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Avian brain evolution: new data from Palaeogene birds
(Lower Eocene) from England
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Investigation of how the avian brain evolved to its present state is informative for studies of the theropod—bird
transition, and as a parallel to mammalian brain evolution. Neurological anatomy in fossil bird species can be
inferred from endocranial casts, but such endocasts are rare. Here, we use computed tomographic analysis to
determine the state of brain anatomy in two marine birds from the Lower Eocene London Clay Formation of
England. The brains of Odontopteryx (Odontopterygiformes) and Prophaethon (Pelecaniformes) are remarkably
similar to those of extant seabirds, and probably possessed similar somatosensory and motor capabilities. Each
virtual endocast exhibits a degree of telencephalic expansion comparable to living avian species. However, the
eminentia sagittalis (wulst), a feature characteristic of all living birds, is poorly developed. Our findings support
the conclusion that much of the telencephalic expansion of modern birds was complete by the end of the Mesozoic,
but that overall telencephalic volume has increased throughout the Cenozoic through dorsal expansion of the
eminentia sagittalis. We suggest that improvements in cognition relating to telencephalic expansion may have
provided neornithine avian clades with an advantage over archaic lineages at the Cretaceous—Tertiary boundary,
explaining their survival and rapid diversification in the Cenozoic. © 2009 The Natural History Museum. Journal
compilation © 2009 The Linnean Society of London, Zoological Journal of the Linnean Society, 2009, 155, 198—-219.
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INTRODUCTION ties, and even allowed insight into the diet of these
early birds (Zhou, 2004 and references therein). None-
theless, Archaeopteryx from the latest Jurassic of
Germany remains the earliest known avialan, and
the only Jurassic taxon that shows direct evidence of
early avian evolutionary adaptations.

By the Cretaceous, multiple avialan lineages had
arisen, presumably including the ornithurine ances-
tor of all modern birds (Neornithes; Chiappe, 1995).
No fossil evidence has been found that suggests
any members of archaic lineages survived the
Cretaceous—Tertiary (K-T) extinction event, but the
fossil record does indicate an explosive radiation of
modern bird lineages shortly afterwards. Many
extant avian clades are recognisable for the first time
in early Cenozoic assemblages such as the Lower
Eocene London Clay. The general osteology of these
early neornithine taxa is not markedly different from
*Corresponding author. E-mail: a.milner@nhm.ac.uk that of living representatives (e.g. Slack et al., 2006),

The origin of birds has sparked heated debate among
evolutionary biologists almost since the beginning
of evolutionary theory (Chiappe & Dyke, 2002).
Although it is now generally accepted among palae-
ontologists that Neornithes evolved from a common
maniraptoran theropod ancestor, the details of the
evolutionary pathway remain unclear. The discovery
of an unprecedented number of exceptionally well-
preserved specimens from the Early and Late Creta-
ceous of China in particular has greatly widened our
understanding of avian evolution (Zhou, 2004). Ele-
ments of the Early Cretaceous dino-bird fauna from
Liaoning Province have especially provided support
for hypotheses of an arboreal origin of avian flight,
demonstrated flight-related biomechanical capabili-
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suggesting that the radiation must either have been
very rapid indeed, or that the adaptations typical of
modern clades were already in place by the beginning
of the Cenozoic.

The timing of the neornithine radiation is uncer-
tain. Molecular phylogenetic evidence (e.g. Cooper
& Penny, 1997; Harrison et al., 2004; Slack et al.,
2006) indicates that the divergence occurred deep in
the Cretaceous, but the reliability of most Mesozoic
fossils referred to extant avian clades has been
questioned (Dyke, 2001; Chiappe & Dyke, 2002).
Recently, however, fossil material reliably referable
to stem members of extant lineages has been dis-
covered in Late Cretaceous and early Palaeocene
sediments (Clarke et al., 2005; Slack et al., 2006). If
we accept the growing body of evidence indicating
a Mesozoic origin for Neornithes, we must also
acknowledge the Cretaceous as a period when Neor-
nithes not only coexisted with other volant forms
such as pterosaurs and enantiornithine birds, but
were also in competition with them (Slack et al.,
2006). This raises an important question. What com-
petitive advantage did neornithine clades possess
that allowed them to survive the K-T boundary
event when other flying forms — archaic birds and
pterosaurs — did not?

The flight capabilities and adaptations for food
acquisition in most known Cretaceous archaic birds
were probably little different to those of Cenozoic
Neornithes (Zhou, 2004), and it seems unlikely that
physical adaptations allowed neornithine lineages to
out-compete and replace archaic birds towards the
end of the Cretaceous, as has been suggested by Slack
et al. (2006). Alternatively, extant lineages may rep-
resent the fortunate descendants of ancestors that
survived the K-T event by virtue of membership of
some ‘favoured’ guild. This possibility would also
seem unlikely, as it requires that the favoured guild
was not occupied by any of the archaic avian lineages,
and that each of the neornithine survivor lineages
was a member of the same guild.

Another possibility is that behaviour and cognition
played a significant role, as Hermon Bumpus inferred
over a hundred years ago (Striedter, 2005). In extant
birds the differential development of specific regions
of the brain has been shown to be significantly
correlated with adaptability, cognitive ability, and
general behavioural factors (Eccles, 1992; Timmer-
mans et al.,, 2000; Madden, 2001; Beauchamp &
Fernandez, 2004; Burish, Kueh & Wang, 2004;
Iwaniuk, Dean & Nelson, 2004, 2005; Lefebvre,
Reader & Sol, 2004; Winkler, Leisler & Bernroider,
2004). Although behaviour cannot be directly studied
in fossil taxa, the evolution of avian brain size and
morphology should provide a proxy measure of intel-
ligence, as has been suggested for mammals (e.g.

© 2009 The Natural History Museum.

Jerison, 1973; Eccles, 1992; Holloway, Broadfield &
Yuan, 2004; Striedter, 2005).

Fortunately the endocranial cavity of birds and
mammals represents a reasonably accurate approxi-
mation of the shape and size of the brain that it
houses (Striedter, 2005). Brain morphology and
volume can therefore be studied in fossil species
through lithified sediment that infilled the endocra-
nial cavity. However, such endocasts are exceedingly
rare (Jerison, 1973), and those that do survive are
very often damaged by mechanical processes, such
that only gross morphology remains. A potentially
more serious problem is that the loss of surrounding
skull material generally renders even higher level
taxonomic identification of isolated endocasts
extremely tenuous, severely limiting the potential of
any subsequent comparative morphological studies.
We are aware of no more than 12 reports of endocasts
from pre-Quaternary taxa, of which only three have
received adequate description. Cranial endocasts
from Cenozoic deposits are more numerous than those
known from Mesozoic strata. A relatively complete
endocast from the Upper Eocene of the Paris Basin
was described by Dechaseaux (1970), and Mlikovsky
provided brief descriptions of a relatively complete
endocast and a fragment from the lower Miocene of
Czechoslovakia (Mlikovsky, 1980), seven fragmentary
endocasts from the middle Miocene of Bavaria (Mlik-
ovsky, 1988), and a fragmentary specimen from the
upper Pliocene of Hungary (Mlikovsky, 1981a). A
complete endocast referable to an extinct species of
penguin is also known from the late Miocene of Chile
(Walsh, 2001).

Detailed anatomical data on a Mesozoic bird brain
were provided by Elzanowski & Galton (1991), who
described the inside of the braincase of Enaliornis
from the Early Cretaceous of England. As only four
other Mesozoic avian endocasts are known, informa-
tion concerning avian brain development during
this time is otherwise scarce. Reconstructions of the
brains of the Late Cretaceous toothed birds Ichthyor-
nis and Hesperornis were given by Marsh (1880), but
this material was later shown by Edinger (1951) to be
too incomplete to provide much evidence of the evo-
lutionary grade at this time. However, a preliminary
description of a more complete avian cranial endocast
from the Late Cretaceous of Russia was given by
Kurochkin (2004). This material appears to be mor-
phologically informative, but awaits full description.
The most important and best studied endocast is
without doubt that associated with the holotype speci-
men of Archaeopteryx (BMNH 37001). Examination
of this partially exposed endocast led early workers
(e.g. Edinger, 1926; de Beer, 1954) to suggest a more
reptilian form for the brain of Archaeopteryx,
although this was later challenged by Jerison (1968).
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Recent advances in imaging techniques have finally
resolved this debate. Dominguez et al. (2004) used
high resolution X-ray computed tomographic (CT)
analysis to reconstruct the braincase and inner ear of
Archaeopteryx, demonstrating beyond doubt that the
brain of this basal avialan is bird-like in both shape
and relative size. The results obtained by Dominguez
et al. (2004) for Archaeopteryx demonstrate that CT
techniques represent an important way forward in
research into avian brain evolution.

Here, we followed the analysis of the braincase of
Archaeopteryx by applying the same techniques to
two much younger fossil birds, Odontopteryx toliapica
Owen, 1873 (BMNH 44096) and Prophaethon shrub-
solei Andrews, 1899 (BMNH A683) from the Lower
Eocene (Ypresian) London Clay Formation of south-
east England. These almost complete three-
dimensional (3D) holotype skulls represent excellent
material through which the developmental level of
the avian brain during the early Cenozoic can be
studied. Although these taxa are modern in most
aspects of their osteology, their occurrence only ten
million years after the K-T boundary makes them
particularly interesting from the aspect of their neu-
rological development.

