foramina is also visible on the occipital face ventrolateral to the

occipital condyle. Details of the XIIth nerve have not been preserved.

Despite the problems involved in assessing the brain inside this large skull it seems

probable that it is as derived as those of the other Eocene birds.

Feature: Specimen measurements (mm)
Metric data for the endocast: BMNH44096
Maximum width of cerebral hemispheres - 25 (estimate)
Metric data for the braincase:
Height of braincase 34.9 (fragmentary skull)
Length of braincase 93.7 (fragmentary skull)
Width of braincase 42.1 (fragmentary skull)
Height and width of foramen magnum -9,-9

Table 4.41 Measurements of the Odontopteryx toliapica skull.

4.6.10 Halcyornis toliapicus

The Material

This account of the brain of Halcyornis is based on a well preserved, three-dimensional

cranium (BMNH Al30, see figure 4.59). The skull anterior to the frontals is not preserved and

there has been some damage to the dorsal region of the skull revealing the top of an endocranial

cast within. This specimen was found in the London Clay beds of Lower Eocene (Ypresian) age on

the Isle of Sheppey, Kent, U.K.

Previous workers

This material has been studied several times (e.g. Koenig, 1825; Owen, 1846 and most

recently by Harrison and Walker, 1972), but previous workers concentrated on trying to assign the

bird to an order or family, rather than on describing or interpreting the brain.

General description

The brain of Halcyornis fitted tightly to the posterior outline of the cranium and thus can

be interpreted from an external view. In dorsal view the braincase roof has been broken open and

the cerebral hemispheres are visible. Behind these large hemispheres the braincase narrows to

accommodate the cerebellum. The optic lobes are probably located in an avian ventrolateral

position. The olfactory apparatus and medulla oblongata are probably small. The positions of the

various cranial nerve foramina, which are very similar to those of modem birds, also suggest that

the brain of Halcyornis is very close to that of a modem bird.
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Figure 4.59 Dorsal (a), right lateral (b) and posterior (c) views of the skull
of Halcyornis toliapicus.
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Description and Interpretation

Part of a natural endocast is visible under the broken frontals of Halcyornis in dorsal view.

The tight-fitting relationship of the brain to the cranium visible in this specimen allows some

interpretation of its overall structure from external view. The large size. avian morphology

(rounded and slightly bulbous nature) and position of the cerebral hemispheres is evident in dorsal

view. This evidence is supported by the rounded nature of the posterior of the cranium in lateral

view. Behind the hemispheres the dorsal part of the skull narrows as it is squeezed between the

temporal fossae. The cerebellum. which fills this region of the braincase. is avian in position and

dimensions. As there is no room dorsally within the cranium for the optic lobes. these are probably

situated ventrolateral to the cerebellum. posteroventral to the hemispheres.

Little data are available concerning the medulla oblongata or the olfactory apparatus in this

well preserved and relatively complete cranium. but they were probably small in comparison with

those of even derived non-avian theropod dinosaurs such as Troodon (space would not have been

sufficient for them to have been large). The foramen magnum and occipital condyle are relatively

small in the occipital face compared to those of some birds such as Lithornis. The cranial nerve

foramina in posterior view all resemble those of a modem bird in terms of position and size (the

XIIth nerve exit is ventrolateral to the occipital condyle and the Xth nerve is ventrolateral to that).

A curved pathway running ventrally away from a small foramen dorsolateral to the foramen

magnum is probably vascular in origin; representing the passage for the external occipital vein.

In conclusion it would seem that the brain of Halcyornis, like those of the other Eocene

birds. is very close to the modem avian condition.

Feature: Specimen measurements (mm)
Metric data for the endocast: BMNHA130
Length of brain -24.1
Maximum width of cerebral hemispheres -14 -16
Metric data for the braincase:
Height of braincase 17.7
Length of braincase 22.4
Width of braincase 21.6
Maximum width of frontal -21
Height and width of foramen magnum -
Height and width of occipital condyle -

Table 4.42 Measurements of the Halcyornis toliapicus skull.
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4.7 Summary of descriptive chapter

Many of the numerous brain forms present in the Archosauria have been described in this chapter.

• The brain of the fossil crocodilian Steneosaurus pictaviensis differed little from that of a

modem crocodile.

• The brain of the pterosaur Tapejara wellnhoferi was similar to those of modem birds.

• The sauropod, ceratopian and stegosaur brains were loosely fitting to the walls of the

endocranial cavity, relatively linear in structure and showed no avian characters.

• The non-avian theropod brain gradually became more tightly fitting to the endocranial walls

and acquired more avian characters as the first bird was approached through phylogeny.

• The brain of the early bird may not have been as bulbous as that of a modem bird (as there is a

lack of early bird endocranial data before the Tertiary, it is not possible to be conclusive about

its state before this time).

The enormous amount of endocranial data detailed in this chapter will now be analysed to search

for patterns in order to try and understand the processes and timing involved in the evolution of the

avian brain. The non-avian theropod dataset is the most important in this respect (non-avian

theropods being the closest ancestors to birds) and is also the most complete and thus it forms the

focus of the following chapter.

229



CHAPTERS:

DISCUSSION

5.1 Introduction

This chapter examines the patterns. phylogenetic implications and timing of the character

changes found within the brain and braincase of the non-avian Theropoda and early birds and

attempts to explain why these changes took place.

The main focus is on the non-avian Theropoda as most of the major changes in the brain

already started to take place before the evolution of the first bird. Archaeopteryx, and because the

focus of this project is on the origin of the avian brain. After Archaeopteryx there are no

innovations in the brain except for the further movement of the optic lobes into a more modern

avian position and an overall expansion to create the very rounded and bulbous modern avian brain

which appears to have evolved by the early Tertiary.

The lack of well preserved conclusive endocranial data on the basal birds before the

Tertiary and the fact that most of the current phylogenies considered here focus on elucidating the

relationships among the non-avian theropod dinosaurs (rather than those among the early birds)

also result in this concentration upon the non-avian Theropoda.

5.2 The pattern of avian brain evolution

5.2.1 Introduction

The pattern of avian brain evolution recorded in the fossil material described in Chapter 4

is examined here based upon a phylogenetic framework and is found to involve a step-wise

acquisition of avian characters over a large period of time and across a broad range of taxa. Section

5.2.1.1 introduces the nature of those character changes before they are examined in more detail in

sections 5.2.2.1 to 5.2.2.3.

5.2.1.1 Basic pattern

The primary steps in trying to resolve the processes involved in this evolutionary history

are to examine all the data together to search for patterns. Figure 5.1 shows lateral views of of the

main endocasts examined in this project on a simplified standard phylogeny (based on Sereno

1999, Benton 1999 and Gauthier 1986) to give an idea of the range of endocasts studied. The

Ceratopia and Sauropoda were examined to give an idea of brain variation present within the

Dinosauria, but will not be discussed further here as they play no part in the evolution of the avian

brain. The brains of the Pterosauria were examined because they are a close dinosaur outgroup and
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they represent the only other flying organism that was around at the time of the dinosaurs and so

are good for comparative purposes.

A schematic representation of the changes recorded in the non-avian theropod brain (in

dorsal view) (figure 5.2) is useful in trying to obtain a clearer understanding of the type of

processes occurring in the evolution of the theropod brain that are central to this project. The brains

of the non-avian theropod dinosaurs are plotted here on a simplified phylogeny based on Holtz

(1998), Sereno (1999), Norell et al. (2001), Xu et al. (2002) and Rauhut (2000) to reveal that their

size and morphology changes through a step-wise acquisition of avian characters (1 to l l on figure

5.2).

The initial differences (character innovations 4 and 7 on figure 5.2) between the brains and

braincases of the non-avian theropod dinosaurs and those of the organisms at the lower end of the

extant phylogenetic bracket are seen in Allosaurus (see figure 5.2). In Allosaurus the tenth nerve is

found to exit the braincase posteriorly (rather than laterally) (character 4) and the fifth nerve splits

inside the braincase to emerge through two foramina (instead of emerging through one foramen and

splitting outside the braincase) (character 7). For more information about characters 1 to 11 see

section 5.2.2.1.

The brain fits more tightly to the endocranial walls (character innovation 2 on figure 5.2) in

Compsognathus so that the different regions of the brain are visible through the braincase walls

(although this may be due to the small size of Compsognathus - see section 5.3.1). As

Compsognathus does not feature on figure 5.2 (because the complete anatomy of it's brain is not

known) this character innovation is placed between the branches for Allosaurus and Tyrannosaurus

(representing the approximate branching position of Compsognathus had it been included on the

figure).

The next innovation in the brain of the non-avian Theropoda appeared at the level of

Ornitholestes in which the foramen magnum is found to be more than 60% the size of the occipital

condyle (character innovation 6 on figure 5.2). Ornitholestes, as Compsognathus, does not feature

on figure 5.2 (again, because the complete anatomy of it's brain is not known). For this reason this

character innovation is also placed between the branches for Allosaurus and Tyrannosaurus

(representing the approximate branching position of Ornitholestes had it been included on the

figure).

A marked enlargement in the relative size of the cerebral hemispheres occurs in

Tyrannosaurus (character innovation 9 on figure 5.2), in which they occupy more than 30% of the

brain. For a more details see the description of character 9 in section 5.2.2.1.

The external occipital vein exits the braincase lateral to the foramen magnum instead of

dorsal to it (character innovation 5 on figure 5.2) in the Ornithomimidae. For more details of this

character see the description of character 5 in section 5.2.2.1.

The overall trend from a more elongate and narrow, to a more rounded and bulbous brain is

clear on figure 5.2. The more derived rounded brain, in which its maximum width is more than

30% of its length (character innovation 1 on figure 5.2), appears at the level of Troodon. For a
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1. Maximum width of brain is more than 300/0 of
its length.

2. Brain fits tighter to endocranial walls
3. Optic lobes are in a ventrolateral position, the

cerebellum is against cerebral hemispheres
4. Tenth nerve exits the braincase posteriorly
5. External occipital veins exit lateral to the FM
6. Foramen magnum is more than 60% the size

of the occipital condyle
7. Fifth nerve splits inside the braincase
8. Olfactory apparatus less than 22% the length

of the brain
9. Cerebral hemispheres occupy more than 30%

of the brain
10. Medulla oblongata less than 35% the length of

the brain
11. REO is more than 5.5

Figure 5.2 A schematic representation of avian brain character acquisition showing
the proposed order of character innovations among the non-avian theropod dinosaurs along
phylogeny (based mainly on Holtz (1998), Sereno (1999), Norell et al. (2001), Xu et at. (2002)
and Rauhut (2000)).
The exact divisions between different areas of the brain of Allosaurus. Tyrannosaurus
and the Ornithomimidae are uncertain, since in the case of the first two the brain does
not fit tightly against the endocranial walls and in the case of the latter because endocranial
data are simply unknown beyond the details of the cerebral hemispheres and olfactory
apparatus. Abbreviations: FM = Foramen Magnum, REQ = Reptile Encephalisation Quotient.
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more detailed description of this innovation see the description of character 1 in section 5.2.2.1.

Also at the level of Troodon, the optic lobes have moved into a more ventrolateral position and the

cerebellum has expanded anteriorly to encroach upon the back of the cerebral hemispheres giving

the brain a much more avian configuration (character innovation 3 on figure 5.2). The positions of

the optic lobe and cerebellum are clearly demarcated in a ventral view of the frontals and parietals

of Troodon (see the description of the material in section 4.4).

Currie and Zhao (l993b) stated that the optic lobes were displaced laterally and ventrally in

drornaeosaurids. ornithomimids, Protoavis and avimimids. I agree that the optic lobes are displaced

in the Dromaeosauridae (I saw no evidence of this in Dromaeosaurus, but have recorded their

displacement in the juvenile dromaeosaurid Bambiraptor feinbergi) and in the Troodontidae. but

have seen no evidence for this displacement in the Omithomimidae. Russell (1972) figured a

partial endocast of Dromiceiomimus which Currie and Zhao (l993b) stated shows the ventrolateral

displacement of the optic lobes. However. there is no conclusive evidence of this in the figure of

the endocast (which is in any case reconstructed) and as 1 have not seen the material due to

insufficient funds I am not in a position to say whether this character was present in the

Omithomimidae. The same is true of avimimid and Protoavis material. so am unable to comment

on whether the documented presence of these characters in these organisms is real. The data that I

have collected suggest that the sequence of character acquisition documented here is correct. Even

if these character innovation 3 did appear in the Omithomimidae or Avimimidae this would not

greatly affect the gross pattern or sequence of avian brain character acquisition recorded here.

The relative size of the medulla oblongata reduces at the level of Troodon, in which it

occupies less than 35% the length of the brain (character innovation 10 on figure 5.2). For a more

detailed definition of this reduction see the description of character 10 in section 5.2.2.1.

An increase in Reptile Encephalisation Quotient is also recorded at the level of Troodon, in

which the REQ is more 5.5 (character innovation l l on figure 5.2). Evidence for and discussion of

this increase in the relative size of brain to body is given in section 5.2.2.2 and on figures 5.49a and

b.
Lastly. in Bambiraptor feinbergi, the most complete derived non-avian theropod endocast

material currently known. the olfactory lobes are reduced in size to more avian dimensions (less

than 22% the length of the brain) (character innovation 8 on figure 5.2). For more data concerning

the relative length of the olfactory apparatus versus that of the whole endocast in Bambiraptor,

Troodon, Allosaurus. Archaeopteryx and Columba see table 5.3 at the end of this chapter and the

description of character 8 in section 5.2.2.1. Table 5.3 also shows the percentage area of the

endocast taken up by the medulla oblongata in lateral view and the percentage area of the endocast

taken up by the cerebral hemispheres in dorsal view in the above-mentioned non-avian theropods

and birds. The general reduction along the phylogeny in the size of the medulla oblongata relative

to the rest of the brain (character innovation 10) could be linked to the increase along the

phylogeny of the relative size of the cerebral hemispheres (as recorded in dorsal view).
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The uncertainty involved in the exact ordering of character innovations 1 to lIon figure

5.2 should be remembered when considering the pattern of evolution. For example, until innovation

2 occurs (the brain fitting more tightly to the endocranial walls), it is more difficult to decipher

whether innovation 3 (the optic lobes in a ventrolateral position and the cerebellum contacting the

back of the cerebral hemispheres) has taken place. The large amounts of missing data exacerbate

this problem. If these character innovations are considered to have evolved as part of a complex of

inter-related factors and several feedback mechanisms, then the exact order of innovation is less

important. For more details of these inter-related systems see section 5.3.7 and 5.4.

