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Abstract
Birds and crocodiles show radically different patterns of brain development, and it
is of interest to compare these to determine the pattern of brain growth expected
in dinosaurs. Here we provide atlases of 3D brain (endocast) reconstructions for
Alligator mississippiensis (alligator) and Struthio camelus (ostrich) through ontogeny, prepared as digital restorations from CT scans of stained head and dry skull
specimens. Our morphometric analysis confirms that ostrich brains do not change
significantly in shape during postnatal growth, whereas alligator brains unfold
from a cramped bird-like shape in the hatchling to an elongate, straight structure
in the adult. We confirm that birds exhibit paedomorphic dinosaur endocranial
traits such as retaining an enlarged and compact brain shape in the adult, whereas
crocodiles show peramorphic traits where the brain elongates with growth as the
skull elongates. These atlases of ontogenetic stages of modern bird and crocodilian
endocrania provide a basis for comparison of non-avian dinosaur endocasts and
consideration of the divergence of the “avian” and “crocodilian” modes of brain
development and heterochronic change on phylogenies.
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1 | INTRODUCTION
Ever since the American dinosaur discovery rush of the late
19th century, paleontologists have reported dinosaurian
endocasts (Marsh, 1880, 1884, 1890, 1896). However, it took
some time before paleobiologists began to make inferences
about the paleoneurology of non-avian dinosaurs and other
extinct archosaurians (Buchholtz & Seyfarth, 1999; Edinger,
1951; Jerison, 1973). Archosauria is a clade whose living
members are crocodilians and birds, together with the

extinct dinosaurs and pterosaurs. Endocasts can provide evidence of development, paleoecology, and paleobiology of
extinct taxa (Balanoff, Bever, & Norell, 2014; Edinger, 1951;
Jerison, 1973; Lautenschlager & Hübner, 2013; Rogers,
1999). For example, inferred structures of the brains of
pterosaurs and extinct birds have been used to explore the
link between flight and sensory processing (Ashwell &
Scofield, 2008; Picasso, Tambussi, & Dozo, 2009; Witmer,
Chatterjee, Franzosa, & Rowe, 2003). There is growing
interest in understanding what changes in endocranial
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shape mean for paleobiology, including sensory neurology
(Lautenschlager, Rayfield, Altangerel, Zanno, & Witmer,
2012). Dinosaur endocasts are commonly compared to the
brains of crocodilians and birds (Balanoff et al., 2014;
Carabajal, 2012; Evans, Ridgely, & Witmer, 2009; Nomura &
Izawa, 2017; Witmer, Ridgely, Dufeau, & Semones, 2008),
but few publications describe such comparisons through
ontogeny, and so cannot offer insights into heterochronic
shifts in endocranial development within Archosauria.
Macroevolutionary questions around the archosaurian
skull and brain have been brought into focus by the
hypothesis that birds retain an apparently juvenile skull
and brain shape into adulthood, with large eyes, a short
snout, and large brain (Bhullar et al., 2012; Wang
et al., 2017). Crocodilians, on the other hand, show elongation of the snout and brain throughout development. If
both living lineages of archosaurs show such differences in
cranial development, what does this say about endocranial
growth in non-avian dinosaurs? In particular, when did
dinosaurs switch from a “reptilian” to an “avian” developmental pattern of skull and brain, and did this happen as
a single shift, or in a more complex manner? Indeed, is the
alligator developmental pattern akin to that of the ancestral archosaur, or has it too diverged from that ancestor?
Our aim is to provide some comparative materials
from modern taxa that can form the basis of an understanding of how the brains of modern crocodilians and
birds develops. With that information, linking brain proportions and details of anatomy at different stages of ontogenetic growth in crocodilians and birds, the two major
clades that bracket non-avian dinosaurs phylogenetically,
paleontologists can make comparisons to their fossil materials and work out whether or not all dinosaurs show the
same developmental and heterochronic aspects of brain
size, shape and anatomy, whether they follow the “crocodilian” pattern of development, the “avian” pattern of development, or something else altogether. Since alligators and
ostriches are some of the most frequently used and most
well understood anatomical analogues, we compare the
endocrania of both taxa to the other to find common trends
in modern archosaurian endocranial morphology. Here, we
compare shape, flexure, and anatomical differences between
ontogenetic series of Alligator mississippiensis and Struthio
camelus endocrania.

2 | MATERIALS AND METHODS
2.1 | Describing fossil brains:
Terminology
In neuroanatomy, the cranial endocast refers to the internal cast of the braincase that outlines the general shape
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of a brain, and in particular the dural envelope (Dufeau,
Morhardt, & Witmer, 2012; Lautenschlager & Hübner,
2013). Since endocranial tissue is not typically preserved
in the fossil record, the shape and surface anatomy of the
endocast is vital evidence for studying the brains of
extinct animals (Evans et al., 2009; Rogers, 1999). Here
we use endocasts of alligator and ostrich to permit direct
comparison with endocasts from extinct relatives.
It is important to note that endocasts are the sum
total of all soft tissue inside the braincase and thus do not
often reflect the actual size of the brain itself. Adult crocodilians, for instance, have brains that occupy 40% or less
of the endocranial cavity (Hopson, 1979; Jirak &
Janacek, 2017), whereas in birds most of the endocranial
cavity is filled with brain tissue (Iwaniuk & Nelson, 2002;
Watanabe et al., 2019). However, the morphology of
endocasts shows that they generally retain the overall
shape of the brains they house, regardless of differences
in size between the two (Watanabe et al., 2019). Nonetheless, the fact that the size, shape, and volume of the
braincase are not equivalent is important in
reconstructing fossil brains, and in making any estimates
concerning brain form or function of extinct animals
(Corfield, Wild, Hauber, Parsons, & Kubke, 2008;
Lautenschlager & Hübner, 2013).
Here, we use the terms “brain” and “endocast” but
prefer the latter as we are dealing with the internal space
surrounded by braincase bones rather than the actual
brain tissue. We use the term “endocast” explicitly for
fossil examples and for cases where we mean the space
inside the endocranium, and “brain” to refer to the contained organ. Similarly, all fossae or foramina that were
partially or completely filled with brain tissue in life are
referred to by their anatomical name (e.g., the pituitary
fossa is called the pituitary).