TAXONOMIC STATUS OF THE LONDON CLAY TAXA

At around the size of a medium-sized cormorant (Har-
rison & Walker, 1977) Odontopteryx toliapica is one of
the smaller members of an extinct group of large (up

Rheidae
lNnamidae
Galliformes

to 6 m wingspan) marine birds, notable for the pos-
session of bony tooth-like projections of the premax-
illa, maxilla, and dentary, and particularly thinly
walled bones (Olson, 1985). Poor preservation poten-
tial because of this latter feature is perhaps one
reason for the poorly resolved systematics of the
group, despite a cosmopolitan fossil record spanning
the Late Palaeocene (Averianov et al., 1991) to the
mid-Pliocene (McKee, 1985). O. toliapica was
redescribed by Harrison & Walker (1976a) as part of
a major review of the relationships of the group.
Those authors considered the ‘bony-toothed birds’ to
be closely related to Pelecaniformes (pelicans, cormo-
rants, tropicbirds, frigatebirds, and allies) and Pro-
cellariiformes (tube noses; albatrosses, storm- and
diving-petrels, and allies), but sufficiently different
from each to merit their own order, Odontopterygi-
formes (originally proposed by Howard, 1957). Others
consider the group to nest within Pelecaniformes and,
following Olson (1985), most authors now regard all
‘bony-toothed birds’ to comprise a single pelecaniform
family, the Pelagornithidae.

Recently, Bourdon (2005) included O. toliapica with
four other ‘bony-toothed’ taxa in a cladistic analysis,
and recovered a monophyletic Odontopterygiformes
as sister group to Anseriformes (swans, ducks, and
other waterfowl allies) in a new clade Odontoanserae,
as sister taxon to Neoaves (Fig. 1A). It will be inter-
esting to see if this novel result changes as more
odontopterygiform taxa (e.g. Osteodontornis, Caspio-
dontornis, Dasornis) are added to the analysis.

Tinamidae

—— Diomedeidae
—[ Hydrobatidae
Procellariidae

— Phaecthontidae

Figure 1. Recent phylogenetic hypotheses of the relationships of A, Odontopteryx toliapica (after Bourdon, 2005) and
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B, Prophaethon shrubsolei (after Bourdon et al., 2005).
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Anseriformes is already known to extend into the
Cretaceous (Clarke et al., 2005), and if Bourdon’s
(2005) placement of Odontopterygiformes outside
Neoaves (the clade containing pelecaniform and pro-
cellariiform taxa) is accepted, then Odontopteryx is
potentially informative regarding brain evolution in
an early aquatic neornithine radiation. Furthermore,
the occurrence of the earliest fossils in the Late Palae-
ocene and early diversity of the order in the Eocene
suggests an early radiation of the order (Harrison,
1985), potentially in the Cretaceous.

Andrews (1899) originally assigned Prophaethon
shrubsolei to the Pelecaniformes, but in a redescrip-
tion of P shrubsolei, Harrison & Walker (1976b)
erected a new family and order for the taxon based on
the presence of a mosaic of characters that suggested
Prophaethon might represent something of a missing
link between Pelecaniformes, Procellariiformes, and
Charadriiformes. Olson (1985) nevertheless regarded
what was, at the time, a monotypic order as weakly
supported, and referred the Prophaethontidae to the
Phaethontes (Pelecaniformes) with the extant Pha-
ethontidae (tropic birds). Since then prophaethontid
remains have been recovered from the Middle Eocene
of Belgium (Mayr & Smith, 2002) and late Palaeocene
of Morocco (Bourdon, Baadi & Iarochene, 2005), with
possible prophaethontid remains reported from the
Palaeocene of Maryland (Olson, 1994). A position for
the Prophaethontidae within a monophyletic Pele-
caniformes was supported by Gulas-Wroblewski
(2003), but a more recent analysis by Bourdon et al.
(2005) has recovered a relationship with Procellari-
formes, albeit with Prophaethontidae as sister taxon
to the Phaethontidae within a polyphyletic Pelecani-
formes (Fig. 1B). Bourdon et al. (2005) also erected a
new late Palaeocene taxon, Lithoptila abdounensis,
based on a 3D neurocranium that was regarded as
being very close to that of Prophaethon. Although this
record brings the number of nominal prophaethontid
species to two, the Belgium and Maryland unnamed
taxa indicate that more species remain to be discov-
ered. As with Odontopteryx, the existence of Thane-
tian prophaethontids similar to Prophaethon suggests
that divergence of the family occurred lower in the
Palaeocene, or earlier still.

INSTITUTIONAL ABBREVIATIONS

BMNH, The Natural History Museum, London;
MNHN, Muséum national d’Histoire naturelle, Paris.

ANATOMICAL ABBREVIATIONS USED IN FIGURES 2-8

ac, auricula cerebelli; aic, anastomosis intercarotica;
aoe, arteria ophthalmica externus; aor, ampulla ossea
rostralis; bo, bulbus olfactorius; ¢, cochlea; cb, cere-

© 2009 The Natural History Museum.

bellum; ch. op., chiasma opticum; com, crus osseum
commune; csc, canalis semicircularis caudalis; csh,
canalis semicircularis horizontalis; csr, canalis semi-
circularis rostralis; es, eminentia sagittalis (wulst); fc,
fenestra cochlearis; fcel, fissura cerebelli; fm, foramen
magnum; h, hypophysis; hpd, hypophysis pars dista-
lis; icsr, impressio canalis semicircularis rostralis; n.
acc., nervus accessorius; n. coch., nervus cochleoves-
tibularis; n. fac., nervus facialis; n. glos., nervus glos-
sopharyngeus; n. hypo., nervus hypoglossus; n. troch.,
nervus trochlearis; n. trig. Vs, second branch of
nervus trigeminus; n. trig. Vs, third branch of nervus
trigeminus; n. vagus, nervus vagus; r, rhombencepha-
lon; ra, recessus antevestibularis; rc, ramus caroticus;
sa, sacculus; so, sinus occipitalis; t, telencephalon; tm;
tectum mesencephali; tr. o., tractus olfactorius; tr. op.,
tractus opticus; vsr, vena semicircularis rostralis.
Avian anatomical nomenclature used here follows
Wingstrand (1951); Baumel et al. (1993) and Reiner
et al. (2004). We have chosen to adopt the term ‘emi-
nentia sagittalis’ (Baumel et al., 1993) as the Lati-
nized form of the morphological feature generally
referred to as the ‘wulst’ (German: ‘bulge’). Note that
the terms ‘hyperstriatum accessorium’ and ‘hyper-
striatum apicale’ (Reiner et al. 2004) relate more to
structures that comprise the ‘wulst’, but are visible at
the cellular level, and are therefore not strictly appli-
cable to the description of virtual endocranial casts.

MATERIAL AND METHODS

Both holotype skulls are preserved in-the-round with
no major deformation evident, and are remarkably
complete. In O. toliapica (BMNH 44096) there is
slight damage to the caudal and dorsal margins of
both orbits, and patches of the surface of the parietals
are damaged where they meet the frontals. In this
region the parietals and frontals appear to be
unfused. Although much of the rostrum is missing,
this is unimportant as the X-ray of this specimen was
restricted to an area immediately caudal of the orbit
mid-point. The holotype skull of P. shrubsolei (BMNH
A683) lacks only small portions of the rostrum, parts
of the dorsal margin of the right orbit, lateral margin
of the quadrate, and parts of the dorsal and caudal
surface of the parietals. It is externally more complete
than the holotype of O. toliapica, and is from a
slightly smaller individual.

Spirit-preserved avian brains of extant species are
not widely available, so for comparative purposes
descriptions and images of avian brains were taken
from Stingelin (1957). Additional CT-derived 3D
information for some avian species can be found at
the University of Texas at Austin digital morphology
website at http:/www.digimorph.org/index.phtml.
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Although this comparative data does not cover the
full range of taxonomic diversity or morphological
variation, it does represent the best information cur-
rently available, and provides at least some potential
to highlight similarities and differences between the
fossil and living taxa.

Although the endocranial surface of bird skulls
provides a reasonably accurate impression of the mor-
phology of the brain it originally housed, some brain
regions leave less perfect impressions than others.
For instance, the sinusoidal tissues that separate the
cerebellum from the skull are so thick in many taxa
that no trace is preserved of the fissura cerebelli, and
the vallecula sulcus of the telencephalon in most
species does not leave a trace on the internal surface
of the skull roof. Similarly, the dorsum sellae that
separates the hypophysis from the rhombencephalon
in some species is not fully ossified, and therefore is
not visible in true and virtual endocranial casts of
those species. Nonetheless, apart from these differ-
ences, the morphology of virtual endocasts is so close
to that of the soft tissue brain that comparisons
between a brain and a virtual endocast of its endoc-
ranial impression are fully justified.

The braincases of the two fossil bird skulls were
scanned at the University of Texas at Austin’s High-
Resolution X-ray CT facility. Odontopteryx toliapica
was scanned at a slice distance and slice thickness of
0.102 mm producing 947 coronal slices; P. shrubsolei
was scanned at a slice distance and thickness of
0.101 mm producing 1110 coronal slices. Parameters
common to both scans: field of reconstruction 49 mm,
source to object distance of 150 mm, no offset, alu-
minium filter used, energy 180 kV, 1000 views with
two samples per view.