The avian brain does not change much after the evolution of Archaeopteryx. There is some

further displacement of the optic lobes into a slightly more ventral position and a general increase

in the roundness and bulbousness of the brain. The optic lobes appear to have moved down into this

more avian position in the Cretaceous bird lchthyornis, but the highly bulbous state of the modern

bird brain appears to have evolved only after these Cretaceous birds and before the Lower Eocene

birds such as Lithomis (which have the brain of a modem bird; see section 4.6 and Edinger 1951;

Mlikovsky 1988). Cretaceous endocranial bird material is unfortunately not yet sufficient to

demonstrate exactly when the expansion of the modem avian brain was acquired. It seems

plausible that it was somewhere between lchthyomis and Lithomis.

5.2.2 Methods of pattern examination

Section 5.2.1 outlined the pattern of character innovations in non-avian theropod and early

bird brain evolution; this section will now examine non-avian theropod brain evolution in three

independent ways (by phylogenetic analysis, in terms of EQ and by temporal analysis).

5.2.2.1 Phylogenetic analysis

Introduction

A useful way to examine the pattern found using a current and thorough method is to

examine the evolutionary changes seen over time within a phylogenetic framework. An

independent data set of brain characters which have been created from changes recorded in brain

and braincase can be compared with, or included in. existing phylogenetic analyses using PAUP

4.0b8a (Swofford. 1999). The results of the analyses can then be searched to answer questions such

as; what is the general pattern of brain characters within a tree? Does their pattern support current

hypotheses of relationships?

This research into the brains and braincases of the non-avian Theropoda (section 4.5) has

yielded a new dataset of eleven characters for 14 taxa that can be added to a number of recent

phylogenies (Holtz 1998. Sereno 1999 and Rauhut 2000) to determine whether they support the

hypothesized relationships presented in these works.
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Brain characters and character states in the new matrix

1. Maximum width of brain is: less than 30% of its length (0), more than 30% of its length (1).

2. Fit of brain to endocranial cavity: loose (0). tight (1).

3. Optic lobes in dorsornedial position and cerebellum posterior to them (0), optic lobes in

ventrolateral position and cerebellum dorsomedial to them touching the back of the cerebral

hemispheres (1).

4. The tenth nerve exits the lateral face of the braincase (0), the tenth nerve exits the occipital face

of the braincase (I ).

5. Position of external occipital veins: dorsal to the foramen magnum (0), dorsolateral to the

foramen magnum ( I ).

6. Foramen magnum area as a proportion of the area of the occipital condyle: less than 60% size

(0), more than 60% (1).

7. Trigeminal foramen: one exit from braincase cavity (0), split exit from the braincase cavity (1).

8. The length of the olfactory apparatus as a percentage of the length of the brain: more than 22%

(0), less than 22% ( 1).

9. The relati ve size of the forebrain to the whole brain: less than 30% (0), more than 30% (1).

10. The length of the medulla oblongata as a percentage of the length of the whole brain: more than

35% (0), less than 35% (1).

11. REQ: less than 5.5 (0). more than 5.5 (1).

Explanation of characters

1. The archosaur brain can be narrow and elongate, as that of a crocodilian, or it can be more

rounded and bulbous in shape. as that of a bird. The more narrow brain has relatively smaller

brain regions (i.e. the cerebral hemispheres, cerebellum, optic lobes and olfactory apparatus)

than those of a more rounded and bulbous brain. The different brain regions in the narrow brain

are set out more linearly than they are in the rounded brain where the brain regions are brought

into closer contact with each other, losing some of their linearity. In order to quantify this

character the brain is said to be narrow if its maximum width is less than 30% of its length, and

said to be more rounded if its maximum width is more than 30% of its length. The more narrow

and elongate brain is found in Allosaurus fragilis (UUVP 294), the Tyrannosauridae

(Tyrannosaurus rex, AMNH 5029) and Carcharodontosaurus saharicus (SGM-Din 1). The

more rounded and bulbous brain is found in the Troodontidae (Troodon formosus, RTMP

86.36.457 and AMNH 6174). the Dromaeosauridae (Bambiraptor feinbergi, FIP 001) and

Archaeopteryx lithographica (BMNH 37001). Since the maximum width of the brain of the

crocodile, or that of their relative Sphenodon, is less than 30% of the length, this is interpreted

as the plesiomorphic character state.

2. The brain can fit the braincase walls more or less tightly among the non-avian theropod

dinosaurs. The brain is designated as loosely fitting to the endocranial walls when its individual

regions such as the cerebellum or optic lobes are not clearly visible on the braincase walls, and
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when there are no blood vessels etched into the walls of the cerebral hemisphere. Conversely,

the brain is said to fit tightly to the braincase walls when these structures are clearly visible on

the endocranial walls and when the paths of blood vessels are deeply etched into the walls of

the cerebral hemispheres. The brain is not tightly fitting in the Abelisauridae (Majungatholus

atopus, FMNH PR 2100 (12». Allosaurus fragilis (UUVP 294), Acrocanthosaurus atokensis

(MOV 8-O-S9. Welles, S. P. and Langston, W. Jr., unpublished) and Carcharodontosaurus

saharicus (SGM-Din I). On the contrary the brain is tightly fitting to the braincase in the

Omithomimidae (omithomimid indet. IGM 100/987, Struthiomimus altus, AMNH 5355 and

Dromiceiomimus brevitertiusi. the Troodontidae (Troodon fomwsus, RTMP 86.36.457 and

AMNH 6174). the Dromaeosauridae (Dromaeosaurus albertensis, AMNH 5356 and

Bambiraptor feinbergi, FIP 001) and Archaeopteryx lithographica (BMNH 37001). Since the

brain is loosely fitting in Euparkeria (Gower and Weber, 1998), the sauropodomorphs (see

section 4.4) and the crocodile (see section 3.5), this is interpreted as the plesiomorphic

character state.

3. The optic lobes can be found in a dorsomedial position posterior to the cerebral hemispheres

with the cerebellum posterior to them, or they can be found in a ventrolateral position,

posteroventral to the cerebral hemispheres with the cerebellum reaching anteriorly above them

to encroach on the back of the cerebral hemispheres. The optic lobes are found in a

dorsomedial position with the cerebellum behind them in the Abelisauridae (Majungatholus

atopus, FMNH PR 2100 (12)). Allosaurus fragilis (UUVP 294) and Carcharodontosaurus

saharicus (SGM-Din 1). The optic lobes are found in a ventrolateral position with the

cerebellum dorsomedial to them in the Troodontidae (Troodonformosus, RTMP 86.36.457 and

AMNH 6174), the Dromaeosauridae (Dromaeosaurus albertensis, AMNH 5356 and

Bambiraptor feinbergi. FIP 001), the Alvarezsauridae iShuvuuia deserti, MGI 100/001 and

1(0/977) and Archaeopteryx lithographica (BMNH 37001). As the optic lobes are found in a

dorsomedial position with the cerebellum posterior to them in the Crocodilia, Sphenodon

(figure 3.3 and Christensen. 1929) and sauropodomorphs (section 4.4) this is interpreted as the

plesiomorphic state.

4. The tenth nerve can exit the braincase laterally through the metotic foramen or posteriorly

through a relatively large foramen ventrolateral to the occipital condyle and lateral to the

hypoglossal nerves on the occipital face. The tenth nerve exits laterally in the Abelisauridae

(Majungatholus atopus, FMNH PR 2100 (12» and the Tyrannosauridae (Tyrannosaurus rex,

AMNH 5029). The tenth nerve exits posteriorly in Allosaurus fragilis (UUVP 294),

Acrocanthosaurus atokensis (MUO 8-0-59) and Carcharodontosaurus saharicus (SGM-Din 1),

Ornitholestes hermanni (AMNH 619). the Omithomimidae (Omithomirnid indet. IGM

100/987, Struthiomimus altus. AMNH 5355 and Dromiceiomimus brevitertius), the

Compsognathidae (Compsognathus /ongipes, B. S. P. A. S. 1563), the Troodontidae (Troodon

formosus. RTMP 86.36.457 and AMNH 6174). the Dromaeosauridae (Dromaeosaurus

albertensis, AMNH 5356 and Bambiraptor feinbergi, FIP (01), the Alvarezsauridae (Shuvuuia
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deserti, MGI 100/001 and 100/977) and Archaeopteryx lithographica (BMNH 37001). The

tenth nerve exits laterally in Euparkeria (Gower and Weber. 1998) and other archosaurs such

as phytosaurs. rauisuchians. aetosaurians and sphenosuchids (Gower pers. comm. 2(00) so this

is interpreted as the plesiomorphic condition.

5. The exit of the external occipital veins on the occipital face can be dorsomedial to the foramen

magnum or lateral to it. These veins are dorsal to it in Herrerasauridae (Herrerasaurus

ischigualastensis. PVSJ 407). the Abelisauridae (Majungatholus atopus, FMNH PR 2100

(12», Sinraptor dong; (IVPP 10600). Allosaurus fragilis (UUVP 294), Acrocanthosaurus

atokensis (MOU 8-O-S9). the Tyrannosauridae (Tyrannosaurus rex, AMNH 5029), the

Troodontidae tTroodon formosus, RTMP 86.36.457 and AMNH 6174) and the

Dromaeosauridae tDromaeosaurus albertensis, AMNH 5356 and Bambiraptor feinbergi, FIP

(01). More dorsolateral exits are seen in the Omithomimidae (ornithomimid indet., IGM

100/987. Struthiomimus altus. AMNH 5355 and Dromiceiomimus brevitertius). The position of

these vascular exits in crocodilians and Plateosaurus (dorsomedial to the foramen magnum

(Galton 1984» indicate that this state is the plesiomorphic one.

6. The area of the foramen magnum as a proportion of the area of the occipital condyle can vary.

Those organisms in which the foramen magnum is small in comparison with the size of the

occipital condyle (less than 60% the size) are the Herrerasauridae (Herrerasaurus

ischigualastensis, PVSJ 407). the Abelisauridae (Majungatholus atopus, FMNH PR 2100

(12», Sinraptor dongi (IVPP 10600). Allosaurus fragilis (UUVP 294), Acrocanthosaurus

atokensis (MUO 8-0-59) and Carcharodontosaurus saharicus (SGM-Din 1). The foramen

magnum is large (more than 60% the size) in comparison with the size of the occipital condyle

in Omitholestes hermanni (AMNH 619). the Omithomimidae (ornithomimid indet. IGM

100/987. Struthiomimus altus. AMNH 5355 and Dromiceiomimus brevitertius), the

Troodontidae (Troodon formosus, RTMP 86.36.457 and AMNH 6174), the Dromaeosauridae

(Dromaeosaurus albertensis, AMNH 5356 and Bambiraptor feinbergi, PIP 001) and the

Alvarezsauridae iShuvuuia deserti, MGI 100/001 and 100/977). The foramen magnum is

relatively small in comparison with the size of the occipital condyle in archosaurs such as the

crocodilians and sauropodomorphs and hence this is interpreted as the plesiomorphic character

state.

7. The trigeminal foramen either exits the braincase though a single foramen and splits exterior to

the braincase or it splits internally and exits through two foramina. Where these nerve branches

split internally the ophthalmic branch exits through a separate anteriorly-facing foramen in the

laterosphenoid (sometimes along with the middle cerebral vein) while the maxillary and

mandibulary runs off laterally through the usual trigeminal opening. The trigeminal foramen is

unsplit in the Abelisauridae (Majungatholus atopus, FMNH PR 2100 (12», Sinraptor dong;

(IVPP 106(0) and Acrocanthosaurus atokensis (MUO 8-0-59). The trigeminal is split in

Allosaurus fragilis (UUVP 294). the Tyrannosauridae (Tyrannosaurus rex, AMNH 5029) and

the Troodontidae iTroodon formosus, RTMP 86.36.457 and AMNH 6174). The trigeminal
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nerve branches exit through one foramen in archosaurs including crocodilians and

Plateosaurus (Galton 1984). so this is interpreted as the plesiomorphic character state.

8. The length of the olfactory apparatus can vary relative to the length of the entire brain.

Organisms in which the length of the olfactory apparatus was found to be more than 22% of the

length of the entire brain were: Allosaurus fragilis (UUVP 294), Carcharodontosaurus

saharicus (SGM-Din I). the Tyrannosauridae (Tyrannosaurus rex, AMNH 5029), and the

Troodontidae tTroodon formosus, RTMP 86.36.457 and AMNH 6174). In the

Dromaeosauridae iBambiraptor [einbergi, FIP 001 and Sauromitholestes langstoni, RTMP

74.10.5) and in Archaeopteryx lithographica (BMNH 37(01) the length of the olfactory

apparatus was found to be less than 22% the length of the entire brain. Since the olfactory

apparatus of Sphenodon (Christensen. 1929) and the Crocodilia (figure 3.4) is more than 22%

the length of the entire brain. this is interpreted as the plesiomorphic character state.