2.2 | Sample: Source and age
composition
We selected alligators and ostriches as representatives of
crocodilians and birds respectively because specimens
were available and easily obtainable, largely through
wildlife farms. Further, the specimens are large enough
for handling and scanning, and they are much-studied
taxa that have long been regarded as exemplar taxa.
Thirteen Alligator mississippiensis and thirteen
Struthio camelus specimens were selected to cover the
total posthatchling ontogenetic series for each taxon. Our
sample of thirteen scanned specimens per taxon is
small, with single specimens representing well-spaced
growth stages of each taxon, but the trends are clear and
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match qualitative and quantitative comparisons between
groups.
Alligator data (n = 13) was sourced from Dufeau
et al. (2012) and Dufeau and Witmer (2015) (see Table 1
for a full specimen list). Ontogenetic stages for the alligator span from approximately 1-month posthatching to a
large adult over 5-years-old. All alligator specimens were
provided as cadaveric salvage specimens by the Rockefeller Wildlife Refuge (Louisiana Department of Wildlife
and Fisheries, Grand Chenier, Louisiana, USA. Seven
fully segmented specimens were used in a 3D morphometric analysis while all 13 were used to compare anatomy between specimens of different ages.
The ostrich specimens (n = 13) were obtained from
multiple sources. Seven segmented endocasts were from
Romick (2013), one from Witmer and Ridgely (2008), and
five were digitally reconstructed specifically for this project (see Table 1 for a full specimen list). Specimens
TABLE 1

scanned for this project were ethically purchased from a
Bulgarian farm as husbandry by-products. Like the alligators, the ostriches covered the entire ontogenetic series—
from a 2-weeks posthatching specimen to a large 3-yearold adult. Similarly, seven of the individuals were used
for a morphometric analysis and all were used to compare anatomy between different ontogenetic stages.
Both growth series span from hatchling to adult, but
we cannot match the particular stages as developmentally equivalent, as we had to use specimens that were
available and, importantly, that had age information
(many museum specimens do not). Bearing in mind that
ostriches reach skeletal maturity in about 3 years and
sexual maturity in 4–5 years (Cooper, 2005) and alligators
reach sexual maturity in 11–15 years for females and
8–12 years for males, and skeletal maturity at
25–35 years (Wilkinson, Rainwater, Woodward, Leone, &
Carter, 2016), we cannot use calendar years as markers of

Master list of specimens used for this study and the relevant scan parameters

Taxon

Specimen #

Alligator mississippiensis

OUVC 10117
2

Age

Energy (kV)

Resolution (μm)

Amps (μA)

<1-month-old

80

45

450

1-month-old

80

45

450

Alligator mississippiensis

OUVC 10606

Alligator mississippiensis

OUVC 10390

10-months-old

60

92

450

Alligator mississippiensis

OUVC 10391

10-months-old

60

92

450

11-months-old

60

92

450

11-months-old

60

92

450

11-months-old

60

92

450

11-months-old

60

92

450

1-year-old

60

92

450

Alligator mississippiensis

OUVC 10385

Alligator mississippiensis

OUVC 10386

Alligator mississippiensis

OUVC 10387

Alligator mississippiensis

OUVC 10388

2

2

2

Alligator mississippiensis

OUVC 10389

Alligator mississippiensis

OUVC 10629

2-3-years-old

120

625

200–300

Alligator mississippiensis

2

OUVC 9761

4-years-old

120

625

200–300

Alligator mississippiensis

USNM 2112332

5-years-old

120

625

200–300

Alligator mississippiensis

2

>5-years-old

120

625

200–300

USNM 211232
1,2

Struthio camelus

2-weeks-old

2-weeks-old

195

36

172

Struthio camelus

OUVC 10463

2-weeks-old

80

45

450

Struthio camelus

4-weeks-old1,2

4-weeks-old

180

41

235

Struthio camelus

OUVC 10521

1-month-old

80

92

450

Struthio camelus

OUVC 10518

1-month-old

80

92

450

Struthio camelus

OUVC 10519

2-months-old

80

90

450

Struthio camelus

12-weeks-old1,2

12-weeks-old

180

46

235

Struthio camelus

OUVC 10517

Struthio camelus

OUVC 10630

Struthio camelus

OUVC 10661

Struthio camelus

80

92

450

5-months-old

220

52

220

2

1-year-old

80

90

450

1-year-old

80

300

450

1-year-old

120–140

625

200–300

36-months-old

237

86

350

5-months-old

Struthio camelus

Struthio camelus

4-months-old
1,2

OUVC 10491

2

36-months-old

1,2

1

2

Note: Specimens noted in superscript were specifically made for this project or were used specifically for the PCA . All were used for comparative anatomy.
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equivalent ontogenetic stages. With a hatchling at one
end and an adult at the other, we can simply present the
known ages of our individual specimens and not make
any claim for equivalence between the examples of each
species.