Reconstructions of each braincase were made using
MIMICS 8.13 (Materialise NV). In order to reduce
processing requirements the image stack for each
specimen was reduced by half by removing every
other slice, and doubling the slice thickness at the
MIMICS image load prompt to compensate. We have
determined from previous reconstructions of objects
of similar size and slice thickness (~0.1 mm; e.g.
Dominguez et al., 2004) that such slice reduction does
not appreciably affect resolution of the reconstruction.
Variable preservation of the two fossils has resulted
in differing bone density across each specimen. Con-
sequently, the contrast of greyscale values for bone
and matrix was often insufficient to allow global
thresholding over the whole image stack. Instead,
segmentation of the endocranial cavity and inner ear
region was achieved using localized threshold values.
Pyrite formation is also common in the matrix infill of
both specimens, and manifests in slices as areas of
white where pyrite formation is particularly dense.
Although the pyrite attenuates the X-ray energy to a

high degree, it was possible to follow the trace of the
original bone by experimentation with brightness and
contrast value in most cases where bone had been
replaced by pyrite. Where the trace was too subtle for
localized thresholding to be effective, the bone trace
was masked manually.

DESCRIPTION
ODONTOPTERYX TOLIAPICA

It has been possible to reconstruct almost the entire
endocranial cast of Odontopteryx, including path-
ways of major efferent and afferent nerves, and the
arrangement of the anastomosis intercarotica (see
Table 1 for measurements). Both osseous labyrinths
are largely intact, and were reconstructed fully on
each side. However, no evidence of the columella
was detected within the recessus antivestibularis.
Using the position of the canalis semicircularis hori-
zontalis in the skull (Pearson, 1972) it has been
possible to determine the in vivo alert head posture
of Odontopteryx, and this is shown in Figure 2A. A
detailed description of the osteology of O. toliapica
can be found in Harrison & Walker (1976a). As with
living avian taxa, the major cranial bones of the
braincase are fused. However, the CT reconstruction
shows that the frontals overlap the parietals cau-
dally, and at the posterior region of the frontals the
two bones are unfused. A faint outline within the
matrix covering left side of BMNH 44096 is inter-
preted to correspond broadly to the shape of the
tractus opticus (Fig. 3C), but it was not possible to
reconstruct the feature on the right side where the
matrix was absent. Including cranial nerves but
excluding the carotid rami the total endocranial
volume of Odontopteryx is 9.05 mL.

As in most living birds, the brain of Odontopteryx
was equant in dorsal view, with the distance from the
caudal-most extent of the cerebellum to the rostral-
most extent of the bulbus olfactorius almost exactly
equalling that measured for the telencephalic width
(31.5 mm). Also as in all extant birds the tectum
mesencephali (optic lobes) are largely occluded in
dorsal view by the lateral expansion of the telen-
cephalon (Fig. 3A); in Archaeopteryx the tectum mes-
encephali extend as far laterally as the telencephalon
(Dominguez et al., 2004).

The bulbus olfactorius is relatively large and elon-
gate, approaching the proportions of the same
region in many Anseriformes (e.g. Branta, Aix) and
some Charadriiformes (e.g. Burhinus, Sterna), and
far larger than in taxa with well-developed optical
specializations such as Strigiformes. The bulbus
apparently did not bifurcate until the nerve bundles
entered the tractus olfactorius, nor is there any
indication of the development of a rostrocaudally

© 2009 The Natural History Museum.
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Table 1. Measurements obtained from the virtual endocast and labyrinth of Odontopteryx toliapica using Rapidform™

2006 (INUS Technology, Inc.)

Length Width Height Angle
Telencephalon 31.6 31.5 22.9 -
Angle between rostral telencephalon and midline - - - 44°
Bulbus olfactorius 5.2 4.3 4.2 -
Cerebellum 14.5 13.4 14.0 -
Auricula cerebelli 7.6 5.2 - -
Tectum mesencephali 11.3 6.8 6.6 -
Rhombencephalon 10.8 10.2 8.2 -
Tractus opticus 6.5 6.9 - -
n. cochlearis/n. facialis 1.8 2.4 - -
n. glossopharyngeus/n. vagus 4.1 2.6 - -
n. hypoglossus 2.2 0.9 - -
n. trochlearis 2.0 0.9 - -
n. trigeminus 6.5 6.1 - -
Labyrinth 9.2 6.4 16.2 -
Canalis semicircularis rostralis 8.1 1.8 - -
Canalis semicircularis horizontalis 6.4 1.6 - -
Canalis semicircularis caudalis 6.7 1.4 - -
Angle between csc/csr - - - 49°
Angle between csc/csh - - - 82°
Angle between csr/csh - - - 85°

All values were measured at maximum orthogonal points, and are in millimetres. Note that semicircular canal length
measurements refer to maximum dorsal (for csr) and lateral (for csh and csc) extent of canal arc; width measurements
refer to maximum canal diameter. See text for abbreviations.

A

brain _ ¢

directed sulcus in the dorsal surface of the bulb
(Fig. 3B, C). In most Charadriiformes, Ciconiiformes,
and Pelecaniformes this groove is present in the
dorsal surface of the bulbus, and in many Coracii-
formes, Caprimulgiformes, and Psittaciformes the
bifurcation occurs internally, such that the tractus
olfactorius emerges as two separate branches from

© 2009 The Natural History Museum.

-
) 10 mm

Figure 2. Transparent computed tomographic (CT) segmentation of two Lower Eocene skulls in right lateral views,
revealing the virtual endocasts of the brain and osseous labyrinth. Compare positions of the canalis semicircularis
horizontali indicating the in vivo alert head positions. A, Odontopteryx toliapica; all sutures are fully obliterated except
that between the frontals and parietals. B, Prophaethon shrubsolei.

the rostral region of the brain. The bulbus olfacto-
rius also occupies a position close to the dorsal
surface of the telencephalon as in Charadriiformes
and Coraciiformes. In Pelecaniformes and taxa pos-
sessing a well-developed rostrally positioned emi-
nentia sagittalis (especially Strigiformes) the bulbus
is positioned far more ventrally.
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Figure 3. Virtual endocast of Odontopteryx toliapica in A, dorsal; B, rostral, and C, left lateral views. See text for list

of anatomical abbreviations.
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Figure 4. Virtual endocranial cast of Odontopteryx toliapica. A, expanded view of the dorsal surface of the telencephalon,
showing the shape and extent of the poorly developed eminentia sagittalis. B, ventral view of virtual endocast. See text

for list of anatomical abbreviations.

In dorsal view, the two telencephalic hemispheres
form a spade shape, with a marked expansion of the
lateral regions (Fig. 3B). As a result of this expansion
the rostral edge of the telencephalon is slightly
notched in this view. A narrow and very poorly devel-
oped eminentia sagittalis is present in a rostral posi-
tion (Figs 3A, B, 4A). The feature is only very slightly
raised, and remains constant in width as it extends
from a point slightly caudal of the rostral margin of
the telencephalon to 8 mm rostral of the point where
the telencephalon meets the cerebellum. No evidence
of a vallecula is detectable. The eminentia sagittalis
of Odontopteryx appears to be most similar to that of

some Coraciiformes, and unlike any pelecaniform for
which we have comparative data.

The cerebellum is short (46% of the total brain
length as measured along the interhemispheric
fissure) and broad (42% of the maximum telencepha-
lic width). The auricula cerebelli are large, expand
distally and extend ventrocaudally from the ventral
margin of the cerebellum (Figs 3A, C, 4B). Except for
at the junction of the tectum mesencephali and cer-
ebellum ventral of the protruberantia tentorialis on
the left-hand side of the brain, there is no trace of
the vena semicircularis rostralis (Fig. 3C), and the
vein was apparently fully enclosed within an osseous
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tunnel. There is also no evidence of a median groove
for the sinus occipitalis, although slight compression
of the parietal region may mask its presence.

Although the reconstruction of the left side of the
tractus opticus is by no means certain, it suggests
that the optic nerve extended some way from the
tectum mesencephali before bifurcating (Fig. 3C). The
length of the tractus opticus is apparently variable
in most avian orders, but in some (e.g. Strigiformes,
Caprimulgiformes, some Psittaciformes, Apteryx) the
two optic nerves separate close to, or within the
tectum mesencephali. This arrangement appears to
be most common in taxa with high angles between the
brain and bill axes, and perhaps relates to the
reduced distance between the tectum mesencephali
and orbits in these species (e.g. in owls and parrots).

The tectum mesencephali itself is large and globe-
like, but appears distinctly lunate in lateral view
because of interpenetration of the telencephalic
hemispheres (Fig. 3C). In other taxa (e.g. Columba)
the tectum mesencephali is dorsoventrally com-
pressed into a distinct oval, which may or may not be
penetrated dorsally by the telencephalon. A rounded
junction with the telencephalon is seen in several
species (e.g. Larus, Pelecanus, Phalacrocorax),
although a straight or angular junction is also
common (e.g. Pluvialis, Sterna).

The hypophysis is rostrocaudally short and is
smaller than the tractus opticus (Fig. 4B). The body of
the hypophysis is only slightly laterally compressed
and has a rounded ventral margin of the pars distalis
that is unlike that of Anseriformes, where the pars
distalis is flattened and elongate (Wingstrand, 1951).
The rostral region of the pars distalis is markedly
conical (Fig. 4B), a feature that may relate to pres-
ence of an epithelial stalk. Although our reconstruc-
tion (Fig. 4B) shows no gap between the hypophysis
and rhombencephalon, a thin dorsum sellae is present
that separates the regions, as in most large species of
modern birds (Wingstrand, 1951). The bony tunnel
that housed the ascending portion of the carotid
artery terminates at the caudal-most edge of the base
of the hypophysis. The tunnel is broad at this point,
and widens as it extends rostroventally from the
hypophysis, before bifurcating. The two separate
tunnels then curve sharply and extend caudolaterally
as they follow the line of the basisphenoid. The tunnel
on the right-hand side can be traced caudally for
8.4 mm, but the path of the left-hand tunnel is diffi-
cult to discern as a result of replacement by pyrite.
Because the bifurcation of the cranial ramus of the
artery (dorsal of the hypophysis) must have occurred
within the sella turcica, it is not possible to determine
the exact pattern of anastomosis in Odontopteryx.
However, the regions that can be examined are
similar to those seen in Pelecanus, although the

© 2009 The Natural History Museum.

enlarged sphenomaxillary and palatine arteries found
in that genus (see Baumel & Gerchman, 1968) are
absent.