9. The percentage of the brain occupied by the forebrain can vary. Organisms in which the

forebrain occupies less than 30% of the brain are: Allosaurus fragilis (UUVP 294) and

Carcharodontosaurus saharicus (SGM-Din 1). Organisms in which the forebrain occupies

more than 30% of the brain are: the Tyrannosauridae (Tyrannosaurus rex. AMNH 5029), the

Troodontidae iTroodon formosus, RTMP 86.36.457 and AMNH 6174), the Drornaeosauridae

tBambiraptor feinbergi, FIP (01) and Archaeopteryx Iithographica (BMNH 37(01). Since the

forebrain occupies less than 30% of the brain in organisms such as Sphenodon (Christensen,

1929) and the crocodile. this is interpreted as the plesiomorphic state.

10. The length of the medulla oblongata relative to the length of the whole brain can vary. The

length of the medulla oblongata is found to be more than 35% of the length of the brain in:

Allosaurus fragilis (UUVP 294). Carcharodontosaurus saharicus (SOM-Din 1) and the

Tyrannosauridae (Tyrannosaurus rex. AMNH 5029). The length of the medulla oblongata was

found to be less than 35% of the length of the whole brain in: the Troodontidae (Troodon

formosus, RTMP 86.36.457 and AMNH 6174) and the Drornaeosauridae (Bambiraptor

feinbergi, FIP 00 I). Since the length of the medulla oblongata is found to be more than 35% of

the length of the brain in Sphenodon (Christensen. 1929) and the crocodile, this is interpreted

as the plesiomorphic character state.

11. REQ levels of the brain can vary. Organisms in which the REQ is less than 5.5 are: Allosaurus

fragilis (UUVP 294). Carcharodontosaurus saharicus (SOM-Din 1), the Tyrannosauridae

(Tyrannosaurus rex. AMNH 5029) and Archaeopteryx lithographica (BMNH 37001).

Organisms in which the REQ is more than 5.5 are: the Troodontidae (Troodon fonnosus,

RTMP 86.36.457 and AMNH 6174) and the Drornaeosauridae (Bambiraptor feinbergi, FIP

001). As the REQ levels of Sphenodon (Christensen, 1929) and the crocodile (figure 3.4) are

less than 5.5. this is interpreted as the plesiomorphic character state.
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Data Matrix

Theropods Braincase characters
1 2 3 4 5 6 7 8 9 10 11

Majungatholus 'J 0 0 0 0 0 0 ? ? ? ?

Acrocanthosaurus 'J 'J 'J I 0 0 0 ? ? ? ?

Allosaurus 0 0 0 I 0 0 I 0 0 0 0

Alvarezsauridae 'J 'J I 1 ? 1 ? ? ? ? ?

Archaeopteryx 1 1 1 1 'J 'J ? 1 1 ? 0

Carcharodontosaurus 0 0 0 1 'J 0 ? 0 0 0 0

Compsognathidae 'J I 'J I 'J ? ? ? ? ? ?

Dromaeosauridae I I I I 0 I ? 1 1 I 1

Ornitholestes 'J 'J 'J 1 'J 1 ? ? ? ? ?

'J 1 'J 1 1 1 ? ? ? ? ?
Omithomimidae
Sinraptor 'J 'J 'J 'J 0 0 0 ? ? ? ?

Troodontidae I I I I 0 I I 0 I 1 1

Tyrannosauridae 0 0 ? ? 0 ? 1 0 1 0 0

Herrerasauridae ? 'J ? 'J 0 0 ? ? ? ? ?

The chosen characters

The only other change recorded in the non-avian theropod brain and braincase that could

not be used as a phylogenetic character is that of flexure. This change was not used as a character

in the analysis because it was found to be too stable in the non-avian theropods. The angle of

flexure in all non-avian theropods (where measurement of this value was possible) was found to be

within a 5% range,

The main difficulties with characters stemmed from the large amounts of missing data making

proposed positions for first appearances uncertain.

All characters were based on my observations of the material concerned. Some problems have

arisen in the data matrix due to this. where I was not able to see all available information. For

example. character 3 may have evolved in the Ornithomimidae before the Troodontidae, but as I

have not seen any data to uphold this claim in ornithomimid material I am unable to place its

appearance in the Ornithomimidae.

General Method for phylo~enetic analysis

The new brain and braincase characters were added to the original character data matrices of Holtz

(1998), Sereno (1999) and Rauhut (2000) to study their effect and distribution. Decay and

Bootstrap values were calculated for the resulting strict consensus trees. For a more detailed

methodology see section 2.3.1. For results see figures 5.3 to 5.48.
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Majority rule and strict consensus of new
braincase characters
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Figure 5.3 50% majority rule (a) and strict consensus (b) of new braincase
character matrix run alone using PAUP 4.0b8a.

241



Results: new brain and braincase matrix

Analysis of the new brain and braincase matrix using PAUP 4.0b8a (Swofford 1999)

produced 912,079 most parsimonious trees (MPTs). The strict consensus (figure 5.3b) of these is

completely unresolved. The majority rule tree (figure 5.3a) shows some resolution into the two

major groups seen in figure 5.3a, but there is little resolution within these groups, suggesting that a

lot of branch movement (low resolution) is creating a lot of trees. There is low support (55) for the

affinity of Majungatholus, Acrocanthosaurus and Sinraptor within the less derived non-avian

theropod group (Herrerasauridae, Allosaurus, Carcharodontosaurus, Majungatholus,

Acrocanthosaurus, Sinraptor) and low support (58) for the position of Tyrannosaurus branching

separately to the better supported (77) more derived non-avian theropods and Archaeopteryx

(Alvarezsauridae, Archaeopteryx, Compsognathidae, Dromaeosauridae, Omitholestes,

Omithornimidae, Troodontidae). The lack of resolution in the consensus trees produced by analysis

of this matrix is probably due to the low number of informative characters (9) in the data compared

to the number of taxa (14). However, to confirm that the data does contain significant phylogenetic

signal, a parismony PTP test was carried out. This tests the null hypothesis that the data contains no

more signal than random data by comparing the length of the shortest trees produced by parsimony

analysis of the original data with that of a number of randomly permuted versions of the data. A

PTP test of the new braincase data using 1000 replicates gave a p value of 0.006, revealing that

there is significantly more signal in the new data than in random data.

The Holtz (1998), Sereno (1999) and Rauhut (2000) trees are all consistent with the

majority rule grouping apart from the placement of the Tyrannosauridae which always falls within

the more derived grouping in their trees and which is found on its own between the two groupings

in figure 5.3a. This suggests that the separate placement of the Tyrannosauridae from the new

matrix data is incorrect. It may be that the cranial and body characters are giving opposing

messages, or that the large size of Tyrannosaurus is skewing results; i.e. the large size of the

Tyrannosaurus skull means that the brain is not limited by spatial constraints in the same way as in

smaller theropods. This may result in a looser fitting brain to the endocranial cavity. Another

potential cause for the problems in the positioning of Tyrannosaurus is that it has missing data in

an important part of the data matrix (characters 3, 4 and 6).

Results: Holtz 1998

The Holtz (1998) matrix was re-run using PAUP. The topography of the published

consensus tree was confirmed (figure 5.4). The resulting strict consensus tree of 195 MPfs then

underwent a decay analysis and a bootstrap analysis.

The new braincase data matrix was then added to the Holtz (1998) matrix. See figure 5.5a

for the resulting 50% majority rule tree and figure 5.5b for the strict consensus of 36 MPTs.
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Holtz 1998

TL = 1381

Cl = 0.446.

b

Figure 5.4 The 50% majority rule (a) and strict consensus (b) re-established Holtz (1998)
trees. Bootstrap values are below, and decay values are above, internal branches of the strict
consensus tree.
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Holtz + new braincase characters

a

TL = 1394

Cl = 0.449.

b

Figure 5.5 The 50% majority rule (a) and strict consensus (b) of Holtz + the new
braincase characters. Bootstrap values are below, and decay values are above, internal
branches of the strict consensus tree.
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The addition of the new braincase characters has caused Troodon to move from being

grouped with the Tyrannosauridae, Omithomimidae and Pelicanimimus to being the sister group of

the Dromaeosauridae, Rahonavis, Archaeopteryx, Alvarezsauridae and Omithothoraces group.

However, in both analyses the position of Troodon is only weakly supported by low bootstrap and

decay values.

Adding the new characters also resolves most of the large polytomy in the original analysis

between Bagarataan, the Compsognathidae, Dryptosaurus, Gasosaurus, Ornitholestes,

Proceratosaurus and Scipionyx. The new characters cause the Compsognathidae to be placed in a

more crown ward position than the Tyrannosauridae, Omithomimidae and Pelicanimimus group

and Dryptosaurus and Scipionyx to be (respectively) progressively closer sister taxa to the

Tyrannosauridae, Omithomimidae and Pelicanimimus group. Ornitholestes forms an unresolved

group with Bagaraatan in a less crown ward position than Dryptosaurus and Gasosaurus and

Proceratosaurus form another unresolved group less crown ward than the Ornitholestes and

Bagaraatan group. Again bootstrap and decay values supporting this gained resolution are very

low.

The taxa in the Holtz (1998) matrix that were not in the new matrix were then removed and

the matrix re-run to see how taking out these taxa would affect the tree topology. The one MPT

resulting from these data is illustrated in figure 5.6. The taxa have generally retained their relative

positioning, except for Carcharodontosaurus, which moves closer to Abelisaurus than it was

previously.

In the same way the Holtz + new character matrix was run using only data from the taxa

which the two matrices had in common. The one resulting MPT is illustrated in figure 5.7.

There is no change in the topology of the tree, but adding the new characters has increased

the decay values for the positions of the Dromaeosauridae, the Troodontidae and the

Compsognathidae.

Conclusion

When the eleven new characters are added to the much larger data matrix of Holtz (1998

(386 characters» they cause both a weakly supported movement of the Troodontidae and a weakly

supported partial resolution of a large polytomy in the original analysis. The topology of the

smaller Holtz - taxa and Holtz + new characters - taxa trees remains mostly unchanged although

decay indices show that the new matrix adds support to the positions of the Dromaeosauridae, the

Troodontidae and the Compsognathidae.

Mapping new braincase characters onto Holtz 1998

The eleven new characters added to the Holtz (1998) cladogram were then mapped to

assess their consistency with the Holtz characters using the MacClade character tracing function.

Figures 5.8, 5.10, 5.13, 5.14, 5.15, 5.16 and 5.17 show that the new matrix characters 1. 3,
6, 7, 8, 9 and 10 and those of Holtz (1998) are entirely consistent. Character 4 is uninformative.
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Holtz - taxa
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Figure 5.6 The taxa that were not shared between the Holtz matrix and the new character
matrix were removed and the Holtz matrix run again with a smaller set of data. Bootstrap
values are below, and decay values are above, internal branches of the strict consensus tree.
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Holtz + new characters - taxa
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Figure 5.7 The results of the reduced Holtz matrix run with added new braincase characters.
Bootstrap values are below, and decay values are above, internal branches of the strict
consensus tree.
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Mapping character 1 on the Holtz cladogram

unordered

c:::J 0-_ equivocal

Figure 5.8 The results when the new braincase character 1 is mapped on the Holtz
cladogram.
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Mapping character 2 on the Holtz cladogram

unordered

c::J 0

_ equivocal

Figure 5.9 The results when the new braincase character 2 is mapped on the oltz clad gram.
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Mapping character 3 on the Holtz cladogram

d b3
unord rod

Do

oqulvO

Figure 5.10 The results when the new braincase chars ter 3 is mapp d n th II It7. J d gram.
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Mapping character 4 on the Holtz cladogram

unordered_1

Figure 5.11 The results when the new braincase character 4 is mapped on the Holtz cladogram.
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Mapping character 5 on the Holtz cladogram

unordered

c:::J 0_1
_ equivocal

Figure 5.12 The results when the new braincase character 5 is mapped on the Holtz cladogram.
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Mapping character 6 on the Holtz cladogram

unordered

CJ 0- equivocal

Figure 5.13 The results when the new braincase character 6 is mapped on the Holtz
cladogram.
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Mapping character 7 on the Holtz cladogram

unordered

c::J 0

equivocal

Figure 5.14 The results when the new braincase character 7 is mapped on the Holtz
c1adogram.
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Mapping character 8 on the Holtz cladogram

unordered

c:::J 0- equivocal

Figure 5.15 The results when the new braincase character 8 is mapped on the Holtz
cladogram.
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Mapping character 9 on the Holtz cladogram

unordered

[:=l 0-_ equivocal

Figure 5.16 The results when the new braincase character 9 is mapped on the Holtz
cladogram.
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Mapping character 10 on the Holtz cladogram

unordered

c::::J 0-_ equivocal

Figure 5.17 The results when the new braincase character 10 is mapped on the Holtz
cladogram.
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Mapping character 11 on the Holtz cladogram

unordered

c:J 0-_ equivocal

Figure 5.18 The results when the new braincase character 11 is mapped on the Holtz
c1adogram.
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Figure 5.9 reveals that character 2 is derived in Compsognathus and plesiomorphic in the

Tyrannosauridae. As Compsognathus may be less crownward than the Tyrannosauridae on the

Holtz (1998) cIadogram (they are both issuing from the same unresolved dichotomy) this might

indicate a character reversal in the latter, or convergence between Compsognathus and the more

derived non-avian theropods. The size difference between Compsognathus and the

Tyrannosauridae might explain this possible reversal. If an organism reduces in size, the brain has

to fit into a smaller space and so it sometimes fits more tightly (and economically) into that

available space. The derived brain morphology of Compsognathus may therefore have arisen due to

the small size of its cranium (see section 5.3.1 for more discussion). Conversely the large size of

the Tyrannosauridae may have resulted in this possible reversal.

Figure 5.12 reveals that the derived state of character 5 is found in the Omithomimosauria

that is less crown ward than the Dromaeosauridae on the cladogram. However, the latter has the

plesiomorphic state of this character. This suggests that either the Dromaeosauridae has reversed

this character, or that the derived character state is convergent in the Omithomimosauria and

modem birds. Given that the Dromaeosauridae have retained the plesiomorphic character state, and

that the Oviraptorisauridae (figure 3a; Sues 1997) and even early birds such as Archaeopteryx and

Enaliornis (Elzanowski & Galton 1991) also appear to have retained the plesiomorphic state, it

seems highly likely that this character is convergent in the Omithomimosauria and modem birds.