2.3 | 3D reconstruction
Alligators imaged in this study were scanned at the Ohio
University MicroCT Scanning facility (see Table 1 for scan
parameters). All of the alligator endocasts were premade
endocasts so no further scanning or segmentation was
needed for the specimens. The alligator dataset was incorporated in the present study as prerendered .obj files.
Ostriches from Romick (2013) were scanned at the Ohio
University MicroCT Scanning facility. The endocast from
Witmer and Ridgely (2008), OUVC 10491, was scanned at
O'Bleness Memorial Hospital. The ostrich skulls scanned
for this project were done so with the Nikon XT H 225ST
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CT scanner in the Bristol Palaeobiology Research Group at
the University of Bristol. Each scan set was filtered with a
0.5 mm copper filter (a 0.25 mm tin filter was used with the
3-year-old ostrich), and 3,141 projections were created with
2x frame averaging (see Table 1 for all ostrich scan parameters). Once the CT images had been saved as TIFF image
stacks, they were transferred into Avizo Lite (v.9.7.0) for 3D
reconstruction (Lautenschlager, 2016). The CT slices were
interpolated at every five slices using Avizo's segmentation
editor.
The endocast reconstructions were saved as .obj files and
converted to .ply files to ensure compatibility with RStudio.

2.4 | Measurements and morphometrics
We measured the cephalic and pontine flexure angles of each
endocast in a 2D plane on the left lateral images, using ImageJ
v1.46 (Figure 1). Definitions of the angles follow Hopson
(1979) and Lautenschlager and Hübner (2013, p. 2045):

F I G U R E 1 Left lateral and dorsal views of an Alligator mississippiensis (a, c) and Struthio camelus (b, d). Relevant anatomy has been
labelled on each specimen to demonstrate key differences between each endocast. Note the Wulst, the dorsal expansion of the ostrich
forebrain that is unique to avians. P, pituitary body/gland; W, Wulst; CB, cerebellum; CH, cerebral hemisphere; IN, infundibulum; OB,
olfactory bulb; OT, olfactory tract. Endocasts are not to scale
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“the pontine flexure was measured as the angle between the
long (rostrocaudal) axis of the medulla oblongata and the
oblique axis of the midbrain indicated by the caudal outline
of the cerebellum; the cephalic flexure was measured as the
angle between the long (rostrocaudal) axis through the cerebral hemispheres and the oblique axis of the midbrain”
(as illustrated by Lautenschlager & Hübner, 2013, Figure 1).
We also carried out a 3D geometric analysis of each
endocast model using 17 landmarks at specific points of
anatomy along each endocast and 57 semilandmarks to
outline endocranial morphology along the sagittal plane
(Figure S1). The semilandmarks were slid during alignment. The 17 landmark sites are, in sequence, olfactory
tract (right lateral), olfactory bulb (right lateral, center,
left lateral), olfactory tract (left lateral), cerebral hemisphere (lower right lateral, upper right lateral, top, upper
left lateral, lower left lateral), pituitary (ventral), cerebral
hemisphere (caudal), cerebellum (caudal), flocculus (left,
right), medulla oblongata (dorsal, ventral). The exact
locations of these 17 landmarks in multiple views of the
endocasts of alligator and ostrich are shown in Figure S1.
To get a sense of how portions of the endocast were
developing in relation to each other, the widths of the
olfactory bulbs, cerebral hemispheres, and cerebellum
were taken at the widest points of each lobe or set of
lobes. Each measurement was taken in dorsal view in
order to capture the widest aspect of each measurement,
using ImageJ. The measurement values were either logarithmically normalized or a ratio was made between the
olfactory bulbs or cerebellum and the cerebral hemispheres to prevent skewed graphs due to large size differences between ostrich and alligator endocasts. These new
values were then plotted to see how endocranial widths
of neurosensory portions of the endocast developed in
relation to shape and age.
Landmarks were added digitally to the specimens
using RStudio with the package “geomorph” (Adams &
Otárola-Castillo, 2013). Then, using the same package,
a Generalized Procrustes Analysis was carried out to
eliminate the effects of size, orientation, and translation of the endocasts. We then conducted a principal
component analysis (PCA) using the geomorph and
plotted morphospaces based on principal component
axes 1 and 2.