The rhombencephalon (Fig. 4B) is globe-shaped and
extends from the foramen magnum to around the
midpoint of the mesencephalon. The base of the
rhombencephalon shows no evidence of a ventral
sulcus. On the left-hand side of the rhombencephalon
a wide n. trochlearis is visible extending rostrally, but
on the right-hand side only the base of the nerve can
be detected. A faint trace of the n. occulomotorius is
detectable on the left-hand side, extending rostrodor-
sally from the dorsal region of the hypophysis to the
tractus opticus. The n. trigeminus is particularly
broad and its exit from the rhombencephalon is
contiguous with the ventral margin of the tectum
mesencephali. The n. cochlearis and n. facialis are
preserved as a low dorsoventrally compressed protu-
berance positioned immediately caudal and slightly
more ventral of the n. trigeminus. The n. vagus and
n. glossopharyngeus also exit the rhombencephalon
together and combined are as broad as the n. trigemi-
nus, although slightly dorsoventrally compressed.
The n. glossopharyngeus diverges from the n. vagus
to exit the skull within the recessus scalae tympani
slightly medial of the exit of the n. vagus. As the n.
vagus/n. glossopharyngeus exit the rhombencephalon
the nerve bundle is directed ventrolaterally, but
curves dorsally as the smaller ventrolaterally directed
n. hypoglossus branches from it. No traces of the n.
accessorius are visible in this region.

An impression of the bony labyrinth of the inner
ear is visible on the endocast of the cerebellum
(Fig. 3C). The canals of the labyrinth itself are com-
paratively short and broad (Fig. 5A-C), with well-
defined ampullae. The labyrinth is separated from the
telencephalon by the tectum mesencephali and a pro-
truberantia tentorialis. The rostral limb of the canalis
semicircularis rostralis slopes caudally as it rises
from the ampulla ossea rostralis, smoothly curving
round and back until it is directed rostrally before its
junction with the canalis semicircularis caudalis. The
canalis semicircularis rostralis is tall, representing
50% of the total dorsoventral height of the labyrinth.
The caudal limb of the canalis semicircularis rostralis
frames the foramen magnum, and therefore the
canalis semicircularis rostralis of each side do not
come close to meeting caudally as they do in Turdus.
The long axis of the canalis semicircularis rostralis is
angled laterally at 85° (mean of rostral and caudal
measurements for both sides), and in dorsal view
exhibits a slight sigmoidal curvature. The canalis
semicircularis rostralis et caudalis cross at a mean
angle of 49° to each other. The canalis semicircularis
caudalis et horizontalis meet at 82°. The ductus
cochlearis is straight, directed strongly rostrally and
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Figure 5. Reconstruction of the left osseous labyrinth of Odontopteryx toliapica in A, rostral; B, lateral; C, caudal, and
D, medial views. See text for list of anatomical abbreviations.

slightly medially, and is approximately round in
section. The fenestra cochlearis is small and faces
caudolaterally, and slightly ventrally. The position of
the oval window for the columella is marked by the
medial extent of the small and dorsoventrally com-
pressed recessus antivestibularis. A well-developed
dorsoventrally compressed sacculus is present on the
lateral surface of the ductus cochlearis.

PROPHAETHON SHRUBSOLEI

As with Odontopteryx it has been possible to recon-
struct nearly all of the cranial endocast of Propha-
ethon, with the exception of the tractus opticus, part
of the left bulbus olfactorius, and the anastomosis
intercarotica (see Table 2 for list of measurements).
Both osseous labyrinths are complete, but no evidence
of the columella was detected within the recessus
antivestibularis. The in vivo alert head posture of
Prophaethon based on the position of the canalis
semicircularis horizontalis of the osseous labyrinth in
the skull is shown in Figure 2B. As with Odontopteryx
and extant avian taxa, the major cranial bones of the
braincase are fused, but unlike Odontopteryx the
parietal-frontal suture is fully closed. The shape of
the tractus opticus is not possible to reconstruct,
although some information about the lateral outline
shape can be gained from the dorsal and ventral
margins at the midline (Fig. 6C).

With a length of 29 mm (measured from the
caudal-most extent of the cerebellum to the rostral-
most extent of the bulbus olfactorius) and a
maximum telencephalic width of 26 mm, the cranial
endocast of Prophaethon is slightly more elongate
than that of Odontopteryx. Including cranial nerves
the total endocranial volume of this specimen of

Prophaethon is 5.5 mL. The tectum mesencephali
are entirely occluded in dorsal view by the lateral
expansion of the telencephalon (Fig. 6A). The rostral
margins of the telencephalic lobes are slightly
concave in dorsal view, unlike Phaethon where the
margins are approximately straight. The bulbus
olfactorius is proportionately larger than in Odon-
topteryx and forms a smooth extension of the dorsal
and lateral surfaces of the telencephalon, with only
a slight expansion in the caudal-most region demar-
cating the point at which the telencephalon begins
(in Pelecanus and Phalacrocorax there is a sharp
angle between the bulbus olfactorius and the telen-
cephalon). The bulbus is approximately twice as
large as in Phaethon rubricauda (Fig. 8A) and,
unlike that species, the bulbus is not overstepped
dorsally by the eminentia sagittalis (Fig. 6C). As
with Odontopteryx the bulbus olfactorius occupies a
position close to the dorsal surface of the telen-
cephalon, and a rostrocaudally directed sulcus on its
dorsal surface is not present (Fig. 6B).

The eminentia sagittalis is rostrally positioned and
is more prominently developed than in Odontopteryx.
In dorsal view (Fig. 7A) its shape is very similar to
Phaethon in that it is wider caudally (approximately
triangular in shape) and is rostrally more dorsally
expanded (compare Fig. 7TA with Fig. 8B). It differs
from Phaethon in that the dorsal expansion is only
around half that of the living taxon (Fig. 8B), and
that the eminentia does not reach the rostral-most
margin of the telencephalon. In Pelecanus the emi-
nentia is similar in shape, but is positioned caudally
on the telencephalon. In Phalacrocorax the eminentia
is rostrally positioned, but is oval rather than trian-
gular. Also as in Odontopteryx, there is no evidence of
a vallecula.
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Table 2. Measurements obtained from the virtual endocast and labyrinth of Prophaethon shrubsolei using Rapidform™
2006 (INUS Technology, Inc.)

Length Width Height Angle
Telencephalon 29.2 25.8 19.3 -
Angle between rostral telencephalon and midline - - - 49°
Bulbus olfactorius 4.2 5.7 4.2 -
Cerebellum 12.9 10.4 12.0 -
Auricula cerebelli 1.8 3.7 - -
Tectum mesencephali 10.2 5.6 6.5 -
Rhombencephalon 9.8 10.5 6.6 -
Tractus opticus 4.0 7.0 - -
n. accessorius 0.4 1.3 - -
n. cochlearis 1.5 1.2 - -
n. facialis 0.9 1.3 - -
n. glossopharyngeus 2.0 1.0 - -
n. vagus 3.4 1.4 - -
n. hypoglossus 1.9 1.7 - -
n. trochlearis 4.6 0.8 - -
n. trigeminus V, 1.2 1.4 - -
n. trigeminus V; 3.0 1.8 - -
Labyrinth 8.4 6.8 13.8 -
Canalis semicircularis rostralis 6.9 1.0 - -
Canalis semicircularis horizontalis 6.5 1.3 - -
Canalis semicircularis caudalis 5.8 0.8 - -
Angle between csc/csr - - - 62°
Angle between csc/csh - - - 90°
Angle between csr/csh - - - 96°

All values were measured at maximum orthogonal points, and are in millimetres. Note that semicircular canal length
measurements refer to maximum dorsal (for csr) and lateral (for csh and csc) extent of canal arc; width measurements
refer to maximum canal diameter.

e . trig. V,
n. troch.

Figure 6. Virtual endocast of Prophaethon shrubsolei in A, dorsal; B, rostral, and C, left lateral views. See text for list
of anatomical abbreviations.
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Figure 7. Virtual endocranial cast of Prophaethon shrubsolei. A, expanded view of the dorsal surface of the telencepha-
lon, showing the shape and extent of the eminentia sagittalis. The eminentia sagittalis of this species is similar to living
birds, but is not well developed dorsally. B, ventral view of virtual endocast. See text for list of anatomical abbreviations.

Figure 8. Virtual endocranial cast of Phaethon rubricauda showing close morphological similarity to Prophaethon
shrubsolei. A, left lateral and B, dorsal aspects. Note the absence of a vallecula and presence of well-marked impressions
of the fissura cerebelli. Virtual endocranial cast reconstructed from publicly available data at http:/www.digimorph.org/
specimens/Phaethon_rubricauda_melanorhynchos/ using MIMICS 8.13. See text for list of anatomical abbreviations.

The cerebellum is short (44% of the total brain
length as measured along the central fissure) and
broad (40% of the maximum telencephalic width); it is
thus less elongate than that of Phaethon and does not
exhibit the marked rostral narrowing in that taxon
(Fig. 6A). The auricula cerebelli are caudolaterally
directed but are shorter, narrower, and much less
distally expanded than in Odontopteryx, and are also
rostrocaudally compressed rather than approximately
round in section. Although less rostrocaudally com-
pressed, the feature is very similar to that seen in
Phaethon. It is possible to detect impressions of the
fissura cerebelli in Phaethon (Fig. 8B), but similar
impressions are absent in BMNH A683 (Fig. 6A).