The distribution of plesiomorphic and derived states of character 11 in figure 5.18

highlights a possible reversal in this character in Archaeopteryx. This distribution could also be the

result of a convergence in the Troodontidae, the Dromaeosauridae and modem birds, although this

is less parsimonious.

Results: Sereno 1999

The Sereno (1999) matrix was recovered from the web site

(http://www.sciencemag.orglfeatureldatall041760.shl). The topography of the published consensus

tree from this matrix was re-established (figure 5.19). This strict consensus of 6 MPTs then

underwent decay and bootstrap analyses.

The new braincase data matrix was then added to the Sereno (1999) matrix. See figure

5.20a for the resulting 50% majority rule tree and figure 5.20b for the strict consensus of 6 MPTs.

The addition of the new braincase data matrix makes no difference to the topology or support of the

Sereno (1999) cladogram.

The taxa in the Sereno (1999) matrix that were not in the new matrix were then removed

and the matrix was re-run to see how taking out these taxa would affect the tree topology. The

resulting strict consensus of 2 MPTs is found in figure 5.21. The removal of taxa has made no

difference to the topology of the Sereno (1999) cladogram.
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Sereno 1999
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Figure 5.19 The 50% majority rule (a) and strict consensus (b) re-established Sereno 1999
trees. Bootstrap values are below, and decay values are above, internal branches of the strict
consensus tree.
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Sereno + new braincase characters
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Figure 5.20 The 50% majority rule (a) and strict consensus (b) of Sereno + the new braincase
characters. Bootstrap values are below, and decay values are above, internal branches of the
strict consensus tree.

261



Sereno - taxa
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Figure 5.21 The taxa that were not shared between the Sereno matrix and the new character
matrix were removed and the Sereno matrix run again with a smaller set of data to create
50% majority rule (a) and strict consensus (b) trees. Bootstrap values are below, and decay
values are above, internal branches of the strict consensus tree.
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Sereno + new characters - taxa
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Figure 5.22 The reduced Sereno matrix run with added new braincase characters to create
50% majority rule (a) and strict consensus (b) trees. Bootstrap values are below, and decay
values are above, internal branches of the strict consensus tree.
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In the same way the Sereno + new character matrix was run using only data from the taxa

which the two matrices had in common. For the resulting strict consensus of 2 MPTs see figure

5.22. The addition of the new braincase data matrix makes no difference to the topology or support

of the Sereno-taxa cladogram.

Conclusion

The addition of the new brain and braincase character matrix to the larger Sereno (1999)

matrix and the reduced Sereno - taxa matrix, has no significant effect.

Mapping new braincase characters onto Sereno 1999

The eleven new characters added to the Sereno (1999) cladogram were then mapped to

assess their consistency with the Sereno characters using the MacClade character tracing function.

Figures 5.23, 5.25, 5.28, 5.31, 5.32 and 5.33 show that the new matrix characters 1,3,6,9,

10 and 11 and those of Rauhut (2000) are entirely consistent. Character 4 is uninformative.

Figure 5.24 shows the results when character 2 is mapped. This character is derived in

Compsognathus and the Omithomimidae and plesiomorphic in the Tyrannosauroidea. As

Compsognathus and the Omithomimidae are less crownward than the Tyrannosauroidea on the

Sereno (1999) c1adogram this might indicate a character reversal in the latter, or convergence

between Compsognathus, the Omithomimidae and the more derived non-avian theropods. The size

difference between Compsognathus, the Omithomimidae and the Tyrannosauroidea might explain

this possible reversal. This character state distribution for character 2 may be explained as it is

above for the Holtz c1adogram. If an organism reduces in size, the brain has to fit into a smaller

space and so it sometimes fits more tightly (and economically) into that available space. The

derived brain morphology of Compsognathus and the Omithomimidae may therefore have arisen

due to the small size of their crania (see section 5.3.1 for more discussion). Conversely the large

size of the Tyrannosauroidea may have resulted in this possible reversal.

Figure 5.27 reveals that the derived state of character 5 is found only in the

Omithomimidae that is less crown ward than the Tyrannosauroidea, Dromaeosauridae and the

Troodontidae on the c1adogram. However, all three of the latter have the plesiomorphic state of this

character. This suggests that either the Tyrannosauroidea, Dromaeosauridae and Troodontidae have

reversed this character, or that the derived character state is convergent in the Omithomimosauria

and modem birds. Given that the Tyrannosauroidea, Troodontidae and Dromaeosauridae have

retained the plesiomorphic character state, and that the Oviraptorisauridae (figure 3a; Sues 1997)

and even early birds such as Archaeopteryx and Enaliomis (Elzanowski & Galton 1991) also

appear to have retained the plesiomorphic state, it seems highly likely that this character is

convergent in the Omithomimosauria and modem birds.
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Mapping character 1 on the Sereno cladogram
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Figure 5.23 The results when the new braincase character 1 is mapped on the er no
cladogram.
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Mapping character 2 on the Sereno cladogram
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Figure 5.24 The results when the new braincase character 2 is mapped on the Sereno
cladogram.
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Mapping character 3 on the Sereno cladogram
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Figure 5.25 The results when the new braincase character 3 is mapped on the Sereno
c1adogram.
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Mapping character 4 on the Sereno cladogram
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Figure 5.26 The results when the new braincase character 4 is mapped on the Sereno
cladogram.
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Mapping character 5 on the Sereno cladogram
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Figure 5.27 The results when the new braincase character 5 is mapped on the Sereno cladogram.
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Mapping character 6 on the Sereno cladogram
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Figure 5.28 The results when the new braincase character 6 is mapped on the Sereno cladogram.
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Mapping character 7 on the Sereno cladogram
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Figure 5.29 The results when the new braincase character 7 is mapped on the Sereno
cladogram.
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Mapping character 8 on the Sereno cladogram
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Figure 5.30 The results when the new braincase character is mapped on the Sereno
cladograrn.
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Mapping character 9 on the Sereno cladogram
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Figure 5.31 The results when the new braincase character 9 is mapped on the Sereno
c1adogram.
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Mapping character 10 on the Sereno cladogram
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Figure 5.32 The results when the new braincase character lOis mapped on the Sereno
cladograrn.
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Mapping character 11 on the Sereno cladogram
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Figure 5.33 The results when the new braincase character 11 is mapped on the Sereno
cladogram.
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Figure 5.29 shows that character 7 is not consistent with the Sereno (1999) data as the only

plesiomorphic state on the cladogram is found in the Sinraptoridae, which is in a more crown ward

branching position than the first derived state, which is found in the Allosauridae. The

plesiomorphic state of character 7 in the Sinraptoridae may therefore represent a reversal. Figure

5.30 shows the results when character 8 is mapped. This character is derived in the Aves and the

Dromaeosauridae and plesiomorphic in the Troodontidae. The Troodontidae are more crown ward

than the Aves and the Dromaeosauridae and so it is probable that a reversal has taken place in this

character in the Troodontidae.

Results: Rauhut 2000

The topology of the Rauhut (2000) published consensus tree was re-established (see figure

5.34). This strict consensus of 6346 MPTs then underwent decay and bootstrap analyses.

The new braincase matrix was then added to the Rauhut (2000) matrix. Three of the new

characters (no. 4, no. 7 and no. 11) already existed within the Rauhut character set (no. 60, no. 61

and no. 63) so these had to be deleted, leaving only 8 new characters to add to the Rauhut matrix.

The resulting strict component consensus of 6029 MPTs is seen in figure 5.35. These additions do

not alter the topology of the original Rauhut (2000) consensus tree, but do increase the decay value

for the grouping of the Troodontidae and the Dromaeosauridae as sister taxa.

The taxa in the Rauhut (2000) matrix that were not in the new matrix were then removed

and the Rauhut matrix re-run to see how taking out these taxa would affect tree topology. The

resulting strict consensus of 2 MPTs is shown in figure 5.36. The removal of taxa made no

difference to the topology of the Rauhut (2000) cladogram.

In the same way the Rauhut + new character matrix was run using only data from the taxa

which the two datasets had in common. The resulting strict consensus of 2 MPTs is seen in figure

5.37. Although the addition of the new characters results in no change in the topology of the

cladogram, the decay support values for the Omitholestes, Omithomimosauria, Aves,

Dromaeosauridae and Troodontidae clade, and for the clade also including the Tyrannosauridae are

reduced.

Conclusion

When the new characters are added to the larger Rauhut (2000) matrix they have no visible

effect on tree topology but they increase the decay value for the grouping of the Troodontidae and

the Dromaeosauridae as sister taxa. The addition of the new characters to the Rauhut - taxa

cladogram also has no effect on tree topology, but decay support values for the Omitholestes,

Omithomimosauria, Aves, Dromaeosauridae and Troodontidae clade, and for the clade also

including the Tyrannosauridae are reduced.
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Mapping new braincase characters onto Rauhut 2000

The eight new characters added to the Rauhut (2000) cladogram were then mapped to

assess their consistency with the Rauhut characters using the MacClade character tracing function.

The three characters that were already included in the Rauhut (2000) data matrix were also mapped

to see how they optimised.

Figures 5.38, 5.40,5.43, 5.46 and 5.47 show that the new matrix characters 1, 3, 6, 9 and

10 and those of Rauhut (2000) are entirely consistent. Figure 5.39 shows the results when character

2 is mapped. This character is derived in Compsognathus and plesiomorphic in the

Tyrannosauridae. As Compsognathus is less crown ward than the Tyrannosauridae on the Rauhut

(2000) c1adogram this might indicate a character reversal in the latter, or convergence between

Compsognathus and the more derived non-avian theropods. For a possible explanation of this

character state distribution see the descriptions of the mapping of character 2 in the Holtz (1998)

and Sereno (1999) sections above.

Figure 5.42 reveals that the derived state of character 5 is only found in the

Ornithomimosauria (as is the case in the phylogenies of Holtz (1998) and Sereno (1999) above)

that is less crown ward than the Dromaeosauridae and the Troodontidae on the c1adogram.

However, both of the latter have the plesiomorphic state of this character. This suggests that, as

before, either the Dromaeosauridae and Troodontidae have reversed this character, or that the

derived character state is convergent in the Omithomimosauria and modem birds. Given that both

the Troodontidae and Dromaeosauridae have retained the plesiomorphic character state, and that

the Oviraptorisauridae (figure 3a; Sues 1997) and even early birds such as Archaeopteryx and

Enaliornis (Elzanowski & Galton 1991) also appear to have retained the plesiomorphic state, it

seems highly likely that this character is convergent in the Omithomimosauria and modem birds.

Figure 5.45 shows the results when character 8 is mapped. This character is derived in the

Dromaeosauridae and the Aves and plesiomorphic in the Troodontidae. The fact that the

Troodontidae are more crownward than the Dromaeosauridae means that a reversal of character 8

has probably occurred in the Troodontidae, and that the derived state of this character in the

Dromaeosauridae and the Aves is convergent.

One of the three endocranial characters (Rauhut character 63, new matrix character 11) that

were already included in the Rauhut data matrix was consistent (see figure 5.48). Figure 5.41

shows the distribution of states of Rauhut character 60 (new matrix character 4). A probable

reversal of this character has occurred in the Abelisauridae (and possibly also in Syntarsus

(although Syntarsus forms part of an unresolved dichotomy with Shuvosaurus amongst others, and

hence its branching position before or after Shuvosaurus is not certain», which shows the

plesiomorphic condition, whereas Dilophosaurus and Shuvosaurus, which are respectively in less

crown ward branching positions than the Abelisauridae, display the derived condition of this

character. Figure 5.44 shows the distribution of states of Rauhut character 61 (new matrix character

7). This character is consistent within the non-avian Theropoda, with a probable reversal occurring

in the Aves.
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Rauhut2000

TL= 652

Cl = 0.420.

b

Figure 5.34 The 50% majority rule (a) and strict consensus (b) re-established Rauhut 2000
trees. Bootstrap values are below, and decay values are above, internal branches of the strict
consensus tree.
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Rauhut + new braincase characters

TL = 662

Cl = 0.426

b

Figure 5.35 The 50% majority rule (a) and strict consensus (b) of Rauhut + the new
braincase characters. Bootstrap values are below, and decay values are above, internal
branches of the strict consensus tree.
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Rauhut - taxa
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Figure 5.36 The taxa that were not shared between the Rauhut matrix and the new character
matrix were removed and the Rauhut matrix run again with a smaller set of data to create
50% majority rule (a) and strict consensus (b) trees. Bootstrap values are below, and decay
values are above, internal branches of the strict consensus tree.
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Rauhut + new characters - taxa
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Figure 5.37 The reduced Rauhut matrix run with added new braincase characters to create
50% majority rule (a) and strict consensus (b) trees. Bootstrap values are below, and decay
values are above, internal branches of the strict consensus tree.
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Mapping character 1 on the Rauhut cladogram

unordered

c:J 0-_ equivocal

Figure 5.38 The results when the new braincase character 1 is mapped on the Rauhut
cladogram.
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Mapping character 2 on the Rauhut cladogram

unordered

CJ 0- equivocal

Figure 5.39 The results when the new braincase character 2 is mapped on the Rauhut
cladogram.
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Mapping character 3 on the Rauhut cladogram

unordered

c:J 0-_ equivocal

Figure 5.40 The results when the new braincase character 3 is mapped on the Rauhut
cladogram.
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Mapping character 4 (Rauhut character 60) on
the Rauhut cladogram

unordered

[::=:J 0- equivocal

Figure 5.41 The results when the new braincase character 4 (character 60 in the Rauhut
matrix) is mapped on the Rauhut cladogram.
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Mapping character 5 on the Rauhut cladogram

unordered

c::J 0-_ equivocal

Figure 5.42 The results when the new braincase character 5 is mapped on the Rauhut
cladogram.
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Mapping character 6 on the Rauhut cladogram

unordered

Do-_ equivocal

Figure 5.43 The results when the new braincase character 6 is mapped on the Rauhut
c1adogram.
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Mapping character 7 (Rauhut character 61) on
the Rauhut cladogram

unordered

Do- equivocal

Figure 5.44 The results when the new braincase character 7 (character 61 in the Rauhut
matrix) is mapped on the Rauhut cladogram.
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Mapping character 8 on the Rauhut cladogram

unordered

Do- equivocal

Figure 5.45 The results when the new braincase character 8 is mapped on the Rauhut
c1adogram.
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Mapping character 9 on the Rauhut cladogram

unordered

c::::J 0_1
_ equivocal

Figure 5.46 The results when the new braincase character 9 is mapped on the Rauhut
cladogram.
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Mapping character 10 on the Rauhut cladogram

unordered

c::J 0- equivocal

Figure 5.47 The results when the new braincase character 10 is mapped on the Rauhut
cladogram.
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Mapping character 11 (Rauhut character 63) on
the Rauhut cladogram

unordered

r:::J 0- equivocal

Figure 5.48 The results when the new braincase character 11 (character 63 in the Rauhut
matrix) is mapped on the Rauhut cladogram.
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Conclusions: character mapping

Twenty-one of the 30 new brain and braincase matrix characters added to the phylogenies

of Holtz (1998) (11 were added), Sereno (1999) (11 were added) and Rauhut (2000) (8 were added)

were found to be entirely consistent with the signal from their larger matrices.