3 | R E SUL T S
3.1 | Surface anatomy of the adult
alligator endocast
The general structure of an alligator endocast is of the
typical crocodilian form (Figure 1a,c) in that it is long,
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narrow, and linearly organized in lateral view (Rogers,
1999), a plesiomorphic trait shared also with fish, amphibians and other basal amniotes (Rogers, 1998). Here, the
olfactory apparatus comprises two large, elliptical bulbs
and a long, thin tract (Figure 1a,c). The olfactory apparatus
is noticeably longer than and almost as wide as the relatively smaller cerebrum caudally. The cerebral hemispheres are the widest portion of the endocast, though
they are only 10% wider than the olfactory bulb. Without
the development of the Wulst seen in the ostrich, the dorsal peaks of the cerebral hemispheres in the alligator are
not as prominent.
Most of the midbrain of A. mississippiensis appears to
be modest in size when compared to the forebrain and
hindbrain. The optic lobes are arranged caudally to the
cerebral hemispheres and rostrally to the cerebellum but
become less prominent throughout ontogeny and are not
as clearly visible in alligators as they are in ostriches
(Figure 1a,b). The pituitary is the only part of the forebrain that protrudes ventrally as a distinctive feature
within the dural envelope (Figure 1b).
Along the hindbrain, the cerebellum is situated caudally to the cerebral hemispheres as a relatively smaller
region (Figure 1a). The flocculi are not present along the
lateral surface of the endocast due to their small size. The
medulla oblongata is the caudalmost portion of the endocast that has a roughly circular cross-section and extends
ventrally and caudally to the flocculi (Figure 1a,c).
The endocast of the juvenile alligator approximates
the shape of the brain itself, but only a small portion of
the endocranial volume is taken up by the brain in an
adult alligator, with estimates that the crocodilian brain
takes up 30–40% of the space (Hopson, 1977; Jirak &
Janacek, 2017) or 52–99% of the space (Watanabe
et al., 2019) depending on the age of the specimen.

3.2 | Surface anatomy of the adult
ostrich brain
The adult ostrich endocranium (Figure 1b,d) shows a
compact S-shaped curve in which the forebrain is situated rostrodorsally to the rest of the brain regions and the
hindbrain is positioned along the caudoventral axis - a
typical structure for birds (Kawabe, Shimokawa, Miki,
Matsuda, & Endo, 2013). The olfactory apparatus comprises two small elliptical bulbs, which are complemented by an equally short tract (Figure 1d). The small size
of this region contrasts with the much larger, rounded
cerebral hemispheres just caudal to the olfactory apparatus. As in alligators, the cerebral hemispheres of the
ostrich are both the widest aspect of the endocast and the
largest portion in dorsal view (Figure 1c,d).
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The optic lobes are enlarged and tightly packed ventrally to the cerebral hemispheres (Figure 1b): this is
another trait shared among most birds that reflects their
increased reliance upon vision (Jones, Pierce, &
Ward, 2007). Ventrally to the cerebral hemispheres, the
pituitary gland is displaced rostroventrally as another
small projection of the midbrain (Figure 1b).
The cerebellum is a large, rounded region of the brain
that is situated between the medulla oblongata dorsally
and the cerebral hemispheres caudally (Figure 1b). The
flocculi project laterally from the cerebellum as small
protrusions with elliptical cross-sections (Figure 1b). The
medulla oblongata is relatively small compared to the
rest of the endocast and forms a curve at the rostral
section below the midbrain (Figure 1b).
The ostrich brain, as in most birds, occupies the
majority of space within the braincase, with a brain-tobraincase volume that is negligibly different (Iwaniuk &
Nelson, 2002; Watanabe et al., 2019). Therefore, the
endocast provides a reasonable approximation for brain
volume and size.

3.3 | Comparative summary of adult
alligator and ostrich endocasts
Adult alligators and ostriches show several fundamental
differences in the overall shape and layout of their endocasts. The endocast of an adult alligator is rostrocaudally
elongated while an ostrich brain is more rounded and
condensed in shape (Figure 1b,d). This rounded avian
shape arises from lower cephalic and pontine flexure
angles, reflecting the fact that avian brains do not elongate rostrocaudally with development. The different
ratios of dural volume to brain volume in alligators and
ostriches not only affect our interpretations of actual
brain volumes, but also the details of surface anatomy
that may be observed. The greater ratio of neural tissue
to dural volume in the ostrich means that the endocranial
surface of an adult ostrich is more likely to show signs of
vascular valleculae or suture patterns than an alligator.
Considering regional differences, the olfactory bulbs
and tract are much larger and longer, respectively, in alligators than ostriches (Figure 1a,c). The cerebral hemispheres of the ostrich are more enlarged than in the
alligator (Figure 1b,d). The expansion of the cerebral
hemispheres and the development of a Wulst in birds
expands the brain laterally and dorsally and makes for an
enlarged forebrain in the ostrich ontogenetic series, traits
that are absent in crocodilians. While there are some
shape variations, the pituitary and infundibulum are similar in both taxa. The pituitary always extends ventrally
from the infundibulum, and the infundibulum separates
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the pituitary from the main body of the forebrain
(Figure 1a,c). The enlargement of the forebrain in the
ostrich pushes the optic lobes from a dorsolateral position
(Figure 1a,c), as seen in alligators and basal archosaurs,
to a ventrolateral orientation (Figure 1b,d) along the midbrain. Hindbrain structures diverge in shape: the cerebellum forms a dorsal expansion that is rounded in the
ostrich but more triangular in the alligator when viewed
dorsally (Figure 1c,d); floccular casts extend
mediolaterally from the cerebellum in the ostrich but are
absent in alligators (Figure 1a–d); and the medulla
oblongata is larger than the forebrain and midbrain in
the alligator and extends further than in the ostrich
(Figure 1a,b).