However, it is possible to discern a trace of the
median groove for the sinus occipitalis that narrows
caudally. The path of the vena semicircularis rostralis
is a wide and well-marked ridge that follows the
dorsal curve of the canalis semicircularis rostralis of
the labyrinth before extending onto the tectum mes-
encephali (Fig. 6C). Unlike Phaethon rubricauda
where the vena semicircularis rostralis arcs ventrally
on the tectum mesencephali to reach the base of the
n. trigeminus (Fig. 8A), the vein only extends to the
midpoint of the tectum mesencephali. In Phaethon
rubricauda the vein enters an osseous tunnel ventral
of the protruberantia tentorialis; this tunnel is absent
in Prophaethon.
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The shape of the tractus opticus is difficult to esti-
mate, but apparently extended about the same dis-
tance rostrally as in Odontopteryx (Fig. 7C). Unlike
Odontopteryx and Phaethon the rostral surface of the
telencephalon between the tractus opticus and bulbus
olfactorius bears a slight wishbone-shaped ridge
(Fig. 6B). The three branches of the wishbone shape
terminate in an expansion. We interpret the two
lateral expansions to be the exits of the arteria oph-
thalmica externa. In Phaethon the two projections are
smaller and less laterally positioned, and occur more
dorsally below the bulbus olfactorius.

The tectum mesencephali is larger relative to the
telencephalon than in Odontopteryx, but proportion-
ately similar to Phaethon. The region is a flattened
hemisphere because of the expansion of the telen-
cephalon, but unlike Odontopteryx the junction
between the two is almost rectimarginate. The
rostral-most ventral margin of the tectum mesen-
cephali does, however, exhibit a slightly angular pen-
etration by the telencephalon (Fig. 6C); in Phaethon
this region is much more rounded.

The hypophysis is larger than in Odontopteryx but
is still smaller than the tractus opticus (Fig. 7B).
Traces of a dorsum sellae are very faint, and it
appears that the feature may only have been fully
ossified dorsally as in Numenius and Pelecanoides
(Wingstrand, 1951). In Phaethon the dorsum sellae is
thick (Fig. 8A). The body of the hypophysis is more
laterally compressed than in Odontopteryx, and the
rostral-most margin of the pars distalis lacks the
conical development seen in Odontopteryx. Like Hes-
perornis, Enaliornis, Procellariiformes, and all Pele-
caniformes except Anhinga (Saiff, 1978; Elzanowski
& Galton, 1991), Prophaethon did not possess bony
tunnels for the two ascending rami of the carotid
artery. The preservation of their entry into the sella
turcica indicates that the rami were narrow compared
with those of Odontopteryx, and that the anastomosis
intercarotica occurred at or above the level of the
hypophysis, but it is not possible to determine the
anastomosis pattern from our reconstruction.

The rhombencephalon exhibits a slightly flattened
globe shape very similar to that of Phaethon (Fig. 7B).
There is a slight suggestion of the presence of a ventral
sulcus at its base, although this is difficult to deter-
mine. The foramen magnum is around twice the size of
the same feature in Phaethon rubricauda, and is
shaped like a rounded rectangle. The n. trochlearis is
proportionately wider than that of Odontopteryx, and
extends rostrally from the base of the n. trigeminus,
but no trace of the n. occulomotorius appears to have
been preserved. The n. trigeminus is proportionately
as wide as in Odontopteryx, and its exit from
the rhombencephalon partially involves the ventral
margin of the tectum mesencephali (Fig. 6C). On the

© 2009 The Natural History Museum.

left-hand side it is possible to detect two nerve bundles
which, based on their position and relative width,
probably correspond to the V. (maxillary) and V;
(mandibular) branches. A narrow n. facialis is pre-
served on both sides of the rhombencephalon, and
clearly bifurcates to produce two rami that are directed
dorsolaterally and ventrolaterally. The n. cochlearis is
the same thickness as the n. facialis, and also bifur-
cates to produce two dorsolaterally and ventrolaterally
directed rami that are directed caudally. The n. glos-
sopharyngeus and n. vagus exit the rhombencephalon
as a single broad bundle which widens distally to
produce one narrower dorsally directed ramus (n.
glossopharyngeus) and a broader ventrally directed
ramus (n. vagus). As in Odontopteryx the n. glossopha-
ryngeus exits the skull via the recessus scalae
tympani. The combined n. glossopharyngeus and n.
vagus nerve bundle is around four times as broad as
that of Phaethon rubricauda. The n. hypoglossus is as
wide as the n. facialis, and originates at the base of the
n. vagus, extending ventrocaudally for 1.9 mm. The n.
accessorius exits caudal of the n. glossopharyngeus at
the base of the foramen magnum. The ramus of the
nerve extends laterally for 0.4 mm.

The canals of the bony labyrinth have well-defined
ampullae, and are narrower than in Odontopteryx
(Fig. 9A-D). The rostral limb of the canalis semicir-
cularis rostralis strongly slopes caudally as it rises
from the ampulla ossea rostralis, curving round and
back with two relatively sharp changes in direction,
until it is directed rostrally before its junction with
the canalis semicircularis caudalis. As in Odontop-
teryx the canalis semicircularis rostralis represents
50% of the total dorsoventral height of the labyrinth.
Also like Odontopteryx the caudal region of the
canalis semicircularis rostralis frames the foramen
magnum, but in contrast to Odontopteryx the long
axis is angled medially at 96°, and the sigmoidal
curvature seen in dorsal view in that taxon is negli-
gible in Prophaethon. In dorsal view the canalis semi-
circularis rostralis et caudalis cross at an angle of 62°
to each other; the canalis semicircularis caudalis et
horizontalis meet at 90°. The ductus cochlearis rep-
resents only 38% of the total height of the labyrinth
(in the right-hand side labyrinth the duct is shorter
than the left and represents only 32% of the total
height). The duct is directed rostrally and medially,
and exhibits slight curvature toward the midline.
The dorsal region of the duct is weakly laterally
compressed but becomes more rounded ventrally. The
caudally facing fenestra cochlearis is larger and more
elongate than in Odontopteryx, the oval window of the
columella is also larger, and the recessus antivestibu-
laris extends further laterally. A well-developed dor-
soventrally compressed sacculus is present on the
lateral surface of the cochlear duct.
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DISCUSSION

The reconstruction of the braincase of Odontopteryx
has validated Elzanowski & Galton’s (1991) interpre-
tation of the posterior frontal-parietal suture as being
unfused (c.f. Harrison & Walker, 1976a: 7). Oblitera-
tion of the cranial sutures is a characteristic of most
extant birds and occurs in early ontogeny (Feduccia,
1999). However, in penguins, ratites, and some galli-
forms the cranial sutures often remain open after
termination of growth, and in the Tinamidae the
frontal-pleurosphenoidal and frontal-parietal sutures
remain open for life (Elzanowski & Galton, 1991).
Interestingly, Elzanowski & Galton (1991) also noted
that the frontal-parietal, interparietal, and parietal-
supraoccipital sutures remained open in Archa-
eopteryx; in hesperornithids the interfrontal, frontal-
parietal, and interparietal are unfused, in Enaliornis
the interparietal, frontal-parietal, and possibly the
parietal-supraoccipital remained open, and in extinct
flying palaeognaths the frontal-pleurosphenoidal and
frontal-parietal sutures did not fuse. Bourdon (2005)
also reported that the frontal-parietal suture of the
prophaethontid Lithoptila abdounensis may not have
been completely fused, although our reconstruction of
Prophaethon shrubsolei demonstrates that it was in
that species.

From this fossil evidence it seems likely that fusion
of the frontal and parietal occurred late in the evolu-
tion of the avian skull. Although the skull bones of
extinct flying palaeognaths may not have been
entirely fused, the apparent restriction of late onto-
genetic fusion to living nonvolant forms seems most
likely to be related to the importance of possessing a
light, rigid skeleton for flight, rather than evidence of
retention of a plesiomorphy. The full fusion of the
other sutures in BMNH 44096 and BMNH A683 and

the context of their recovery in marine sediments
strongly suggest that both specimens represent flying
adults, despite the incompletely ossified dorsum
sellae in Prophaethon. The presence of an unfused
frontal and parietal in Odontopteryx and Lithoptila
suggests that these taxa were not as osteologically
advanced as living volant birds. However, fusion of
the frontal-parietal suture in Prophaethon indicates
that this character was either variable within the
Prophaethontidae, or that full fusion of the suture
occurred later in life.

TAXONOMIC IMPLICATIONS

The eminentia sagittalis of the two taxa differs in
shape and relative development. Both are rostrally
positioned, but whereas that of Odontopteryx is paral-
lel sided, that of Prophaethon is broader caudally.
Stingelin (1957) divided the eminentia sagittalis into
two morphotypes based on its position on the dorsal
telencephalon. In Type A the eminentia sagittalis is
rostrally positioned, and in species where the feature is
well developed (e.g. Strigiformes) it may also occlude
large parts of the ventral telencephalic surface. Type B
is caudally positioned, but includes intermediate forms
in which the feature is situated centrally on the
telencephalon. Both of the London Clay species clearly
possessed Type A developments. Stingelin (1957) also
hypothesized a basic ancestral type in which the
eminentia sagittalis is short, rostrally positioned, but
caudally separated from the fissura interhemispherica
by part of the mesopallium. Although comparatively
poorly developed, the eminentia sagittalis in neither
Odontopteryx nor Prophaethon conformed to this
pattern. Based on our observations it seems likely that
the ancestral type was indeed small and rostrally

5 mm

Figure 9. Reconstruction of the left osseous labyrinth of Prophaethon shrubsolei in A, rostral; B, lateral; C, caudal, and
D, medial views. See text for list of anatomical abbreviations.
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positioned, but perhaps extended medially to the
fissura interhemispherica along much of its length.
The expanded and therefore relatively derived eminen-
tia sagittalis of Prophaethon could have readily devel-
oped from a basic pattern similar to that of
Odontopteryx. The diversity of eminentia sagittalis
patterns in these Lower Eocene species indicates that
diversification of the ancestral eminentia sagittalis
must have begun at some point earlier in time. There-
fore, the pattern observed in Odontopteryx should not
be taken as representing a true ancestral form,
although its development certainly appears primitive
relative to living taxa.

