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Sauropodomorph dinosaurs underwent drastic changes in their anatomy and ecology throughout their evolution. 
The Late Triassic Thecodontosaurus antiquus occupies a basal position within Sauropodomorpha, being a key taxon 
for documenting how those morphofunctional transitions occurred. Here, we redescribe the braincase osteology 
and reconstruct the neuroanatomy of Thecodontosaurus, based on computed tomography data. The braincase of 
Thecodontosaurus shares the presence of medial basioccipital components of the basal tubera and a U-shaped 
basioccipital–parabasisphenoid suture with other basal sauropodomorphs and shows a distinct combination of 
characters: a straight outline of the braincase floor, an undivided metotic foramen, an unossified gap, large floccular 
fossae, basipterygoid processes perpendicular to the cultriform process in lateral view and a rhomboid foramen 
magnum. We reinterpret these braincase features in the light of new discoveries in dinosaur anatomy. Our endocranial 
reconstruction reveals important aspects of the palaeobiology of Thecodontosaurus, supporting a bipedal stance and 
cursorial habits, with adaptations to retain a steady head and gaze while moving. We also estimate its hearing 
frequency and range based on endosseous labyrinth morphology. Our study provides new information on the pattern 
of braincase and endocranial evolution in Sauropodomorpha.

ADDITIONAL KEYWORDS:  anatomy – endocast – Europe – labyrinth – Late Triassic – palaeoecology – 
palaeoneurology – Rhaetian – Sauropodomorpha – sensory organs.

INTRODUCTION

Dinosaurs originated and diversified in the Triassic, 
splitting into three major clades: Theropoda, 
Sauropodomorpha and Ornithischia. The first dinosaurs 
were small bipeds (Carrano, 1999, 2000) with either 
faunivorous or omnivorous habits (Barrett & Rayfield, 
2006; Barrett et al., 2011; Barrett, 2014; Cabreira et al., 
2016), but it is not fully understood how these early 
forms diversified their diets and body sizes to include 
several herbivorous lineages by the end of the Triassic. 
One of the earliest members of the Sauropodomorpha 
is Thecodontosaurus antiquus Morris, 1843, the first 
Triassic dinosaur to be named (Riley & Stutchbury, 
1836, 1840) and only the sixth dinosaur ever named 
in the world. The original material was described by 
Benton et al. (2000), including a detailed account of 

an exquisite, complete braincase and endocast, and 
a more complete assemblage of Thecodontosaurus 
fossils has been described recently (Ballell et al., 
2020). Thecodontosaurus had always been regarded 
as Carnian in age, although regional geological 
and palynological evidence now points much more 
convincingly to a latest Triassic (Rhaetian) age, 205–
201 Mya (Whiteside et al., 2016). Thecodontosaurus 
occupies a basal position within Sauropodomorpha as 
one of the non-massopodan Triassic taxa, more derived 
than Bagualosaurus Pretto, Langer & Schultz, 2018 
but more basal than Efraasia Galton, 1973 (Gauthier, 
1986; Benton et al., 2000; Yates & Kitching, 2003; 
Upchurch et al., 2007; Otero & Pol, 2013; Langer 
et al., 2019; McPhee et al., 2020). Thecodontosaurus is 
therefore important in terms of establishing the early 
evolutionary history of Sauropodomorpha.

Throughout their early evolution, sauropodomorphs 
underwent drastic morphological and functional 
modifications that led to shifts in their feeding and *Corresponding author. E-mail: ab17506@bristol.ac.uk
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locomotory styles, linked to a general trend towards 
increased body size (Sander, 2013). Traditionally, 
the first dinosaurs were considered to be carnivores 
(Sereno, 1997; Nesbitt et al., 2010), but recent evidence 
shows that the plesiomorphic dietary condition 
of this clade is ambiguous depending on different 
phylogenetic scenarios, and omnivory is equally 
possible (Barrett & Rayfield, 2006; Barrett et al., 2011; 
Barrett, 2014; Cabreira et al., 2016). Nonetheless, early 
sauropodomorphs transitioned from obligatory or 
facultative faunivory to herbivory via an intermediate 
omnivorous state (Barrett, 2014; Button et al., 2016; 
Cabreira et al., 2016; Müller et al., 2018; Bronzati et al., 
2019; Müller & Garcia, 2019). Changes in locomotory 
mode occurred later in the evolution of the group, 
and the acquisition of a quadrupedal gait involved a 
previous phase of facultative quadrupedalism and 
reversals to bipedalism in some lineages (McPhee 
et al., 2018). These functional innovations in feeding 
and locomotion were triggered not only by cranial and 
postcranial musculoskeletal adaptations, but also by 
modifications of the brain and sensory organs (Bronzati 
et al., 2017). As a result, early sauropodomorphs 
constituted an ecologically diverse assemblage.