New brain and braincase character 2 was found to have reversed in the Tyrannosauridac in

all three of the phylogenies to which the new matrix was added. New brain and braincase character

5 was found to be convergent in the Orithomimidae and modern birds in all three of the

phylogenies to which the new matrix was added. The fact that these character reversals occurred in

all three of the phylogenies to which they were added probably means that the signal from these

characters in the new matrix is unreliable or that this is a real signal.

Other probable reversals found through the process of character mapping were: that of

character 7 in the Sinraptoridae in the Sereno (1999) matrix, that of character 8 in the Troodontidae

in the Sereno (1999) and Rauhut (2000) matrices and that of character 11 in Archaeopteryx the

Rauhut (2000) matrix.

Of the three endocranial Rauhut (2000) characters (60, 61 and 63, corresponding to 4. 7

and 11 of the new brain and braincase characters), one was consistent, one showed a reversal in the

Aves and one showed a reversal in the Abelisauridae. In these two latter cases, the signal that

Rauhut's endocranial characters are giving is not consistent with the signal that the rest of his

matrix holds.

Conclusions of the phylogenetic analysis

The eleven new brain and braincase characters have been found to:

- support the general placement of taxa in the cladograms by Holtz (1998), Sereno (1999) and

Rauhut (2000)

be generally consistent

hold a significant signal but not be numerous enough to affect current tree topologies and

hypotheses of relationships

More data are required.

5.2.2.2 Encephalisation Quotients

Introduction

The gradual stepwise addition of avian characters to the non-avian theropod brain has been

detailed in section 5.2.1 (figures 5.1 and 5.2). This section is now going to focus on the second

method of examination of the pattern of avian brain evolution by following how the overall volume

of the brain changes along phylogeny using encephalisation quotient (EQ) values (for an

explanation of how these values are derived see section 2.3.2). Recall that EQ is defined as the
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mass of the brain of an organism divided by the brain mass expected for a typical organism of the

same size. The closer EQ is to 1, the more typical the relative brain size. These quotients have been

calculated from estimates of the mass of the brain and body of extinct organisms.

Materials and Methods

Brain and body mass values were derived using a variety of methods (see sections 2.2.5

and 2.2.6 for details of the methodologies).

Two estimates for the body mass of Bambiraptor (See Table 5.4) were calculated using

two different methods. The lower body mass estimate, resulting from Henderson's (1999) method,

is probably more reliable. The higher estimate resulting from Anderson et al.'s (1985) method was

also used to verify that even if different body mass estimation techniques are used, similar REQ

and BEQ values result. The brain mass of Bambiraptor is well constrained, as the brain fits the

braincase relatively tightly and the endocast (see figure 4.38) underwent a water displacement test,

as well as the usual double graphic integration to affirm its volume.

Not every brain mass is so well constrained. The brain mass of Troodon formosus was

difficult to obtain as the model endocast from which endocranial measurements were taken (in

order to carry out double graphic integration) was a composite model made from two different

partial endocasts (RTMP 86.36.457 and AMNH 6174, see figure 4.36). The composite model may

be slightly inaccurate as the region joining the two existing sections of the partial endocasts had to

be reconstructed. This could result in a slightly inflated calculation of its volume. For this reason

the brain mass estimations of Currie and Zhao (1993b), 41g, Russell (1972), 45g and Hopson

(1979), 37g were also taken into consideration. Body mass estimates for Troodon are 45.3kg

(Hopson 1979) or 42.09kg (Henderson, pers. comm. 2000).

The estimated body mass values for Allosaurus are 984kg (Henderson, pers. comm. 2(00),

or 1400kg and 2300kg (Hurlburt 1996). The estimated brain mass came from the method of double

graphic integration carried out on scaled lateral and dorsal views of the Allosaurus endocast from

photographs. The result of this was verified with an independent calculation of the volume of the

same specimen by Larsson (2000) and found to be only 2.3g different.

The brain mass estimates for the two pterosaurs in the sample, Parapsicephalus purdoni

and the tapejarid pterosaur, Tapejara wellnhoferi, were calculated using double graphic integration

on scaled lateral and dorsal views of the endocast (see figures 4.3 and 4.6 respectively). The body

mass estimate of Parapsicephalus was taken directly from Jerison (1973). Jerison stated that body

mass estimation in pterosaurs is very problematic as there are no extant organisms upon which to

base a weight comparison. His estimation for Parapsicephalus is based on a length : weight ratio

calculated for bats.

There are two brain mass values for Tapejara because the lateral image does not reveal the

entirety of the endocast (the ventral edge of the optic lobe and cerebellar flocculi are obscured and

hence have to be estimated). This problem was the result of difficulties in trying to get the camera

lens into a good position that offered a clear lateral view as the endocast itself was still attached to
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a sheet of rubber (the endocast was not created for palaeoneurological study but was made as a by-

product of making a cast of the skull). The small range of values presented covers the probable

margin of error between the photograph and the actual endocast. The tight fit of the endocast to the

braincase walls (unlike that of Allosaurus) means that it offers a more reliable estimate of brain

size. The body mass estimates, which are difficult to obtain, are from Dino Frey (pers. comm.

2001), between 300g and 500g and David Unwin (pers. comm. 2001), between 500g and 850g.

The final fossil organism to be examined in this way was Archaeopteryx lithographica.

Double graphic integration was carried out on lateral and dorsal views of the natural endocast of

Archaeopteryx (see figure 4.48) to determine its mass (1.35g). The resulting figure was verified

with those of Hurlburt (1996), 1.45g and Larsson et al. (2000), l.1g. The latter figure is low as it is

based on Jerison's estimate of the volume of the Archaeopteryx brain which was estimated before

the endocast was excavated from the surrounding matrix in 1985, and hence may be erroneous. The

body mass of Archaeopteryx was taken from Hurlburt (1996).

In the case of the extant Gavialis gangeticus, the body mass range (Table 5.4) was

estimated from a range of living Crocodylia of similar size. The mass of the brain was estimated by

using double graphic integration on dorsal and lateral views of an endocast taken from a skull held

in the Biological Sciences Department of the Univeristy of Poitiers. The brain itself is estimated to

fill around 50 to 60% of the braincase in crocodilians (Jeri son 1973, Hopson 1979 and Hurlburt

1996). For this reason the volume of the brain calculated via double graphic integration was

reduced to 60% and this value was verified with the brain masses detailed in Hurlburt (1996) for

crocodilians of roughly the same size. However, in order to maintain a basis for accurate

comparison of EQ level the volume of the brain within the braincase is also plotted when the brain

is assumed to fill 100% of the braincase.

The brain mass of Columba Livia was calculated using double graphic integration from

lateral and dorsal photographs of the living brain (taken from Starck 1989) and verified with the

value found in Hurlburt (1996). The brain mass estimate for Diomedea exulans was taken solely

from Hurlburt (1996). The body masses of these two extant birds were also taken from Hurlburt

(1996) and verified with the eRe Handbook of avian body masses (Dunning 1993).

As it is not known how much of the endocranial cavity was filled by the brain in the fossil

organisms examined, the full volume of the endocast was used in all cases. The estimated body and

brain mass values were then placed into the following calculation (as seen in section 2.3.2 and

Table 5.4):

REQ = MBr / 0.0155 MBdo.553 MBr = estimated mass of brain

BEQ = MBr / 0.117 MBd0.59 MBd = estimated mass of body

Range ofREQ's for extant reptiles: 0.4016 - 2.4035

Range of BEQ's for extant birds: 0.3574 - 2.9864
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Resulting Encephalisation Quotients

Reptile and bird encephalisation quotients of the organisms examined above are plotted as

a histogram in figures 5.49a and b. The EQ ranges of the living reptiles and birds are included as

horizontal lines on the histograms to emphasize the positions of the fossil organisms relative to

their living relatives. Large birds with complex ecologies, such as Diomedea exulans, have the

highest values for REQ and BEQ while the single non-omithodiran archosaur on the graph,

Gavialis gangeticus, has the lowest value.

The REQs of the dinosaurs examined lie above those of all extant reptiles. In all cases,

although especially in that of the more primitive non-avian theropod Allosaurus, where the brain

did not fit tightly to the endocranial walls, this may be partially due to the fact that the brain was

erroneously assumed to fill 100% of the braincase. Another factor to be wary of is that, in

calculating REQ or BEQ for large non-avian theropods, such as Allosaurus, the regression line is

being extrapolated beyond the range of body sizes from which it was formulated. However, in the

case of B. feinbergi, where the body size is small and the brain was clearly tightly fitting to the

endocranial cavity, and which displays many avian characteristics (see the description of the

endocast of Bambiraptor section 4.5.15 and figure 4.38), these high EQ values are assumed to be

reliable.

The endocast of B. feinbergi is the most complete and informative of any derived non-

avian theropod and displays the highest EQ values of any dinosaur yet found, which fits in well

with its proposed phylogenetic position close to the ancestry of birds. Its REQ far surpasses the

highest value for any extant reptile and its BEQ lies well above Columba livia and Archaeopteryx

lithographica. It should be taken into consideration however that Bambiraptor is a juvenile while

the other dinosaurs on the graph are adult and hence the EQ recorded here for Bambiraptor is

elevated above that of its adult form (see section 3.8.3). The REQ and BEQ were estimated for an

adult as follows. The body mass was estimated to be approximately 5.874kg using the method of

Anderson et al. (1985), which relies on the minimum mid-shaft femur circumference of an adult.

The brain mass was assumed not to grow between our specimen and adulthood. The resulting

values were 7.3 for the REQ and 0.702 for the BEQ, implying that its REQ was still well above the

living reptile range and that its BEQ still lies within the living bird range.

The brains of pterosaurs have been investigated by many workers (Newton 1888, Edinger

1941, Jerison 1973, Hopson 1979, Hurlburt 1996). However, of those studied to date, none has

been found to have an avian-sized brain, despite their obvious avian brain characters.

Parapsicephalus purdoni, first studied by Newton in 1888, was found again here to lie within the

reptile encephalisation quotient range.

Although Edinger (1941) postulated that the brains of later pterosaurs were probably more

avian in size, it is not until now, with this study of an endocast of Tapejara wellnhoferi, that the

first pterosaur has been found with an encephalisation quotient within the range of living birds.

This finding is significant as it may help to change the perception that derived pterosaurs were
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ectothermic, soaring, unenergetic beasts of the sky that were vastly inferior to birds. It seems then

that, as in the case of birds, the brains of pterosaurs continued to develop after the origin of flight

(i.e. the brain continued to grow and develop after Archaeopteryx to the level of the Eocene birds,

and after Parapsicephalus (a Jurassic rhamphorhynchoid) to the level of Tapejara (a derived

Cretaceous pterodactyloid).

However, several factors should be taken into consideration when examining the relative

positions of the two pterosaurs in figures 5A9a and b. For example the fact that the tapejarid

specimen is a juvenile, where the Parapsicephalus specimen is not, may be a factor in its inflated

EQ. The fact that the Parapsicephalus endocast is not complete, whilst the tapejarid endocast is

almost complete, may also affect the lower EQ levels found for Parapsicephalus. As mentioned,

the relative ages of the pterosaurs may also help to explain the seemingly more derived state of

Tapejara.

Larsson et al. (2000) stated that the initial stage of relative brain and cerebral enlargement

must have occurred within the derived non-avian theropods as they found the brain of

Tyrannosaurus to be much larger than that of the less crownward non-avian theropods such as

Allosaurus and Carcharodontosaurus. They found that a large increase in endocast volume

characterised the Coelurosauria and that most of this increase was in the cerebral hemispheres.

The findings of this research support Larsson et al. 's (2000) claims (as well as those of

Russell (1969, 1972), Hurlburt (1996) and Hopson (1979» in that the brains of the derived non-

avian theropods, here represented by Bambiraptor, and to some degree Troodon, had also achieved

relatively large size (figures 5.49a and b). A study of the endocasts of these non-avian theropods

reveals that their brains also had a more avian morphology and topology than those of less

crownward non-avian theropods (although it is not possible to say this for Tyrannosaurus (see

section 4.5.10 for a description of the endocast of Tyrannosaurus». For example, the endocast of

Allosaurus fragilis is both much smaller in relative size and much less avian in its morphology and

topology than those of Bambiraptor and Troodon.