Stingelin’s (1957) eminentia sagittalis types appear
to be fairly consistent within living avian orders,
suggesting that the feature may have some taxonomic
utility. One obvious exception to this is within Pele-
caniformes where both types are observed at the
familial level. For instance, in the Phaethontidae and
Phalacrocoracidae a Type A condition is observed, but
in the Pelecanidae a well-developed Type B is present.
The monophyly of Pelecaniformes has been ques-
tioned (e.g. Bourdon et al., 2005) and the ordinal
variability of this basic feature would only seem to
highlight infraordinal divisions. In any case, the
primitive eminentia sagittalis of Odontopteryx neither
supports nor refutes its proposed pelecaniform rela-
tionships (e.g. Olson, 1985); the condition seen in this
taxon could in theory have given rise to developments
seen in any of the Type A pelecaniform taxa.

Although the anastomosis intercarotica of Odontop-
teryx is distinctive and appears to be similar to that
of Pelecanus, the variability of this vessel within
Pelecaniformes (Baumel & Gerchman, 1968) pre-
cludes its use at this taxonomic level. A similar long
anastomosis intercarotica is also found in some
species of Anas (Wingstrand, 1951; Baumel & Gerch-
man, 1968). The enclosure of the two carotid rami
in bony tunnels in Odontopteryx is also informative.
In Pelecaniformes this condition is found only in
Anhinga rufa, although the rami are incompletely
enclosed in the remaining two species of Anhinga
(Saiff, 1978), and may approach closure in the Pha-
lacrocoraciidae (Bourdon, 2005). The tunnels are also
absent in Procellariiformes, Hesperornis, and Enalior-
nis (Saiff, 1974; Elzanowski & Galton, 1991). Damage
to the base of the skull in the London Archaeopteryx
prevents the condition in that taxon from being
assessed (Dominguez et al., 2004). The carotid rami of
Sphenisciformes (Saiff, 1976) and Anseriformes (E.
Bourdon, pers. comm., 2006) are, however, fully
enclosed. The long anastomosis intercarotica and
enclosure of the carotid rami therefore seem to
provide some support for Bourdon’s (2005) hypothesis
of a sister group relationship between Odontoptery-
giformes and Anseriformes (Odontoanserae).

© 2009 The Natural History Museum.

However, the shape of the hypophysis is not like
that of the Anseriformes (Wingstrand, 1951). Overall,
the mosaic of braincase characters found in Odontop-
teryx is consistent with the situation encountered in
the osteology of the bony-toothed birds as a whole,
and provides no clear evidence of a closer relationship
with either Pelecaniformes or Procellariiformes. Until
the higher level relationships of this group can be
clarified it seems wiser to retain a separate taxon
Odontopterygiiformes.

Although the morphological similarities between
the brain of Prophaethon and living Phaethon shed
no further light on wider pelecaniform relationships,
they at least strengthen hypotheses of a close rela-
tionship between the Phaethontidae and Propha-
thontidae (e.g. Olson, 1985; Gulas-Wroblewski, 2003;
Bourdon et al., 2005). The main characters that unite
Prophaethon shrubsolei and Phaethon rubricauda
compared with Odontopteryx toliapica include a large
bulbus olfactorius that is not strongly separated
from the telencephalon, a vena semicircularis rostra-
lis extending along the lateral surfaces of the cerebel-
lum and tectum mesencephali in a wide sulcus, and a
short auricula cerebelli. Prophaethon differs from
Phaethon mainly in that the cerebellum is short and
does not narrow rostrally, the osseous tunnel of the
vena semicircularis rostralis between the cerebellum
and tectum mesencephali is absent, the auricula
cerebelli is not rostrocaudally compressed and the
hypophysis makes contact with the rhombencephalon
(unossified dorsum sellae).

The n. vagus and n. glossopharyngeus are not dif-
ferentiated as they exit the rhombencephalon in
Prophaethon or Odontopteryx. Elzanowski & Galton
(1991) note that no separate foramen for the n. glos-
sopharyngeus exists in Phaethontidae, Diomedeidae,
Procellariidae, and palaeognaths, in the fossil taxa
Hesperornis, Enaliornis, and some of the smaller
theropods (e.g. Syntarsus and Stenonychosaurus),
and is therefore considered primitive within birds.
However, the situation in Archaeopteryx remains
unclear, with CT analysis indicating a possible sepa-
rate n. glossopharyngeus (Dominguez et al., 2004). In
palaeognaths the n. glossopharyngeus exits the skull
with the n. vagus (Elzanowski & Galton, 1991), but
in both London Clay taxa the exit occurs within the
recessus scalae tympani. In Odontopteryx the diver-
gence of the n. glossopharyngeus and n. vagus is close
to the exit of the n. vagus, although the significance of
this (if any) is unclear.

FUNCTIONAL CORRELATES OF BRAIN AND
LABYRINTH MORPHOLOGY

Although our knowledge of neural pathways and
the function of specific brain regions in birds has
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advanced enormously in recent decades, this under-
standing has grown from studies of cellular struc-
tures that are obviously not visible in virtual
endocranial casts. The following discussion is there-
fore mainly based on interpretation of the relative
development of specific regions, following the assump-
tion that variations in neuronal packing should
be accompanied by changes in regional volume
(Striedter, 2005).

The shape and relative dimensions of the avian
bony labyrinth have been compared with flying ability
in modern birds (see Pearson, 1972 for a review), and
it is therefore possible to use the labyrinth of Odon-
topteryx and Prophaethon to provide some inference of
flying adaptation in these taxa. In the most adept
fliers (e.g. Falco) the canalis semicircularis rostralis is
inclined medially to produce an angle between it and
the canalis semicircularis horizontalis of more than
90° (Hadziselimovié & Savkovié, 1964). This suggests
that, with an angle of over 90° the flying ability of
Prophaethon was probably good, but Odontopteryx
was probably a poorer flyer with a mean angle of 85°.
Nonetheless, both species possessed well-developed
ampullary ends, a condition that is found in good
fliers such as Falco, Corvus, and Aquila (Pearson,
1972).

The length and diameter of the canals themselves
are also correlated with flying ability (HadZiselimovié
& Savkovié, 1964; Pearson, 1972; Sipla, Georgi &
Forster, 2003). Comparatively acrobatic fliers such as
Larus and Columba have long thin canals, whereas
species that tend towards more level straight line
flight (e.g. Anser, Anas, and Gallus) have shorter and
broader canals (Pearson, 1972). The short and com-
paratively thick semicircular canals of Odontopteryx
therefore suggest that this taxon was not adept at
rapid changes of direction, an interpretation consis-
tent with the soaring, gliding flight mode commonly
suggested for the group (e.g. Olson, 1985). Conversely
the canals of Prophaethon are comparatively narrow,
suggesting that its manoeuvring ability was some-
what greater than that of Odontopteryx.

Interestingly, although slightly shorter in propor-
tion to the rest of the labyrinth, the canals of Archae-
opteryx were proportionately narrower that those of
Odontopteryx, and much narrower than in Enaliornis
suggesting high manoeuvrability in that taxon. Vari-
ability in the labyrinth of living birds has been
correlated with ecological niche (HadZiselimovi¢ &
Savkovié, 1964), and it seems likely that the appar-
ently advanced level of flight adaptedness in the
labyrinth of Archaeopteryx in the Jurassic compared
with taxa that lived some 40 and 100 million years
later, is a result of environmental pressures. If
Archaeopteryx inhabited a forest environment as has
been postulated (e.g. Jerison, 1973), acute 3D aware-

ness would have been more crucial to it than for
seabirds in an open marine environment.

The minimum hearing range (see Pearson, 1972) of
these taxa cannot be estimated without information
on the relative size of the tympanic membrane and
foot of the columella. Similarly, differences in the
length of the ductus cochlearis in each species are
probably not great enough to indicate an advantage
in overall hearing ability between Odontopteryx and
Prophaethon.

Neither of the London Clay taxa exhibit traces of
fissura cerebelli, although Prophaethon does possess
evidence of a sinus occipitalis. Elzanowski & Galton
(1991) note that lack of relief on the fossa cerebellaris
is characteristic of diving birds. However, the extreme
pneumaticity characteristic of the skeleton of Odon-
topterygiformes would seem to make diving in Odon-
topteryx unlikely. By comparison, the diver-like pelvis
of Prophaethon (Olson, 1985) ostensibly provides
some support for diving in that taxon, particularly
considering that the closely related Phaethontidae
are plunge divers. Nonetheless, the legs of living
Phaethontidae are reduced compared to those of
Prophaethon, a condition characteristic of pelagic
birds in which hind limbs are comparatively un-
important. Furthermore, we have observed a well-
marked median sulcus and fissura cerebelli in
Phaethon rubricauda (Fig. 9B), and the absence of
fissura cerebelli in Prophaethon suggests that it may
have been better adapted for diving than the living
species. This possibility would require further cor-
roboration from elements of the postcrania that are
not preserved in the holotype of Prophaethon or
Lithoptila.