3.4 | Ontogenetic development of the
alligator endocranium
3.4.1 |

Forebrain

When
comparing
the
ontogenetic
stages
of
A. mississippiensis, the greatest changes in the forebrain
are rostrocaudal lengthening of the olfactory bulbs, tract,
and cerebral hemispheres. In the neonate specimen
(Figure 2a–e), the olfactory apparatus comprises elongated tracts and bulbs, though still relatively short and
small compared to those of an adult Alligator (Figure 6a).
Both the olfactory tract and bulbs continue to increase in
size and length throughout all life stages until they comprise approximately half the total endocranial length
(Figures 2–6a,b). Also, as demonstrated in the 10-monthold specimen onwards (Figures 3–6a–d), the olfactory
tract appears to shrink in width between the rostralmost
portion of the cerebral hemispheres and the caudalmost
portion of the olfactory bulbs.
The cerebrum in the neonate is clearly distinctive
from the endocranial components caudal to it as the cerebrum shows a caudally expanded elliptic shape in lateral
view. Dorsally, the cerebral hemispheres are the widest
aspect of the endocast (Figure 2a). Between the
10-month-old and yearling specimens (Figures 3a–d and
4a–d), the rostral portions of the cerebral hemispheres
become pyriform as they lead to the narrow olfactory
tract. Sagittally, the hemispheres in the first three life
stages are taller than they are wide (Figures 2–4a–d) but
become more equal in size later in life (Figures 5a–d and
6a–d).
While it is small and difficult to distinguish in the
neonate (Figure 2a,c), the pituitary gland gradually
becomes more demarcated from the rest of the ventral
portions of the forebrain as the infundibulum narrows to
form the pituitary's droplet shape. The pituitary body
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F I G U R E 2 A neonatal alligator endocast in (a) lateral,
(b) dorsal, (c) ventral, (d) anterior, and (e) posterior views. Scale
bar = 5 mm

maintains the same position just rostral to the medulla
oblongata throughout life (Figures 2–6a,c).

3.4.2

|

Midbrain

The overall appearance of the midbrain in
A. mississippiensis changes through ontogeny. The optic
lobes begin as prominent dorsolateral eminences, but are
entirely covered in the dural envelope and become
obscured with age (Figures 2a,b and 6a,b). By the reduction of contact points between the optic lobes and

F I G U R E 3 A 10-month-old alligator endocast in (a) lateral,
(b) dorsal, (c) ventral, (d) anterior, and (e) posterior views. Scale
bar = 5 mm

braincase during development, and with the growth of
overlying venous sinuses with age, both lobes become
less distinct through ontogeny before becoming nearly
invisible in adults (Dufeau et al., 2012). Laterally, the
space between the cerebrum and cerebellum occupied by
the optic lobes is initially large compared to the area
directly ventral that leads to the pituitary gland
(Figures 2–4a,b). These two portions of the midbrain,
devoted to optic lobes and pituitary, become more equivalent in size in the subadult and adult (Figures 5 and 6a,
b), and this coincides with reduction in height and width
of the cerebrum.
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F I G U R E 5 A subadult (3 to 4-year-old) alligator endocast in
(a) lateral, (b) dorsal, (c) ventral, (d) anterior, and (e) posterior
views. Scale bar = 5 mm

F I G U R E 4 A 1-year-old alligator endocast in (a) lateral,
(b) dorsal, (c) ventral, (d) anterior, and (e) posterior views. Scale
bar = 5 mm

3.4.3

|

noticeable rostrocaudal growth in response to exoccipital
expansion throughout ontogeny. The medulla oblongata
elongates throughout an alligator's lifetime, though not to
the same extent as the olfactory tract (Figures 2–6e).

Hindbrain

The hindbrain of A. mississippiensis changes as
expected for a basal archosaur. The cerebellum shows
the least amount of shape or relative size change, and
yet in all specimens minor changes through ontogeny
make the structure more compact and cone-like
(Figures 2–6a–c,e). However, the amount of shape
change is difficult to ascertain as the dural envelope
obscures much of the dorsal surface between the midbrain and hindbrain.
The medulla oblongata undergoes a much more significant change in shape. Accompanied by the pontine
flexure angle change, the medulla oblongata shows

3.5 | Ontogenetic development of the
ostrich endocranium
3.5.1 |

Forebrain

In all S. camelus specimens, the forebrain is well-developed. The olfactory bulb and tract in the 2-week-old
(Figure 7a) shows the relative size and shape seen in the
older specimens with all possessing short olfactory tracts
and small bulbs (Figure 7b–e).
The cerebral hemispheres show an increase in size
and expand transversely between the 2-week-old and the
12-week old (Figures 7–9a,c). This corresponds to a
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F I G U R E 6 A large adult (≥ 5-year-old) alligator endocast in
(a) lateral, (b) dorsal, (c) ventral, (d) anterior, and (e) posterior
views. Scale bar = 5 mm

rostrocaudal expansion in the hindbrain between 2 and
12 weeks of age. This causes a reduction in height difference between the tops of the cerebral hemispheres and
the cerebellum as S. camelus grows to 12 weeks of age
(Figure 9c). By 5 months, however, the cerebral hemispheres have expanded dorsally with the development of
the Wulst. This causes the hemispheres to extend more
dorsally than the cerebellum and develop a shape similar
to that in the 2-week-old. Despite these small changes in
relative size and shape of the cerebral hemispheres during growth, the overall shape of the brain changes little
during ontogeny (Figure 10).
The pituitary gland begins facing ventrally from the
rest of the endocast. During growth, the region expands
in all directions from the ventralmost part of the forebrain. This expansion is first noticed in the 4-week-old
(Figure 8b). Through most of ontogeny, the pituitary
faces ventrally; however, the pituitary of the 36-monthold specimen (Figure 11e) rotates approximately 45
rostrally.