The pattern revealed by this graphical depiction of the EQs of non-avian theropod

dinosaurs follows that found in the morphological changes in the brain (section 5.2.1) and

braincase and also that of the phylogenetic characters created by these changes (section 5.2.2.1)

and hence adds further support to the theropod-bird transition hypothesis.

Conclusions to Encephalisation Quotient analysis

The pattern of increasing EQ found from primitive crocodilian-like archosaurian ancestors to

derived non-avian theropods and within early birds:

closely follows the morphological pattern of avian brain evolution found in non-avian

theropods and hence further supports the theropod-bird transition hypothesis.

suggests that the brains of birds and pterosaurs appear to have continued to develop after the

first evolution of flight.
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The occurrence of a pterosaur with a brain that resembles that of a bird, not only in its

morphology, but also in terms of its brain size, may help to change the common perception that all

pterosaurs were ectothermic, un-energetic, poor flyers that lost out to the "superior" birds.

5.2.2.3 Temporal Analysis

Introduction

An attempt is made here to analyse how observed character changes plot over time. This

has been achieved by creating a stratigraphically calibrated cladogram showing the minimum ages

of first appearance of derived character states in the brains and braincases of the non-avian

theropods.

Stratigraphical calibration of non-avian theropod phylogeny

The stratigraphically calibrated cladogram in figure 5.50 was based on the timescale profile

of Sampson et al. 2001. The minimum ages of first appearance of the non-avian theropods studied

in this project (in their branching order) and of the derived states of characters 1 to 11 (used and

listed in section 5.2.2.1) were plotted upon this timescale. See section 2.3.3 for further details of the

metholodogy.

This exercise results in all the minimum ages of first appearance of the derived avian brain

and braincase characters being placed approximately around the Middle and Upper Jurassic, at the

time of appearance of the first bird, Archaeopteryx.

However, the paucity of the terrestrial vertebrate fossil record makes it possible that the

true minimum ages of some of the first appearances of characters are older than those shown here

as we may not have found relevant fossil taxa. The fact that some of the characters 0, 3,4,6,9, 10

and 11) have missing data in at least one or several taxa preceding their first appearance also means

that these first appearances are not well supported.

Character 7 appears to be convergent in Allosaurus and the more crown ward non-avian

theropods and early birds from the level of Tyrannosaurus. Character 5 appears to be convergent in

the Omithomimids and modem birds as it does not occur in the Troodontidae. the

Dromaeosauridae or in Archaeopteryx (see also section 5.2.2.1 where this character is mapped onto

CUrrent phylogenies).
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Figure 5.50 A stratigraphically calibrated cladogram showing first appearance of new features in
the theropod brain and braincase. Relationships are based on Currie & Padian (1997), Holtz (1998),
Sereno (1999) and Rauhut (2000). Dates are millions of years before present. Thin lines indicate
relationship only; thicker lines represent ranges of fossil organisms taken from The Dinosauria (1990).
The timescale used is that of the Geological Society of America (1999). Numbers represent the first
appearance of the derived character states of characters 1 to 8 (see section 5.2.2.1). Characters 9, 10
and 11 represent first appearances of a highly reduced olfactory apparatus, relatively large cerebral
hemispheres and an EQ within the range of living birds (see section 5.2.2.3). Ambiguous characters
are optimised using delayed transformation. Negative numbers (-1 and -9) represent possible
character reversals. Adapted from Sampson et al. 2001.

r------+------------~ ...Tyrannosaurus
r---- Ornithomimid indet.

IFromiceiomimus

...._--.~ruthiomimus
.------+-------- rOdon

r---------IIB+mbiraptor
'----+---4 Drp_maeosaurus

~_. Deinonych~s
'+--------1.Sa rornithoJestes
..__----_Velo iraptorI

®

301



5.3 Explanations of patterns

This section is of necessity the most speculative part of my thesis.

5.3.1 Size

The smaller the head of an organism, the less space is available for the eyes, the brain, the

mouth, etc. There is less room for a more elongate brain and so the brain may start to take on a

more rounded avian form in order to be able to fit into the space available. Jerison (1973) used this

hypothesis to explain the avian characteristics of the pterosaur brain. The data that this project has

created can be used to test whether there is a simple correlation between the body size of the non-

avian theropods studied and their brain and braincase character states and also between their overall

body size and their relative brain size.

Can variation in size across the cladogram alone explain the changes? Are all the non-avian

theropods with derived character states smaller? Are all the less crownward non-avian theropods

larger? An analysis of the phylogenetic data suggests that the pattern could be related to size. Here

is the dataset (see table 5.1) for only the larger non-avian theropods (over 4 metres in length) in

phylogenetic branching order down the table (based on the phylogenies of Holtz (1998), Sereno

(1999) and Rauhut (2000»:

Non-avian Theropoda Approximate Phylogenetic characters

size (m)

1 2 3 4 S 6 7 8 9 10 11

Abelisauridae 9 ? 0 0 0 0 0 0 ? ? ? ?

Sinraptor 8 ? ? ? ? 0 0 0 ? ? ? ?

Allosaurus 12 0 0 0 1 0 0 1 0 0 0 0

Acrocanthosaurus 12 ? ? ? 1 0 0 0 ? ? ? ?

Carcharodontosaurus Up to 15 0 0 0 1 ? 0 ? 0 0 0 0

Tyrannosauridae 12 0 0 ? ? 0 ? 1 0 1 0 0

Table 5.1 A table documenting the characters states of non-avian theropods over 4 metres in length.

There are only six derived character states in this dataset and 35 primitive states. In

contrast (see table 5.2) there are 35 derived states in the smaller non-avian theropod and

Archaeopteryx dataset (non-avian theropods 4 metres or less in length) and six primitive characters.

There is more missing data in the smaller non-avian theropod and Archaeopteryx dataset.
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Non-avian Approximate Phylogenetic characters

Theropoda and size (m)

Archaeopteryx

1 2 3 4 S 6 7 8 9 10 11

Herrerasauridae 3 ? ? ? ? 0 0 ? ? ? ? ?

Compsognathidae 0.7 to 1.4 ? 1 ? 1 ? ? ? ? ? ? ?

Ornitholestes 2 ? ? ? 1 ? 1 ? ? ? ? ?

Omithomimidae 4 ? 1 ? 1 1 1 ? ? ? ? ?

Troodontidae 2 1 1 1 1 0 1 1 0 1 1 1

Dromaeosauridae 1 to 3 1 1 1 1 0 1 ? 1 1 1 1

Al varezsauridae 0.9 to 2 ? ? 1 1 ? 1 ? ? ? ? ?

Archaeopteryx 0.5 1 1 1 1 ? ? ? 1 1 ? 0

Table 5.2 A table documenting the characters states of non-avian theropods (and Archaeopteryx) of

less than 4 metres in length.

The above two groups are placed roughly in phylogenetic branching order from

Compsognathus through to Archaeopteryx apart from the removal of Tyrannosaurus to the larger

non-avian theropod group. The Herrerasauridae however, are quite distant from Compsognathus,

separated from it phylogenetic ally by the larger non-avian theropods in table 5.1 above. Of all the

smaller non-avian theropods and Archaeopteryx, only this basal non-avian theropod has no derived

brain or braincase characters (although this conclusion is not well constrained as there is such a

large amount of missing data). This result is not surprising as non-avian theropods are primitively

small and in the Herrerasauridae there is a coincidence of primitive character states; a small body

and a small brain. In more crownward non-avian theropods there is a coincidence of decreasing

body size and increasing brain size.

Thus the phylogenetic data suggest that becoming smaller is linked to the acquisition of

derived avian brain characters. How did the miniaturisation seen from Allosaurus to Archaeopteryx

take place? The process of neoteny is one hypothesis. The fact that Herrerasaurus is small and has

only primitive brain and braincase characteristics while all the more crown ward non-avian

theropods of approximately the same size have mainly derived characteristics and a larger brain is

suggestive of a neontological process. According to the consensus on non-avian theropod

phylogeny the Herrerasauridae were the sister group to the larger non-avian theropods such as

Allosaurus, the Abelisauridae and Carcharodontosaurus. Further along the phylogenetic tree. from

about the level of Compsognathus, the non-avian theropods started to get smaller (with the

exception of Tyrannosaurus). These smaller and more crownward non-avian theropods have

generally been found to have more complex brains with derived characters and larger EQs

(Archaeopteryx aside) than the giants. Perhaps in part the smaller non-avian theropods gained a

303



relatively larger brain size (with more derived characters) by retaining the larger adult brain size of

the giant non-avian theropods (by the process of neoteny) inside a smaller skull?

However. there is an exception to this general trend. The occurrence of a derived non-avian

theropod the size of Bambiraptor with a high BEQ compared to the lower values for smaller

organisms such as Columba and Archaeopteryx. suggests that the overall decline in body size from

Allosaurus to Bambiraptor cannot have been the only reason for high BEQ of Bambiraptor (see

figure 5.49b). These results therefore suggest that the increases in encephalisation quotient are not

solely a result of the reduction in body size, an increase in brain complexity has probably also taken

place.

Histological investigation (see section 5.3.4) suggests one of the possible mechanisms

involved in the observed miniaturisation. Padian et al. (2001b) show that derived non-avian

theropods and basal birds grew slowly by decreasing the length of the early fast growth phase and

increasing the length of the later slow growth phase, which results in a overall decrease in adult

size.

The large, phylogenetically more crownward (according to consensus) Tyrannosaurus

appears to have had some primitive brain and braincase characters. This contrasting information

may in part be due to the larger size of Tyrannosaurus, as it may not benefit from the neontological

effect that the smaller non-avian theropods do, resulting in the brain appearing less derived. The

large size of this non-avian theropod (and its skull) may be hiding the more derived characters of

the brain as it does not press tightly against the walls of the enormous skull where size is not a

mechanical constraint enforcing a more compact brain. In this way, the overall appearance of a

more rounded brain in Compsognathus and a more elongate brain in Tyrannosaurus is perhaps due

to the spatial constraints placed on the formation of the brain inside a smaller skull than a reflection

of true evolutionary status. Larsson et al. (2000) found the tyrannosaur brain to be quite advanced.

with a large forebrain. Perhaps it is the lack of data. combined with the large size of the tyrannosaur

skull and braincase, that is confounding the phylogenetic results (see section 5.2.2.1).

It seems clear that in progressing along the phylogeny from Allosaurus to Archaeopteryx

there is much reduction in body size. This miniaturisation over time probably plays an important

role in the evolution of birds by means of positive feedback mechanisms (see also 5.3.7).

5.3.2 The shift from olfaction to vision

The first evidence for some reduction of the olfactory apparatus is found in Troodon,

although missing data for this character in Compsognathus, Omitholestes and the Omithomimidae

mean that it could have started happening earlier. This reduction continues in Bambiraptor and

Sauromitholestes (the Dromaeosauridae) where an olfactory apparatus of a size comparable with

that of a bird is first found. Interestingly. the first evidence for relatively larger. more developed

optic lobes (which are in a more avian ventrolateral position) also occurs at the level of Troodon.

Once again here. missing data in those non-avian theropods immediately before the appearance of
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the derived character state in Troodon mean that its first appearance is probably not well

constrained. This change in the relative sizes of the brain regions involved with the senses of

olfaction and vision suggest that sight may have become a more important sense in the derived

non-avian theropods.

Why might vision have become more important, and smell less important, to a non-avian

theropod? Predation may provide a partial answer, if it could be considered that some of the more

derived non-avian theropods changed from a scavenging to an active method of predation, or from

a more sedentary prey to a more agile one. This theory is supported by the research of Coombs

(1978) who showed that the small derived non-avian theropods were also the fastest running

dinosaurs, which would be essential in catching a fast moving meal.

An important sense for a scavenging predator is that of smell, to seek out rotting flesh

(Gittleman 1989). An unvarying visual environment i.e. the sea from above, or in the world of a

nocturnal organism, may also result in smell being an important sense. For example, the marine

albatross is able to smell chemicals released from the plankton which their prey, the fish, feed upon

from many miles away (Nevitt 1999) and this heightened ability is matched by a relatively large

olfactory apparatus. The nocturnal kiwi also uses smell to locate its prey (Healy and Guilford 1990)

and its small optic lobes and relatively large olfactory apparatus reflect this behaviour.

However, an active predator of fast-moving agile prey in a varying environment would

need accurate, stereoscopic vision in order to enhance success in capture. Some raptors illustrate

this by their ability to see and locate prey from a great height. This ability is reflected in the

enhanced development of their optic lobes and lack of any discernible olfactory apparatus in the

dorsal view of the brain at the macroscopic level. Thus the changing proportion of prey items

received from scavenging to that from active, agile predation may result in the observed shift of

reliance from the olfactory apparatus to the optic lobes.

Nocturnality may also have played a role in the pattern of avian brain evolution. A range of

polar dinosaurs from non-avian theropods (such as Albertosaurus and several new taxa),

ankylosaurs and hypsilophodontids to prosauropods have been found in Jurassic and Cretaceous

strata. Research by Rich and Vickers-Rich (1989) has suggested that polar dinosaurs may have had

an enhanced ability to see under low light conditions based on an observed enlargement of the

orbits and optic lobes of a juvenile hypsilophodontid, Leaellynasaura. As I have not seen this

crushed material and it is juvenile I am unable to verify this. One potential problem with this claim

is that the optic lobes and cerebral hemispheres of juvenile crocodilians are proportionally larger

and more tightly fitting to the braincase walls than in the adult (see section 3.8.3) and thus the same

might be true for this hypsilophodontid.

However, Fiorillo and Gangloff (2000) also pointed out the relatively increased orbit and

optic lobe size of the non-avian theropod Troodon formosus (see description in section 4.5). whose

teeth have been found within the palaeoarctic region, and suggested that this is due to their

increased nocturnal visual capability. Dromaeosaurid, ornithomimid, oviraptorid and allosaurid

material has also been found in polar regions (Rich. Vickers-Rich and Gangloff 2{X)2).
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Dromaeosaurids, ornithomimids and oviraptorids all have large orbits and the dromaeosaurids also

have large optic lobes. Unfortunately, as I have seen insufficient endocranial data for the

oviraptorids and the ornithomimids I am unable to discuss the size of their optic lobes. Of the polar

dinosaurs, only the allosaurids had relatively small orbits and optic lobes.