Elzanowski & Galton (1991) also observed that
diving birds possess large fossae auriculae cerebelli.
The auricula cerebelli of Odontopteryx is notably
large, but as stated above is unlikely to be related to
diving adaptations. Witmer et al. (2003) suggested the
remarkable enlargement of the auricula cerebelli in
the pterosaurs Anhanguera and Rhamphorhynchus
were related to reflexes that allowed these taxa to
stabilize their gaze on prey items and represented an
enhancement of the gaze stability mechanism found
in birds and mammals. Aerial surface capture of prey
has been suggested for both odontopterygiforms and
pterosaurs (e.g. Wellnhofer, 1991; Zusi & Warheit,
1992), with the bony pseudoteeth of the former acting
as analogues of the pterosaur dentition. If this sug-
gestion is correct, the extremely thinly walled bones
of both pterosaurs and Odontopterygiformes would be
particularly vulnerable to damage during a poorly
executed surface snatch. We suggest that the com-
paratively well-developed auricula cerebelli of
Odontopteryx probably represents a motor sensory
adaptation to enhance surface prey capture. This
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adaptation would be entirely concordant with the
albatross-like gliding mode of flight generally
accepted for the Odontopterygiformes (e.g. Olson,
1985) and level, straight line type of labyrinth
described here. We note that the auricula cerebelli of
Diomedea immutabilis (laysan albatross) is very
similar in shape and length to that of Odontopteryx.
Future examination of comparative material will test
the possible correlation between development of this
region and gliding surface feeding in other seabirds.
The smaller auricula cerebelli of Prophaethon sug-
gests that this adaptation was less well developed
than in Odontopteryx.

As in all living birds the n. facialis is much less
well developed than the n. trigeminus. The n.
trigeminus comprises both efferent (mostly jaw
motor impulses) and afferent (from sensory recep-
tors in the rostrum) fibres, and is always well devel-
oped in taxa with prominent rostra (Butler &
Hodos, 1996). Consequently it is large in all living
birds, and in Odontopteryx, Prophaethon, Enaliornis,
and Archaeopteryx, suggesting the sensory motor
capabilities of the n. trigeminus in these taxa were
probably comparable with those of living birds. The
external eye muscles in Prophaethon appear to have
been better developed than in Odontopteryx to judge
from the relative size of the n. trochlearis. However,
the n. occulomotorius appears to have been better
developed in Odontopteryx than in Prophaethon.
This nerve is connected with both internal and
external eye muscles, and its greater development
in Odontopteryx may relate to either of these con-
nections rather than specifically to external eye
muscle innervation.

The size of the bulbus olfactorius relative to the size
of the telencephalic hemispheres in both London Clay
species is smaller than in Archaeopteryx. Thus the
senses of Odontopteryx and Prophaethon appear to
have been as fundamentally biased towards sight as
are the senses of living birds. Results of experimental
work have fuelled the debate as to whether the avian
sense of smell is fundamentally important for bird
species other than carrion feeders, or whether it is
purely vestigial (e.g. Dubbeldam, 1998). However, no
species is known to be anosmic (Pearson, 1972), and
the retention of functional olfactory organs after more
than 150 million years of evolution surely demon-
strates that smell must fulfil some important function
in birds. Nonetheless, olfactory capability is well
known to vary greatly within living Aves (Pearson,
1972), and the relative importance of smell presum-
ably also varies across species. Compared with
Phaethon rubricauda the Dbulbus olfactorius of
Prophaethon is slightly larger, and is noticeably
larger than in Odontopteryx. This would suggest a
relatively greater reliance on smell in Phaethontes

© 2009 The Natural History Museum.

than in Odontopterygiformes. However, as innerva-
tion and soft tissue structure of the nasal fossae
are also of major importance (see Pearson, 1972 for
discussion), the size of the bulbus itself may not
provide a reliable inference of olfactory capability.
Our present analysis can therefore only provide evi-
dence that the olfactory capability of Odontopteryx
and Prophaethon was likely to have been similar to
most other marine birds.

The size of the tectum mesencephali relative to the
size of the telencephalon in Prophaethon also sug-
gests a greater degree of visual acuity in that species
than in Odontopteryx. However, much of the integra-
tion of visual and somatosensory input occurs in the
eminentia sagittalis (Dubbeldam, 1998; Medina &
Reiner, 2000; Mouritsen et al., 2005), which is smaller
in birds such as Columba that have more lateralized
vision and larger in those with well-integrated bin-
ocular vision (e.g. Strigiformes; Dubbeldam, 1998)
(Fig. 11). The structure of the eminentia sagittalis is
layered to a lesser or greater degree in modern birds,
with the strongest differentiation of layers again seen
in species with strong visual specialization (Dubbel-
dam, 1998). Although we are obviously unable to
determine the cellular structure of this feature in the
London Clay taxa, we would not expect advanced
development of the eminentia sagittalis at the micro-
structural level considering the relatively lateral
position of the eyes in both species, and poorer mac-
rostructural development compared with extant taxa.
Nonetheless, the larger eminentia sagittalis, better
development of the nerves serving the external eye
musculature and relatively larger tectum mesen-
cephali of Prophaethon do suggest that this species
possessed a greater capacity for visual processing
than Odontopteryx.

EVOLUTIONARY IMPLICATIONS OF
BRAIN MORPHOLOGY

The gross structure of the brain of both Odontopteryx
and Prophaethon includes caudal rotation of the
tectum mesencephali and expansion of the telen-
cephalon, and is very close to that of living birds.
However, the cerebellum is small by comparison with
most living species, and is notably shorter than in
Phaethon. Comparisons with other fossil taxa are
limited by the paucity of available comparative mate-
rial and the absence of living odontopterygiform and
prophaethontid representatives, but the lateral
expansion of the telencephalon in both taxa is obvi-
ously far greater than in Archaeopteryx and the
Cretaceous specimen briefly described by Kurochkin
(2004). The only other comparable early Cenozoic
material is the geologically younger specimen from
the Paris Basin described by Dechaseaux (1970)
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Figure 10. Relative size of brain regions in selected modern bird species. A, B; pigeon (Columbia livia; Columbiiformes)
in A, dorsal, and B, right lateral views. The wide rostrally positioned eminentia sagittalis with poor dorsal expansion is
among the poorest developed in living birds. C, D; woodcock (Scolopax rusticola; Charadriiformes) in C, dorsal, and D,
right lateral views. Note caudally positioned wide eminentia sagittalis with moderate dorsal expansion and moderate
tectum mesencephali. E, F; tawny owl (Strix aluco; Strigiformes) in E, dorsal and F, right lateral views. Note the
exceptionally well-developed (dorsally and laterally) rostral eminentia sagittalis, comparatively small cerebellum and
moderately sized tectum mesencephali. G, H; macaw (Ara sp.; Psittaciformes) in G, dorsal and H, lateral views.
Psittaciform brains are characterized by great lateral expansion of a caudally positioned eminentia sagittalis, and a very
large telencephalon relative to the size of the cerebellum. The tectum mesencephali is particularly small relative to the
telencephalon. I, J; raven (Corvus corax; Passeriformes) in I, dorsal and J, lateral views. The large, wide and dorsally
well-developed rostrally positioned eminentia sagittalis of Passeriformes is exemplified in brains of Corvidae. The
cerebellum is small relative to the exceptionally well-developed telencephalon. Of the species figured here, the charadrii-
form (Scolopax) (C, D) is typical in possessing the largest bulbus olfactorius. A, B adapted from Dubbeldam (1998); C, J
adapted from Stingelin (1957). See text for abbreviations.

which exhibits a similar telencephalic expansion to
the brains of the London Clay birds described here,
although it is slightly more elongate (Fig. 10A). The
Paris Basin endocast (MNHN AC7992) belonged to
a fossil specimen that was originally described by
Gervais (1844) as Numenius gypsorum (Charadrii-
formes, Scolopacidae), and Dechaseaux (1970) and
Jerison (1973) both noted that the telencephalic
expansion of the endocast was less than in living
representatives of the same genus. However, the rela-
tionships of ‘Numenius’ are unclear. Brodkorb (1967)
transferred it to the scolopacid genus Limosa,
whereas Mlikovsky (1981b) referred the specimen to
the Rallidae and erected a new genus, Montirallus,
based primarily on endocast morphology. Whatever
the true relationships of this taxon, comparisons
between it and living genera should probably be
regarded with caution.

Caudal and dorsal expansion of the avian telen-
cephalon is widely regarded to have resulted from
enlargement of the ancestral dorsal ventricular ridge
(Dubbeldam, 1998). Although we cannot examine the
internal structure in these virtual endocasts, it seems
safe to assume that the observed telencephalic expan-
sion is also related to growth of the dorsal ventricular
ridge. A strong correlation between telencephalic size

and social complexity in birds was found by Burish
et al. (2004). They noted a progressive increase in
telencephalic volumes from theropods to birds, with
Archaeopteryx occupying a transitional position.
Lefebvre and others (Lefebvre et al., 1997, 2004; Nico-
lakakis & Lefebvre, 2000; Timmermans et al., 2000;
Webster & Lefebvre 2001; Lefebvre, Nicolakakis &
Boire, 2002; Sol, Timmermans & Lefebvre 2002) have
found a positive correlation between observed number
of new behaviours (innovation rate) and brain size,
principally in two broad regions derived from the
dorsal ventricular ridge itself; the mesopallium and
parts of the hyperpallium that comprise the eminen-
tia sagittalis. Lefebvre et al. (2004) also found that
innovation rate was highest in species that have to
deal with strong seasonal environmental changes,
and have the greatest survival potential when intro-
duced to new environments. They noted that a similar
correlation exists between innovation rate and the
size of the isocortex and striatum in primates. Later
work by Iwaniuk & Hurd (2005) appears to support
this relationship; the highest values of mesopallial
volume are found in the two avian orders that are
generally regarded as having the greatest cognitive
and learning abilities, the Psittaciformes and Passe-
riformes. Both of these orders include species with
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tool-using capabilities that exceed most primates
(Burish et al., 2004; Lefebvre et al., 2004).