9

F I G U R E 7 Two-week-old posthatching ostrich endocast in
(a) lateral, (b) dorsal, (c) ventral, (d) anterior, and (e) posterior
views. Scale bar = 5 mm

3.5.2 |

Midbrain

The only point of interest in the midbrain of S. camelus is
the optic lobes. These are easily identified in the youngest
specimen (Figure 7a) as rounded features positioned
directly ventral to the cerebral hemispheres. The optic
lobes do not change much in overall shape during
growth, but they shift rostrally between the 5-month-old
and 36-month-old specimens (Figure 11d,e).

3.5.3 |

Hindbrain

Among the specimens visualized in this study, both the
pons and medulla oblongata exhibit little change in relative size or shape (Figure 7a–e), however, there is notable
change in the cerebellar region (broadly referred to here
as the cerebellum). With age, the cerebellum follows a
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F I G U R E 8 Four-week-old posthatching ostrich endocast in
(a) lateral, (b) dorsal, (c) ventral, (d) anterior, and (e) posterior
views. Scale bar = 5 mm
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F I G U R E 9 Twelve-week-old posthatching ostrich endocast in
(a) lateral, (b) dorsal, (c) ventral, (d) anterior, and (e) posterior
views. Scale bar = 5 mm

3.6 | Cephalic and pontine flexure angles
trend similar to the cerebral hemispheres in that it
changes up to the age of 12-weeks-old (Figure 9c) before
shifting back to something closer to its youngest form.
The cerebellum expands rostrocaudally between 2 weeks
and 12 weeks of age (Figures 7–9a,c). Furthermore, as
seen in the three youngest specimens, the relative height
of the cerebellum gradually comes closer to that of the
cerebral hemispheres.
The cerebellum slows growth between 12 weeks and
5 months of age, and instead the caudal portion becomes
more angular in shape. During this same period of
growth, the Wulst begins expanding on the dorsal surface
of the cerebral hemispheres. Thus, the relative positioning of the cerebellum is lowered, as shown in the
36-month-old, which is very similar in form to the
2-week-old (Figure 7a,e). Across all specimens, the
shapes of the flocculi accompanying the cerebellum
remain largely unchanged.

Both the cephalic and pontine flexure points of the Alligator mississippiensis ontogenetic series show consistent
linear expansion throughout development. Both angle
measurements begin below 90 and increase to beyond
120 (Table 2). By the time adulthood is reached, the
cephalic and pontine flexures have increased by up to
51.9%. This shows that the elongation of the endocast is
not only a lengthening of the endocranium but also an
“unfolding” of the brain as the fore- and hindbrain
change position in relation to the oblique axis of the
brain itself.
On the other hand, Struthio camelus exhibits a very
conservative flexure change through its life. In our study
specimens we found a decrease in both cephalic and pontine flexures by a couple of degrees before a slight rise,
thus returning the adult value to close to what was seen
in the 2-week-old (Table 2). These unchanging brain
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F I G U R E 1 0 Five-month-old posthatching ostrich endocast in
(a) lateral, (b) dorsal, (c) ventral, (d) anterior, and (e) posterior
views. Scale bar = 5 mm
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F I G U R E 1 1 A 36-month-old posthatching ostrich endocast in
(a) lateral, (b) dorsal, (c) ventral, (d) anterior, and (e) posterior
views. Scale bar = 5 mm

flexure angles indicate that ostriches are morphologically
paedomorphic, retaining juvenile endocranial shapes
throughout their life.

3.7 | Brain growth with age and
body mass
Birds and crocodilians show markedly different trajectories of growth in brain size and shape. Because of their
rapid growth to skeletal maturity in 3 years, ostrich body
mass follows a compressed logistic curve, with modest
growth in the first 6 months, and then a rapid rise to
adult size in years 2–3 (Figure 12a). Alligator body mass
increases apparently more steadily over time, and still
has not achieved full size by 10 years; this reflects earlier
observations that alligators keep growing long past sexual
maturity at around 10–12 years to finally cease growth at
25–35 years old (Wilkinson et al., 2016). The summaries of
brain shape change (Figure 12b,c) show how substantially

T A B L E 2 Cephalic and pontine flexure angles measured from
select ostrich and alligator endocasts

Specimen

Cephalic
flexure

Pontine
flexure

Ostrich (2-weeks-old)

73.50

118.18

Ostrich (4-weeks-old)

73.02

117.86

Ostrich (12-weeks-old)

70.35

116.37

Ostrich (5-months-old)

71.20

116.43



Ostrich (36-months-old)

73.25

119.82

Alligator (neonate)

77.24

72.65

Alligator (10-months-old)

86.52

89.62

Alligator (1-year-old)

96.47

101.37

Alligator (4-years-old)



110.18

116.68

Alligator (≥5-years-old)

121.02

124.51
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F I G U R E 1 2 Growth in body size and brain shape for alligator and ostrich. (a) Body size growth curves for ostriches and alligators. The
question mark and dotted line on the alligator growth curve indicates a projected growth pattern, as they continue to increase their body size
throughout their lifetime. The endocasts of alligators (b) and ostriches (c) shown to uniform length so shape changes are highlighted

the alligator brain changes in shape in comparison to the
ostrich brain. Both alligator and ostrich start life with
their brains folded back into a small, posteriorly located
region behind the enlarged orbit and eye and, whereas
the alligator brain (Figure 12b) lengthens rostrocaudally
and the posterior part straightens out (much increased
pontine and cephalic flexure angles), the ostrich brain
(Figure 12c) changes little in shape through its entire
posthatching ontogeny.