The enlarged optic lobes and orbits of the polar non-avian theropods fits the general brain

evolution pattern found through phylogeny in non-avian theropods of increasing reliance on sight

over that of smell. Nocturnality, or at least living in low light conditions, therefore may also be

used in some cases to explain the observed decrease in the importance of the sense of smell and an

increase in that of vision. It is not possible, however, to determine whether acquiring the more

efficient prey capture discussed above, or living in low light conditions, played a more important

role in driving this change. It seems unlikely that life in low light conditions was the sole driving

force for the observed changes because the allosaurids do not have adaptations to increase visual

ability.

It should be remembered that good sight may have also been important in predator

avoidance as these smaller organisms needed to detect oncoming predators quickly.

5.3.3 Bipedality

The shift from quadrupedality to bipedality may be used to partially explain some of the

changes observed in the non-avian theropod brain. Locomotion involving only two legs requires

more complex coordination skills than does a more balanced quadrupedal form (Alexander 1968).

In order to be able to control finely. and make corrections to, the motion and balance of even the

early non-avian theropods, a more developed cerebellum and set of cerebellar flocculi would have

been required. In Allosaurus, the most primitive non-avian theropod dinosaur for which there is

good endocranial data, a large set of prominent cerebellar flocculi are already present. The

continued relative enlargement of these features and the cerebellum over time as the theropod-bird

transition was approached (for example these features are further developed in the more crownward

non-avian theropod Bambiraptor feinbergi) probably represents an increased fine tuning of the

control of movements necessary for an active predator. The more derived smaller non-avian

theropods that had the largest cerebellum and cerebellar flocculi were also the fastest cursors

(Coombs 1978), and thus probably required the quickest and most refined control. Unfortunately,

the lack of endocranial data available for Compsognathus (the least crownward non-avian theropod

that Coombs (1978) finds to be a fast cursor) means that it is difficult to demonstrate that brain and

locomoto~ characters may have been acquired at the same time. The further increases in relative

size of these features after the evolution of flight. the most difficult mode of locomotion. would

have enhanced the manoeuvring capabilities of an organism in a complex arboreal three

dimensional world.

More upright posture may also have other advantages that could have eventually affected

the pattern of brain evolution recorded: all vertebrates with fully erect stance and gait are warm-
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blooded (Varricchio. 1998). This is probably due to the fact that they arc able 10 dis-engage their

lungs from their limb function as quadrupedal vertebrates arc unable 10 do due to the torsion or

flexure of their spinal cords during locomotion. This dccoupling offered non-avian theropods an

opportunity to develop more constant activity pauerns, presenting the opportunity to become

slightly endothermic. The control of such endothermy also requires a larger hrain.

5.3.4 Avian physiology

Was the acquisition of avian characters and higher EQ recorded in the derived non-avian

theropod brain related to a change in physiological status? Perhaps these more crownward nOI1-

avian theropods had started to take on a more intermediate level of physiology (he-tween that of

reptiles and that of mammals and birds), the running of which would require a larger and more

complex brain. In order to assess whether some non-avian theropods had a higher level of

physiology (which would agree with the results of Hopson (1977)). all available fossil evidence

concerning physiological status needs to be examined.

5.3.4.1 Feathers

Distribution

Feathers (or featherlike integumentary structures) are now known in at least five non-avian

(coelurosaurian) theropods (Padian et al. 200Ia): Sinosauroptcrvx (a compsognatludj.

Protarchaeopteryx (uncertain affinity), Caudiptervx (an oviraptorosaun, Beiniaosaurus (a

therizinosaurid). Shuvuuia (an alvarczsaurid) and Sinornithosaurus (Xu rt al. 1no I (a

dromaeosaurj). This distribution supports the current hypotheses of the evolution of hird~ from

non-avian theropod dinosaurs (sec figure 5.51). and approximately follows the pattern of brain

evolution found, in that only the more derived non-avian theropods (those that branch from the

phylogeny after the level of Carcharodontosaurus) possess hoth feathers and more avian character»

in the brain.

Implied function

The absence of any skeletal components necessary for the flight stroke in the "feathered

dinosaurs" indicates that feathers did not evolve for flight (Padian ct al. 200 Ia and Sues 200 I ).

Feathers may have had diverse roles in. for example. thermoregulation. This regulation would

probably have been behavioural. using their feathers to help in both heating and cooling themselves

as well as in insulating their eggs (Clarke ('I al. 1999). In this way feathers would have been useful

for an organism that was trying to maintain a slightly elevated metabolic rate as the)' would ella hlc

to the organisms to gain a slightly finer control Oil their body temperature: (and that of their young l

which is essential for running a more highly regulated complex system .
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Figure 5.51 A "gentleman's" cladogram representing a tree of the immediate relatives of birds
among coelurosaurian theropods. The tree summarises some of the current agreements and
uncertainties of taxa most closely related to birds and outlines the distribution of feathers and
integumentary structures found within dinosaurs. Taken from Padian et al. (200Ia).
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Feathers may also have been of use as camouflage, in displays and as a form of species

recognition as they are today, but these theories remain difficult to test in fossil material.

5.3.4.2 Histology

The histology of an organism preserved in fossil bone offers the most reliable evidence

concerning the physiological state of an organism during its life. An investigation into the histology

of the enantiornithine birds (Chinsamy et al. 1994) revealed that they had Lines of Arrested Growth

(LAGs) in their bone microstructure (cyclical bone deposition) and hence may have had a non-

neornithine intermediate level of physiology. Modern neornithine endothermy therefore probably

evolved after this time, meaning that organisms phylogenetically less crown ward than

enantiornithines (including Archaeopteryx and the derived non-avian theropod dinosaurs) could

also have had an intermediate physiology.

More recent bone microstructure work by Padian et al. (200 1b) indicates that the large

dinosaurs, such as the sauropods, grew quickest and that the smaller dinosaurs grew more slowly.

Assuming that growth rates provide an indication of underlying basal metabolic rates, the results of

Padian et al. (2001b) suggest that the dinosaurs they studied were not like typical ectotherms. They

also show, as did Chinsamy et al. (1994), that the enantiornithines grew more slowly than extant

birds of similar size. A study of their bone cortices revealed that they could have accomplished this

slow growth by shortening the early rapid-growth phase and extending the more adult-like, slower

growth phase. This phenomenon may also explain growth in non-avian theropods which also seem

to undergo a fast juvenile growth phase and a slower adult phase (Padian et al. 2001a). Varricchio

(1993) supports this claim by documenting histological evidence of a short, fast and then a longer,

slower growth phase in the non-avian theropod Troodon formosus, also stating that its abundant

vasculature and dense Haversian bone suggest that it had a relatively high metabolism.

The return to predominantly fast-growing bone tissue in more derived small birds

(neornithines and their relatives) suggests a trend to reach adult size quickly, within a shorter

maturation time than in basal birds and non-avian theropods.

Histological study therefore indicates that small derived non-avian theropods and basal

birds grew slowly by decreasing the length of the early fast growth phase and increasing the length

of the later slow growth phase (which also resulted in a decrease in size). They therefore probably

had an intermediate level of physiology, which agrees with data showing that these organisms had

relatively larger and more characteristically avian brains (as large brain size may be linked to a

high maternal metabolic turnover (Martin 1981».
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5.3.4.3 Limb proportions and cursorial ability

Bakker (1968, 1971 and 1975) and Ostrom (1969 and 1979) were the first to suggest a

correlation between cursorial abilities and endothermy in dinosaurs. Coombs (1978) went on to

show that small non-avian theropods such as Dromiceiomimus and Deinonychus and small bipedal

ornithischians were the fastest running dinosaurs based on morphological correlates of superior

running ability. Christiansen (1999) agreed, and suggested that the small non-avian theropods ran

in a comparable fashion to extant medium-sized ratites. The small non-avian theropods therefore.

being the most agile and efficient cursors within the Saurischia, may have required a slightly higher

metabolism to sustain this fast motion during a hunt.

5.3.4.4 Other considerations

As stated in section 5.3.3, all vertebrates with fully erect stance and gait have warm-

blooded physiologies (Varricchio 1998), probably due to the fact that they are able to dis-engage

their lungs from their limb function. Decoupling thus perhaps offered non-avian theropods an

opportunity to develop more constant activity patterns and to become slightly more endothermic in

order to maintain the energy levels required for continual (as opposed to a more reptilian periodic)

exertion.

Evidence that Troodon and Oviraptor may have laid eggs over many days (not retaining

them (Varricchio et al. 1997)), as do living palaeognaths, and then incubated them synchronously

(Clarke et al. 1999) to ensure synchronous hatching also implies endothermy in these derived non-

avian theropods (Varricchio, 1998).

Lastly the exclusive presence of large brains in endotherms and in derived non-avian

theropods such as Bambiraptor and Troodon indicates higher metabolic rate in these organisms.

Likewise, the large brain of the Cretaceous pterosaur Tapejara wellnhoferi is therefore indicative of

possible endothermy.

5.3.4.5 Parallel evolution in mammals

It has been suggested by Kemp (1982) that the evolution of the mammalian endothermy

(and the brain (see also Rowe 1996)) was achieved by gradual acquisition of increasingly

mammalian characteristics. In the evolution of this very high degree of complexity, no single

characteristic could evolve very far towards the mammalian condition unless it was accompanied

by appropriate progression of all other characteristics (the correlated progression model; originally

formulated from work on the evolution of the tetrapod middle-ear by Thomson (1966)). In Kemp' s

analysis of the functional relationships between the main structures and processes in mammals the

possession of a complex central nervous system is crucial. Similar rules probably apply to the

evolution of endothermy in birds, resulting in the step-wise pattern of avian brain character
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acquisition recorded, although there are not enough endocranial characters to be able to properly

test the hypothesis of correlated progression here. Rowe (1996) also noted similar successive

episodes of evolutionary forebrain enlargement and inflation of the cerebellum in the mammalian

brain to those seen in non-avian theropods.

5.3.5 Flight

The evolution of avian features appears to have occurred in a mosaic pattern. What once

was a clear story of the evolution of birds has now become more complicated. The recent findings

of "feathered dinosaurs" (see section 5.3.4 above and Padian et al. 2001a) reveal for the first time

that feathers evolved before flight and recent work into the bone histology of dinosaurs and early

birds (see section 5.3.4 above and Padian et al. 2001b) has revealed that the switch to an avian

physiology was not apparently directly related to flight.

This current work also supports the hypothesis of pre-adaptation. No features of the avian

brain appear at the same time as flight. The only way in which flight can be seen to have definitely

affected the evolution of the brain is in the perfection of sophisticated flight (in both derived

pterosaurs such as the Cretaceous Tapejara (see descriptions in section 4.2) and derived birds such

as the Eocene Lithomis (see descriptions in section 4.5)) as the brain filled out to become more

bulbous and rounded like that of a modern bird. As mentioned in section 5.2.1, this are uncertain

since there is no conclusive endocranial data for any birds between the Cretaceous Hesperomis,

lchthyomis and Confuciusornis, the brains of which appear to have been avian, but a little less

bulbous than in modern birds (Edinger 1951), and Eocene birds such as Lithomis and Halcyomis,

the brains of which appear to have been modern (Edinger 1951 and Mlikovsky 1988)).

However, the fact that the pterosaur brain, the brain of the only other flying organism

examined in this study, looks so similar to the avian brain in all known pterosaur material where

endocranial data is available, seems to indicate that the brain may have formed this way due to the

evolution of flight in both of these lineages. This could be explained if the pterosaur brain, like the

avian brain, had undergone a series of similar pre-adaptive changes before flight became possible

and that these changes were relatively convergent upon those which occurred in the non-avian

theropod dinosaurs.

In conclusion it seems that flight itself may not have played as major a role in the evolution

of the brain as was generally hypothesized prior to this study.

That the derived non-avian theropods take on so many avian characters just before the

evolution of birds has, as mentioned in section 1.3.2, led some to suggest that the non-avian

theropods with highly derived brains, feathers and intermediate levels of physiology are in fact

secondarily flightless (Le. Paul 2(01), but I favour the more parsimonious step-wise character

acquisition before flight hypothesis described in section 5.2.1.
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5.3.6 Head I neck posture

The relative positions of the head and neck change very little in the evolution of the non-

avian theropod dinosaurs and early birds. However. the initial change from quadrupedality to

bipedality that occurred in the dinosaurs before the evolution of the non-avian theropods will have

resulted in some associated changes in the angle of the neck relative to that of the skull (the neck

will have moved from a more horizontal to a more vertical angle). This however does not appear to

have drastically affected the brain's position inside the skull except possibly to have implemented

the flexure visible in the endocast of Plateosaurus (Galton. 1984) and in non-avian theropod

endocasts including those of Allosaurus fragilis, Troodon formosus, Tyrannosaurus rex and

Bambiraptor feinbergi. This flexure was not present in the brain of the Crocodylia (at the lower end

of the extant phylogenetic bracket) or in the brains of more primitive tetrapod ancestors such as

Sphenodon (see chapter 3). Larger relative orbit size may also force the brain to shift backwards in

the skull creating more flexure. Thus the change in head and neck posture does not seem to have a

marked effect on brain morphology.

5.3.7 Summary of explanations

The above explanations. while speculative. are helpful in trying to understand how and

why the changes seen in the evolution of the avian brain have taken place. As well as size. a shift in

importance of the senses resulting from changes in ecology. bipedality. avian physiology. flight and

head and neck posture have all been examined as possible reasons for some of the changes seen in

the brain of the non-avian Theropoda.