Our analysis of Odontopteryx and Prophaethon
demonstrates that by the Lower Eocene telencephalic
expansion and, presumably, mesopallial volume was
very close to that of modern neornithine species (see
Fig. 10). Based on these observations it appears that
one major direction in the evolution of the avian brain
is an overall increase in mesopallial volume accom-
panied by greater cognitive ability.

The development of the eminentia sagittalis in the
two London Clay birds is also of considerable interest.
This characteristic dorsal telencephalic expansion is
a feature shared to a lesser or greater degree by all
living birds (Dubbeldam, 1998). Neuronal connections
and pseudocellular lamination in the eminentia sag-
ittalis of extant Aves indicate that it probably repre-
sents an analogue of the mammalian neocortex (e.g.
Eccles, 1992; Dubbeldam, 1998; Medina & Reiner,
2000; Lefebvre et al., 2004; Reiner etal., 2004;
Iwaniuk & Hurd, 2005; Striedter, 2005), and the
evolution of the eminentia sagittalis is therefore of
importance to comparative studies as well as avian
palaeontology. Prophaethon possessed an eminentia
sagittalis that is within the size range of modern
birds, albeit at the lower end of the scale. However, in
Odontopteryx the eminentia sagittalis is negligible
despite careful CT segmentation (3D reconstruction)
to ensure that as much detail of the feature as pos-
sible was retained in the reconstruction; this is sur-
prising considering its advanced lateral telencephalic
expansion. The development is in fact far poorer than
in any extant species for which we have comparative
data.

It is notable that published figures of the only
other Eocene endocast known, ‘Numenius’ gypsorum
(Dechaseaux, 1970: fig. 1), do not appear to show any
evidence of an eminentia sagittalis, but the presence
or absence of this feature appear never to have been
discussed in earlier accounts of the specimen.
However, our recent examination of this specimen
(MNHN AC7992) has revealed that it does indeed
possess a rudimentary eminentia sagittalis, which is
very similar in form to that of Odontopteryx, although
slightly more dorsally expanded (Fig. 11). The next
certain occurrences of an eminentia sagittalis in the
fossil record come from the lower Miocene of Czecho-
slovakia (Mlikovsky, 1980) and upper Pliocene of
Hungary (Mlikovsky, 1981a). Although Mlikovsky
(1980, 1981a) provides only interpretive drawings of
these specimens, it seems clear that the eminentia
sagittalis was in all cases comparable in size and
shape to that of living species. Chatterjee (1991)
noted the presence of an eminentia sagittalis in a
reconstruction of the brain of the Triassic Protoavis
texensis Chatterjee, although this taxon has not

© 2009 The Natural History Museum.

gained wide acceptance as closely related to birds
(Dingus & Rowe, 1998; Feduccia, 1999). The London
Clay specimens therefore represent the earliest
reliable records of the presence of this feature in
the avian brain.

These findings provide important evidence regard-
ing the chronology of the evolution of the eminentia
sagittalis in birds. At 147 Mya Archaeopteryx lacks
this feature, as does the Russian specimen described
by Kurochkin (2004) at between 99 and 93 Mya. The
first species to show definite evidence of an eminentia
sagittalis are Prophaethon and Odontopteryx at
around 55 Mya, but it is virtually absent in the latter.
‘Numenius’ gypsorum, at around 40 Mya, has slightly
greater dorsal expansion than Odontopteryx. The
difference in eminentia sagittalis shape exhibited by
Odontopteryx and Prophaethon would suggest that
diversification of the feature had begun earlier than
the Eocene, possibly within the Cretaceous. However,
the similarity in position and form of the eminentia
sagittalis in O. toliapica and ‘Numenius’ gypsorum
suggest that this particular condition may have been
widespread during the early evolution of the feature
in birds. The similarity and poor development of the
feature in these two Eocene taxa also suggest that the
ancestral form of the eminentia sagittalis may also
have been close to this form.

The absence in these reconstructions of the val-
lecula (a sulcus that demarcates the eminentia sag-
ittalis from the rest of the telencephalon in modern
birds) probably does not indicate that the feature was
absent from the brain itself. We note that there is no
trace of a vallecula in any fossil endocasts we have
examined, in physical endocranial casts made from

Figure 11. Fossil endocast of ‘Numenius’ gypsorum from
the Upper Eocene of the Paris Basin (MNHN AC7992).
A, endocast in dorsal view showing the poor lateral devel-
opment of the rostrally positioned eminentia sagittalis.
B, line trace of the endocast in caudal view showing the
poor dorsal development of the eminentia sagittalis. See
text for abbreviations.
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the skulls of modern species, or in any virtual
endocast reconstructed from micro-CT data. It seems
very likely that no evidence of the feature is pre-
served on the internal surface of the skull roof
because of the presence of sinusoidal tissue between
the sulcus and bone.

Overall, our findings support dJerison’s (1973)
hypothesis of a gradual increase in brain size
throughout the Mesozoic and Cenozoic. However, it
would appear that development and growth of the
eminentia sagittalis were more important during the
Cenozoic than telencephalic expansion which, in some
taxa at least, appears to have already been more or
less close to modern levels by the early Cenozoic. The
eminentia sagittalis is closely related to integration
of sensory input (Medina & Reiner, 2000) but, except
perhaps in migrational passerines (Mouritsen et al.,
2005), is unlikely to be of fundamental importance to
aerial locomotion. Its development may therefore be
associated with an increased requirement for sensory
integration in species with enhanced cognitive and
learning abilities. If so, the evolution of the avian
brain would closely parallel hypotheses suggested
for the primate brain (e.g. Striedter, 2005), although
unlike most mammals the avian brain is size-
constrained by the requirements of flight.

The work of Lefebvre and others (Nicolakakis &
Lefebvre, 2000; Timmermans et al., 2000; Sol et al.,
2002, 2005; Lefebvre et al., 2004) correlating innova-
tion rate and adaptability in new environments with
forebrain size in living birds, may offer insight into
why Neornithes were able to survive the K-T extinc-
tion event when all other volant groups became
extinct, and also provide a mechanism for their rapid
radiation thereafter. For those taxa that survived
the extinction, acquisition of food for niche-adapted
species would have become progressively more diffi-
cult during any subsequent ecological collapse (Rob-
ertson et al., 2004). However, those species capable of
behavioural innovation may have been able to adapt
through modified behaviour without being ecological
generalists per se. The success of such innovative
species in new environments (Lefebvre et al., 2004)
may have allowed them to radiate rapidly into vacant
niches.

CONCLUSIONS

The morphology of these virtual endocasts demon-
strates that, by the early Eocene, the avian brain had
reached a level of development very close to that of
modern birds. The expansion of the telencephalon
characteristic of living avian species therefore
appears to have been largely complete by the close of
the Mesozoic. Nevertheless the appearance during the
Cenozoic of groups that today are known to have

relatively high mesopallial volumes suggest that the
proportion of mesopallium (as a component of the
telencephalon) has probably increased since the end
of the Mesozoic. For instance, Passeriformes have
comparatively high mesopallial volumes (Lefebvre
et al., 2004) but did not appear until the early
Neogene (Olson, 1985). As this is a structural reorga-
nization at the neuronal level it is impossible to
detect in fossil material. One important feature, the
eminentia sagittalis, appears to have been at an early
stage of development early in the Cenozoic. Although
the proportion of mesopallium may have increased
without major increases in the size of the telencepha-
lon, the dorsal expansion of the eminentia sagittalis
appears to account for much of the increase in telen-
cephalic volume during the Cenozoic. These observa-
tions suggest that, in addition to a tendency towards
greater structural complexity, the avian brain is con-
tinuing a trend towards enlargement.

The London Clay birds had brains that were oth-
erwise little different from those of seabirds today,
and were almost certainly capable of similar sensory
abilities. Our findings tend to confirm the widely held
view that Odontopteryx was adapted as a gliding
snatch feeder, and was probably not a particularly
aerobatic flyer despite being among the smallest of
Odontopterygiformes. Prophaethon was a better flyer
than Odontopteryx, and was probably better adapted
for diving than living members of the Phaethontidae.

Our findings provide some support for an anseri-
form relationship for Odontopterygiformes (Bourdon,
2005), and strengthen the relationship between
Prophaethontidae and Phaethontidae. Characters of
the brain and internal braincase have not been used
in phylogenetic analysis hitherto, but we have dem-
onstrated that the application of CT techniques will
provide useful new character sets that can be coded
for future analyses of avian groups.

The positive correlation between mesopallial
volume and invasion success in terms of the ability of
a species to survive and become established in a new
environment (Sol et al., 2002; Lefebvre et al., 2004)
may provide an explanation for the survival of Neor-
nithes at the K-T boundary. However, this possibility
can only be tested by determining the state of neuro-
logical evolution in both archaic lineages and Neor-
nithes toward the end of the Mesozoic. The advent of
CT analysis in palaeontology has at last provided the
possibility to investigate this.
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