Braincase anatomy is a remarkable source of 
information to infer the palaeobiology of extinct 
vertebrates because brain and inner ear morphology 
can be reconstructed from endocasts, but with some 
limitations (Dutel et al., 2019; Evers et al., 2019). 
These are primarily that, depending on the taxon and 
ontogeny of the individual, the surface of the brain can 
be obscured by a thick dural envelope (dura mater) that 
covers the entirety of the endocast (Jirak & Janacek, 
2017). Even so, the presence, absence and relative sizes 
of different regions of the endocast can tell us about the 
sensory systems, balance and posture of extinct animals 
(Witmer et al., 2003, 2008; Witmer & Ridgely, 2009). 
Application of up-to-date imaging techniques, such as 
computed tomography (CT), has greatly increased the 
knowledge of braincase and endocranial morphology 
in different dinosaur lineages (e.g. Sampson & Witmer, 
2007; Witmer & Ridgely, 2009; Miyashita et al., 2011; 
Lautenschlager et al., 2012; Knoll et al., 2012; Paulina-
Carabajal et al., 2018; King et al., 2020), although this 
information is limited for early dinosaurs because of 
the scarcity of well-preserved braincases (Martínez 
et al., 2012; Bronzati et al., 2017, 2018b; Bronzati 
& Rauhut, 2017). Consequently, the endocranial 
anatomy and evolution of early sauropodomorphs 
is notably understudied, with only a few available 
models (Bronzati et al., 2017; Neenan et al., 2018). 
The braincase of Thecodontosaurus (YPM 2192) is one 
of the best preserved among early dinosaurs. In their 
description, Benton et al. (2000) created an endocranial 
model based on external features of the braincase. 

However, internal details were not accessible, and the 
brain reconstruction was somewhat speculative.

Here, we present results from segmented CT data, 
allowing unprecedented access to the details of the 
braincase and endocast, including the endosseous 
labyrinth, not seen before. The new anatomy enables 
us to determine certain aspects of the sensory systems 
of Thecodontosaurus, hence to resolve some debated 
issues about its palaeobiology and the early evolution 
of sauropodomorph dinosaurs.

InstItutIonal abbrevIatIons

BRSMG, Bristol City Museum and Art Gallery, Bristol, 
UK; YPM, Yale Peabody Museum, New Haven, CT, USA.

MATERIAL AND METHODS

specImen and samplIng

Thecodontosaurus antiquus material comes from 
the Rhaetian fissure fill localities (Whiteside et al., 
2016) of Durdham Down (Benton et al., 2000) and 
Tytherington (Ballell et al., 2020) in south-western 
England, UK. One of the Durdham Down specimens, 
YPM 2192, comprises a braincase (Fig. 1A) associated 
with six vertebrae, ribs and various limb bones. Under 
this catalogue number, there are 19 isolated specimens 
in all, and there is no evidence that they were in any 
way associated, other than that they probably came 
from the same locality in Bristol and presumably 
arrived at YPM as a bundle. The Thecodontosaurus 
specimens found in Victorian times were all collected 
in the 1830s from quarries in Durdham Down, Clifton, 
on the north side of the Worrall Road, and they were 
taken exclusively to the BRSMG, which amassed a 
large collection (Benton et al. 2000; Benton, 2012).

The Yale collection includes another fine specimen, 
YPM 2195, a nearly complete left forelimb, which was 
acquired in person by Othniel Marsh, then Professor 
of Paleontology at Yale University, when he visited 
the Bristol collections in 1888. Marsh arranged the 
transfer of this and the other specimens to Yale, partly 
in exchange for American specimens and monographs 
(Benton et al., 2000; Benton, 2012), and the remainder 
were sent from Bristol to New Haven in 1888–1889 by 
the then Bristol curator Edward Wilson (1848–1898), 
who viewed them as ‘duplicates’.

computed tomography scannIng and  
three-dImensIonal model creatIon

The braincase was scanned at the High-Resolution 
X-ray CT Facility, University of Texas, Austin, TX, USA, 
as part of the DigiMorph program, in 2005. The scanner 
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was set to 180 kV and 0.133 mA, and the specimen was 
scanned without offset of the scan axis, using an air 
wedge and no X-ray filter. The CT images were acquired 
at a resolution of 1024 × 1025 pixels. Slice thickness 
corresponded to one line (0.04459 mm), with a source-to-
object distance of 131 mm. For each slice, 1400 views were 
taken, with two samples per view. Image reconstruction 
was performed with a field of reconstruction of 
42.74 mm, an offset of 5000 and a reconstruction scale 
of 900. The resulting dataset consists of 1480 slices, with 
voxel size of 0.04174 mm × 0.04174 mm and inter-slice 
spacing of 0.04459 mm (Supporting Information 1 [CT 
dataset of the braincase of Thecodontosaurus antiquus, 
YPM 2192, available at the University of Bristol data 
repository, data.bris, at https://doi.org/10.5523/bris.1hm
2mxwxw12ps23gaemx624l8l]).