It could be that the initial shift to bipedality and later small size. enabled both more

continuous activity and better agility. The reduction in size would also have enabled the non-avian

theropod to gain a relatively larger brain size by retaining the adult brain size of the ancestor whilst

attaining a smaller adult body size. The presence of a relatively larger brain would allow for the

control of a more complex. higher level of metabolism. which the presence of feathers would have

helped to facilitate. These factors and the shift in importance of the senses from that of olfaction to

that of vision combined to result in the production of a lethally efficient hunter. This agile active

predator then went on to evolve flight and finally achieve the status of the modern bird in terms of

its brain. physiology and morphology in the Late Cretaceous I Tertiary. This process cannot be

attributed to the correlated progression model of Thomson (1966) on the basis of these few

endocranial characters, but it can be said that it relies upon a complex of inter-related factors and a

few positive feedback loops. in which one change helps to effect the next.
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5.4 Summary of Discussion

The overall pattern of avian brain evolution found is one of step-wise addition of characters

across a broad range of non-avian theropod taxa. The evolutionary changes involved in this

evolution have been examined in three main ways: phylogenetic ally; in terms of changing EQ; and

temporally.

The new braincase characters resulting from the data and examined phylogenetically were

found to support the general placement of taxa in all the current phylogenies considered. The fact

that they were not able to help decide between these different hypotheses of relationship is

probably a result of there being only a small number of taxa in the new brain and braincase matrix.

When the characters were mapped they were found to be mostly consistent. Unfortunately more

endocranial data and characters are required for more taxa in order for these braincase characters to

be able to adequately test the results of current analyses of non-avian theropod and early bird

relationships.

The increasing EQ found from primitive crocodilian-like ancestors to derived non-avian

theropods and within early birds supports the same pattern direction and order as that resulting

from from the morphological signals, thus forming an independent confirmation of their results.

The EQs therefore also back the theropod-bird transition hypothesis, and suggest that the brains of

pterosaurs and birds continued to expand after the first evolution of flight.

When examined temporally the pattern of character acquisition is found to have probably

occurred around the Middle and Upper Jurassic.

Some suggestions for the appearance of these changes in the non-avian theropod dinosaurs

before the evolution of flight have been presented and links among these explored. These changes

are probably the result of a complex of inter-related factors and several feedback mechanisms. In

reality, the exact reasons behind the pattern of avian brain evolution seen will probably never be

elucidated as the fossil record of endocranial data is simply not sufficient.

Finally, after the evolution of flight and as it developed in complexity the optic lobes

reached their final ventrolateral modem avian position and the cerebellum and cerebral

hemispheres expanded to reach the modem avian state.
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Measurements Theropods studied

Bambiraptor Allosaurus Archaeopteryx Columba Troodon

Length olfactory
apparatus (mm) 12 50 5.5 3 29

Width olfactory 50 (anterior-
apparatus (mm) 10 most point) 1.6 -3 (both) 12

Length complete
endocast (mm) 55 200 26 21 112

% area in lateral
view brain taken 22.5 28.3 - 11.2 17.4
up by medulla
oblongata

% brain taken up
in dorsal view by 50.9 32 57.6 75.7 45.5
cerebral
hemispheres

% of olfactory
length vs 21.8 25.0 21.2 14.3 25.9
endocast length

Table 5.3 A table documenting the length of the endocasts, the relative sizes of the olfactory
apparati and the relative percentages of the brain taken up by the medulla oblongata and cerebral
hemispheres in lateral and dorsal views respectively.
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MBr (g) MBd (g) REO's BE_Q's
Gavialis gangeticus
17.59 (100% of 100000 17.59/0.0155(100000 u.m) = 17.59/ 0.117(I00000U)'1) = 0.168
full mass) 1.95

200000 17.59/0.0155(200000 u."j) = 17.59/ 0.117(200000U)'1) = 0.112
1.32

10.55 (60% of 100000 10.55/0.0155(100000 u.JJJ)= 10.55/ 0.117(I00000u",,) =
full mass) 1.1693 0.10117

200000 10.55/0.0155(200000 u.m) = 10.55/ 0.117(200000u,)'1) =
0.79698 0.0672

Tapejara wellnhoferi
2.88 300 2.88 / 0.0155(300u.JJJ) = 2.88/ 0.117(300U)'1) = 0.8505

7.9288
2.88 500 2.88/ 0.0155(850u.JJJ) = 2.88 / 0.117 (850U''1) = 0.46

4.4575
3.19 300 3.191 0.0155(300o.JJJ) = 3.19/ 0.117(300u.)'1) = 0.9421

8.7823
3.19 500 3.19/ 0.0155(850u.JJJ) = 3.191 0.117(850u,,,) = 0.5096

4.9373
Parapsicephalus purdon!
1.854 1500 1.854/ 0.0155(1500u.m) = 1.854/ 0.117(1500u,)'1) = 0.2114

2.096
Allosaurus /ra_g_ilis
166.7 1000000 166.7/0.0155(1000000 u.))J) 166.7/ 0.117(I000000u.)'1) =

= 5.1713 0.4109
2000000 166.7/0.0155(2000000 u.JJJ) 166.7/ 0.117(2000000U)'1) =

= 3.5247 0.27298
Troodon formosus
40 42000 40/ 0.0155(42,OOOu.m) = 7.16 40/0.117(42 ooou:"'J = 0.6399

45000 40/ 0.0155(45,OOOu.m) = 401 0.117(45,OOOu.)'I)= 0.6144
6.8944

70 42000 70/ 0.0155(42,OOOo.m) = 70/ 0.117(42,OOOu,'1)= 1.1199
12.5345

45000 70/ 0.0155(4S,OOOu.m) = 70/ 0.117( 45,OOOu.)'I)= 1.0752
12.06

Bambiraptor jeinbergi
13.75 1863.2 13.75/0.0155(1863.2 u.m) = 13.75/ 0.117(1863.2u.)'1) = 1.382

13.788
2238.7 13.75/0.0155(2238.7°.",) = 13.75/ 0.117(2238.7U

)") = 1.24
12.457

Archaeopteryx lithographica
1.35 350 1.35/ 0.0155(3500.m) = 1.35/ 0.117(350u.)'1) = 0.364

3.4129
Columba livio
2.2 300 2.2/ 0.0155(JOOu.JJJ) = 6.0568 2.2/ 0.117(300u.)'1) = 0.6497

Diomedea exulans
31 4763 31 /0.0 155(4763u,)),) = 31 / 0.117( 4763U)'1) =

18.499 1.79154

Table 5.4 A table of MBr and MBd values, as well as REQ and BEQ calculations using those values, for the
organisms distributed on the Encephalisation Quotient graph (figures5.49a and b).
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CHAPTER6:

CONCLUSIONS

• The observed evolutionary sequence of changes in the brain from the primitive diapsid

condition (that of Sphenodon for example) to that of the modern bird was recorded and found

to proceed as follows:

the brain becomes more flexed,

the brain fits tighter to the endocranial walls,

the cerebral hemispheres enlarge,

the optic lobes move down into a ventrolateral position and the cerebellum is against the

cerebral hemispheres,

the brain becomes more rounded and bulbous,

EQ is increased,

there is a reduction in the relative size of the medulla oblongata,

there is a reduction in the relative size of the olfactory apparatus,

overall expansion of the brain and further increases in EQ.

• The main changes in the evolutionary history of the avian brain occurred after the evolution of

the first theropod, Eoraptor, and before the evolution of the first bird, Archaeopteryx, and

hence the morphology and characteristics of the non-avian Theropoda have been the focus of

this research. Between the early birds such as lchthyornis. from the Upper Cretaceous, and

Halcyornis, from the Lower Eocene, there is further expansion of the brain to the modern avian

condition. Unfortunately, the fossil record of endocranial data in birds between these times is

presently too poor to be able to elucidate the exact timing of this final expansion.

• Some of the changes recorded in the non-avian theropod brain (and in the collected braincase)

data were coded as phylogenetic characters. The pattern of avian character acquisition within

the non-avian Theropoda was then analysed in three ways:

- within a phylogenetic context. The characters were found to: support the general

placement of taxa in current cladograms; be mostly consistent; not be numerous enough to

affect current tree topologies and hypotheses of relationships.

- in terms of changes in relative brain to body size in the Theropoda. The changes in EQ were

found to: closely follow the morphological pattern of avian brain evolution (Le. those non-

avian theropods with the most avian brain morphological characteristics were also found to

have the highest EQs); suggest that the brains of birds and pterosaurs appear to have continued
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to expand in size after the first evolution of flight; suggest that changes in body size alone do

not result in increases in EQ.

- temporally. The observed changes in the brain and braincase through time were examined by

plotting minimum ages of first appearance of derived character states in the brains of the non-

avian theropods on a stratigraphically calibrated phylogeny. Most of the avian brain characters

appeared to evolve around the Middle and Upper Jurassic, at the time of the appearance of the

first bird, Archaeopteryx.

• Suggestions have been offered as possible explanations for the observed changes, for example:

a shift to bipedality opened up an opportunity for more continuous activity,

a shift from reliance on olfaction to reliance on (stereoscopic) vision enabled more

efficient prey capture,

a reduction in body size enabled better agility and an opportunity for a higher EQ and

hence the possibility for an elevated metabolic rate and becoming a faster and more aware

hunter,

the new proficiency in hunting and elevated metabolic rate allowed for the maintenance of

a larger brain.

A complex of inter-related factors and several feedback mechanisms, similar to, although

not as extensive as, those described by Thomson (1966) in the evolution of the tetrapod

middle-ear and Kemp (1982) in the evolution of the mammals, have been examined as possible

explanations for the observed changes in the evolution of the avian brain.

• Current understanding of the pattern, phylogenetic implications, mechanisms and timing of the

processes involved in the evolution of the avian brain, a central aspect of the theropod-bird

transition, have been greatly improved by the observations listed above.

Further work

More data are required to fill in the remaining gaps in the evolution of the avian brain and for

a fuller understanding of the exact sequence of avian brain character acquisition. The details could

be enhanced in several ways by:

further examination of existing theropod material (for example that of Syntarsus (as

another example of a primitive theropod) and Gallimimus and Oviraptor (as examples of

derived non-avian theropods»,

creating CAT scan data of existing three dimensional theropod crania for which no

endocranial data is available (such as Eoraptor and Herrerasaurus),
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finding new three-dimensional material which gives details of the endocrania of organisms

such as Compsognathus, Omitholestes, Oviraptor, Hesperomis and lchthyornis and also

of other as yet unknown taxa,

searching for three-dimensional endocranial data for birds phylogenetically between

lchthyomis and the Lower Eocene birds such as Halcyomis which would improve

understanding of this last stage in avian brain evolution. Unfortunately, unless this kind of

new material is found, the timing of the terminal phase of the evolution will continue to be

unresolved,

gaining a deeper knowledge of the evolution of the mammalian brain in order to look for

parallels.

If more complete endocranial data could be studied in a wider range of non-avian theropods

the phylogenetic analyses of section 5.2.2.1 would be more robust as there would be less missing

data and the range of taxa in the new brain and braincase matrix would be closer to that found in

the analyses of Holtz, Sereno and Rauhut, which would facilitate comparisons. New characters may

be found in this additional material and used to make a more effective test of support for current

hypotheses of non-avian theropod relationships.

Fortunately, current data are sufficient to reveal the general outline of the evolution of the avian

brain described here.
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APPENDIX 1

Abbreviations for the figures of chapter 4

Ant. cereb. v: anterior cerebral vein

Do: basioccipital

Bs: basisphenoid

Bsphd recess: basisphenoid recess

Car: carotid

Cartilag. reg: cartilaginous region

Cbbms: cerebral hemispheres

Cbi: cerebellum

Cbi. n: cerebellar flocculi

Dors. bead v: dorsal head vein

Endolymph. duct: endolymphatic duct

Ext. occ. v: external occipital vein

Fen. ov: fenestra ovalis

FM: foramen magnum

Fr: frontal

Itb: impression of tympanic bulla

Long. sin: longitudinal venous sinus

Med. ob: medulla oblongata

Met. for: metotic foramen

Mid. cereb. v.: middle cerebral vein

Occ, cond: occipital condyle

Occ. sin: occipital sinus

Olf. ap: olfactory apparatus

Olf. bulb: olfactory bulb

Olf. tract: olfactory tract

Opth. art: opthalmic artery

Opt. I: optic lobe

Pa: parietal

Paracond. pockets: paracondylar pockets

Parocc. proc: paroccipital processes

Pit. foss: pituitary fossa

Postorb. 0: postorbital flange

Pro. n: prootic flange

So: supraoccipital

Subcond. recess: subcondylar recess

Temp. foss: temporal fossa
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Trans. sin: tranverse sinus

vase: vasculature

I: first cranial nerve

II: second cranial nerve

III: third cranial nerve

IV: fourth cranial nerve

VI, V2,3: fifth cranial nerve: ophthalmic nerve, maxillary and mandibulary nerve

VII I VIII: seventh and eighth cranial nerves

IX-XI: ninth to eleventh cranial nerves

XII: twelfth cranial nerve
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APPENDIX2

Sources of crocodilian material

Crocodilian skulls: the Laboratoire d' Anatomie Comparee in Paris: Gavialis gangeticus (1944-

249), Alligator mississippiensis (1910-17), Crocodylus porosus (on display at the Musee Nationale

d'Histoire Naturelle in Paris) and Crocodylus niloticus (1963-22). Crocodilian brains: the

Laboratoire d' Anatomie Comparee in Paris: Alligator mississippiensis (1945-93), Crocodylus

porosus (1932-58), Osteolaemus tetrapis (1963-50).

Thalattosuchian skulls: the University of Poitiers: two Teleosaurs: Steneosaurus pictaviensis

(LPP.M.35) and Steneosaurus edwardsi (LPP.M.21), and two metriorhynchids: Metriorhynchus

brachyrhynchus (LPP.M.22), and one juvenile Metriorhynchid (LPP.M.23).
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