3.8 | Geometric morphometrics
In the morphospace derived from the PCA, the first
(PC1) and second (PC2) principal components encapsulate 92.51% of total variance—86.5% in PC1 and 6.01% in
PC2. When all endocasts that represent the growth stages
of the alligator and the ostrich are plotted, they occupy
distinct regions of morphospace (Figure 13). The data
points in the ostrich morphospace are closer together and
more tightly packed than the alligator—as is expected for
an endocranial shape that does not change much through
ontogeny. Datapoints for the alligators are more spread
out reflecting the overall differences in shape between all
the ontogenetic stages.
The differentiation between alligator and ostrich in
morphospace is unsurprising based on the large amount

of shape change observable between the adults of both
taxa and ontogenies. PC1 documents differences in elongation patterns between ostriches and alligators
(Figure 13). This is most evident in the alligators where
the ontogenetic stages are arranged in a less densely
packed pattern thus reflecting a trajectory of continuing
shape change through posthatching ontogeny, becoming
more and more elongated, especially along the olfactory
tract and bulbs, towards the right-hand end of PC1. The
ontogenetic sequence of ostrich specimens shows a
tightly packed grouping of data, with the youngest specimen plotting near—and reflecting a very similar shape
exhibited by—the 5-month-old and 36-month-old. This
similarity in shape is explained by the forebrain shifting
position only slightly and only minor changes in flexure
that lacks any kind of major elongation (Figures 12c
and 13).

4 | DISCUSSION
4.1 | Endocranial change through
ontogeny
Our study highlights the substantial differences between
adult alligator and ostrich endocasts as well as unique
endocranial modifications that occur throughout
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F I G U R E 1 3 Brain shape change trajectories in morphospace based on landmark data. Arrows indicate the sequence of ontogenetic
stages. Brain shape for both ostrich (left) and alligator (right) are always distinctive and do not occupy the same portions of morphospace.
The trajectory for the ostrich (left, blue) is tight and curves round, suggesting brain shape in the adult is most similar to that of the hatchling.
The trajectory for the alligator (right, yellow) is open and unidirectional, showing continuing shape change in uniform directions,
particularly the unfolding of the posterior part of the brain and overall substantial rostrocaudal elongation. Grey arrow indicated age
increase in alligators. Endocasts not to scale

ontogeny between the two taxa. In alligators, the large
change in the olfactory bulb and tract could imply a
change to smell and chemoreception during growth
(Weldon & Ferguson, 1993), but that is yet to be
established; indeed the shape change might indicate little
about changing sensory function. The enlargement of the
medulla oblongata, on the other hand, likely corresponds
with the need to control breathing and heart rate: necessary adaptations for an amphibious lifestyle typical of
most adult crocodilians. But again, it is unclear whether
these functions change during ontogeny as brain shape
changes.
Struthio camelus shows much less change in the overall shape of its endocast. The olfactory apparatus and
medulla oblongata do not significantly change in relative
size through ontogeny. The cerebral hemispheres expand
less in the rostrocaudal direction than laterally. The
enlargement of the cerebral hemispheres in S. camelus
may conform with the fact that movement and motor
control are significant aspects of the life of an ostrich
(Breazile & Hartwig, 1989; Peng, Feng, Zhang, Liu, &
Song, 2010). Additionally, though the cerebellum does
not show much change in size or shape through

ontogeny, it is always relatively larger than in the alligator. This suggests that balance, coordination and voluntary movement are also important in the life of an ostrich
throughout growth, just as in flying birds
(Maderspacher, 2017). Furthermore, little postnatal ontogenetic variation in the brain of birds is not unique to
ostriches but is supported in chickens as well (Kawabe,
Matsuda, Tsunekawa, & Endo, 2015). The major driver of
brain shape variation in chickens does not come from
massive changes in anatomical size or scaling but rather
from the rotation of the telencephalon, myelencephalon,
and cerebellum (Kawabe et al., 2015). Ontogenetic studies of modern archosaur endocrania remains an understudied branch of neuroanatomy with only a few peerreviewed sources describing the interplay of ontogeny,
anatomy, morphology, and shape change in archosaurs
(Dufeau et al., 2012; Dufeau & Witmer, 2015; Jirak &
Janacek, 2017; Kawabe et al., 2015; Romick, 2013;
Watanabe et al., 2019).
These observations are all further supported by the
flexure angle measurements. In S. camelus, the values
change very little, but they follow a negative trend until
the middle specimen before shifting positively, describing
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F I G U R E 1 4 Graphs showing how the logarithmically transformed olfactory bulb, cerebral hemisphere, and cerebellum widths of birds
(a) and alligators (b) change with age. In order to better understand what these endocranial width transformations mean, ratios between the
olfactory bulbs and cerebral hemispheres (c) and cerebellum and cerebral hemispheres (d) were made for both taxa

a negative parabola if plotted against age. Meanwhile the
values of A. mississippiensis display continuous positive
changes in the angles as the crocodilian brain “unfolds”
(Beyrand et al., 2019). To summarize, not only do the
endocast shapes between an adult S. camelus and
A. mississippiensis differ, but so do the rates at which they
change.

4.2 | Heterochrony and the archosaur
endocranium
The endocrania of alligators and ostriches experience
very different patterns of shape change and anatomical
development throughout their life cycles. Ostriches reach
skeletal maturity rapidly, in approximately 3 years
(Cooper, 2005) and their endocranial widths (here
defined as the maximal width across any given region of
the endocast) reflect the same fast postcranial growth
(Figure 14a,d). In the first year of life, the olfactory bulbs,
cerebral hemispheres, and cerebellum all develop rapidly
and continue to expand with age. Alligators, on the other
hand, develop more slowly than birds and only reach sexual maturity at 11–15 years for females and 8–12 years
for males (Wilkinson et al., 2016) depending on body size.

As they age, alligators show a steady increase in endocranial
width values (Figure 14b–d) indicating that portions of the
brain that can be measured develop at a constant pace
before plateauing with adulthood. These developmental patterns reflect the speed at which the respective taxa reach
maturity. Comparing the logarithmically normalized values
indicates that the endocranial widths of the olfactory lobes,
cerebrum, and cerebellum of both taxa develop as expected.
That is to say that while the development of the cerebellum
is similar in both taxa (Figure 14d), olfactory bulb width
(Figure 14c), and olfactory tract lengths (Figures 6b–d and
11b–d), increase much more rapidly in alligators. This
indicates that the sensory development of alligators and
ostriches are independent of their peramorphic and paedomorphic endocranial development when neural processing
centers of the endocast are measured.
Brain growth in birds shows evidence for paedomorphosis. Because the ontogenetic span of birds is shorter
than that of crocodilians, and possibly shorter than that
of their ancestors, this probably rules out neoteny as the
possible heterochronic mode, because this depends on
slow developmental rates over about the same ontogenetic span as in the ancestor. Shorter ontogenetic trajectories point to progenesis (early onset of sexual maturity)
or postdisplacement (delayed onset of ontogeny) as two
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feasible paedomorphic modes, and evidence from modern
avian development points to progenesis as the dominant
heterochronic mode in bird skulls (Bhullar et al., 2016).

4.3 | Implications for non-avian
dinosaurs
The key questions that arise from this study are whether
the crania and brains of nonavian dinosaurs are more
like birds or crocodilians, and if there is a transition,
where and when did it take place? The answers are likely
to be complex, and indeed there is no reason that all
dinosaurs should show one or other pattern. If the avian
endocranial developmental pattern is paedomorphic, this
might have been achieved stepwise. Ontogenetic series of
fossils may help resolve the nature of the transition and
its various steps through the phylogeny of Dinosauria.
Very few non-avian dinosaurs preserve an ontogenetic
series of endocasts (Evans et al., 2009; Lautenschlager &
Hübner, 2013), and to date, this has been described for only
one example, Dysalotosaurus lettowvorbecki (Lautenschlager
& Hübner, 2013). Throughout its ontogeny the endocast of
D. lettowvorbecki changes not only in size but also in shape.
For example, between the juvenile and subadult specimens,
the flexure angles decrease in size as the endocast becomes
more compact with age (Lautenschlager & Hübner, 2013).
Lack of endocranial elongation aside, D. lettowvorbecki has
developmental traits that are expected within basal archosaurs or are observed directly in the alligator ontogenetic
series. The olfactory apparatus elongates anteriorly with
age, a prominent dorsal dural peak develops, and the cerebral hemispheres do not undergo extreme expansion
(Lautenschlager & Hübner, 2013). It is evidently not as simple as identifying an entirely avian or an entirely crocodilian ontogenetic pattern in dinosaurs.

5 | C ON C L U S I ON S
The amount of endocranial shape change between ostriches
(Struthio camelus) and alligators (Alligator mississippiensis)
is both qualitatively and quantitatively large. As the
endocranium ages, it either experiences an almost constant
rostrocaudal elongation (A. mississippiensis) or remains relatively unchanged, retaining in a juvenile shape throughout
adulthood (S. camelus). This change in shape includes shifts
in the flexure points of the endocast as well, with the angles
changing by 44 to 52 throughout posthatching ontogeny
in the alligator. Ostriches, on the other hand, show only
0.25 to 1.64 change of flexure angles, and a similar statistical shape between the endocasts of juveniles and adults.
Alligators also show regional shape changes in the endocast
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through ontogeny: the olfactory bulbs and tracts elongate
with age, the cerebral hemispheres do not expand as much
when compared to the rest of the endocast, and dural tissues substantially thicken with time. On the other hand,
ostriches show a significant expansion of the cerebral hemispheres and cerebellum early in life and maintain the size
of these lobes throughout their lifespan.
Understanding how and when ontogenetic changes
occur in two extant exemplar archosaurs helps us to
model patterns in non-avian dinosaur endocranium
development. Since scannable 3D dinosaur braincases
are so rare in the fossil record, our understanding of
endocranial development through ontogeny in dinosaurs
is extremely incomplete. One of the few ontogenetic
series that is available for a non-avian dinosaur, Dysalotosaurus lettowvorbecki, shows that shape and flexure
points—when compared to modern taxa—can be misleading. The general shape for D. lettowvorbecki is distinctive but does not show exaggerated elongation nor does it
keep a paedomorphic shape, thus diverging from extant
analogues. Also, both the cephalic and pontine flexure
angles decrease with age, indicating that shape and flexure are not clear indicators of developmental pattern in a
dinosaurian endocast. Here, we suggest that anatomical
factors (e.g., development or lack of cerebral peaks, elongation of the olfactory apparatus, broadening of cerebral
hemispheres) should be considered in addition to shape
or flexure when determining ontogenetic patterns and
possible heterochrony.
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