The CT data were segmented in avIzo lIte 
v.9.5 (FEI Visualization Science Group; https://
www.fei.com/software/amira-avizo/). The CT scan 
resolution was high enough to differentiate bone 
from matrix visually, although insufficient for 
automatic segmentation. Each bone of the braincase 
was extracted digitally from the matrix using the 
paintbrush tool in the X, Y and Z views, and then 
labelled. The inner cavities of the endocast and the 
labyrinth were segmented as the endocranium and 
the inner ear, respectively (Fig. 1B–D, Supporting 
Information 2 [Surface models ( .STL) of the 
braincase and endocranium of Thecodontosaurus 
antiquus, YPM 2192, available at the University 
of Bristol data repository, data.bris, at https://doi.
org/10.5523/bris.1hm2mxwxw12ps23gaemx624l8l]).

Figure 1. The braincase and endocast of Thecodontosaurus antiquus. A, fossil specimen YPM 2192 in left anterolateral 
view. (courtesy of the Division of Vertebrate Paleontology, YPM 2192, Peabody Museum of Natural History, Yale University, 
New Haven, Connecticut, USA; peabody.yale.edu) B, segmented three-dimensional (3D) model of the braincase in left lateral 
view. C, composite of the braincase (transparent) and endocast 3D models. D, segmented 3D model of the endocast in left 
lateral view, showing brain in blue, labyrinth in pink, nerves in yellow and arteries in red. Scale bars: 1 cm.
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estImatIons of hearIng frequency 

The average and high hearing frequencies (in hertz) of 
YPM 2192 were calculated accordinging two formulae 
outlined by Walsh et al. (2009):

Mean best hearing frequency = 3311.3x + 4000.8 

Best hearing frequency = 6104.3x + 6975.2 

In order to calculate both frequencies, the lengths of 
the cochlear duct and the basisphenoid are required 
(Table 1). The basisphenoid was measured (40.28 mm) 
from the anteriormost extent (approximate location 
of the parasphenoid–basisphenoid suture) of the 
basisphenoid to the posteriormost margin of the 
occipital condyle. The length of the cochlear duct 
(9.30 mm) was measured from the vestibule to the 
ventralmost extent of the cochlear duct. A cochlear 
duct-to-basisphenoid ratio was calculated and 
logarithmically transformed (represented by x in 
the above formulae) before being used in the two 
precalculated formulae for high and mean hearing 
ranges determined by Walsh et al. (2009).

RESULTS

general aspects of the braIncase

The specimen YPM 2192 represents a partial braincase 
described by Benton et al. (2000) and assigned to 
T. antiquus. This specimen preserves fairly complete 
left and right prootics, supraoccipital, left otoccipital, 
basioccipital and parabasisphenoid, a partial right 
exoccipital and fragments of the left and right 
laterosphenoids (Fig. 1).

basIoccIpItal

The basioccipital is the posteroventral element of 
the braincase that forms the ventral margin of the 
foramen magnum and the majority of the occipital 
condyle (Fig. 2B, D–F). In YPM 2192, this condyle 
is semicircular in posterior view (Figs 2D, 3E), and 

tapers slightly anteriorly, ending with a rather 
straight anterior margin in ventral view (Figs 2B, 3B). 
The occipital condyle in Thecodontosaurus is 1.5 times 
anteroposteriorly longer than mediolaterally wide, 
being relatively longer than in other sauropodomorphs, 
such as Saturnalia Langer, Abdala, Richter & Benton 
1999 (Bronzati et al., 2018b), Efraasia (Bronzati 
& Rauhut, 2017) and Adeopapposaurus Martínez, 
2009, in which it is anteroposteriorly compressed. 
The elongate occipital condyle was considered an 
apomorphy of Thecodontosaurus by Benton et al. 
(2000), although it is also present in Pantydraco Galton, 
Yates & Kermack, 2007 (Galton & Kermack, 2010) and 
in other taxa, such as Plateosaurus von Meyer, 1837 
(Prieto-Márquez & Norell, 2011) and Unaysaurus Leal 
et al., 2004 (McPhee et al., 2020).

The dorsal surface of the basioccipital (Fig. 3A) 
bears a relatively broad neural groove, which runs 
along the anteroposterior length of the bone and 
represents the ventral floor of the endocranium. 
In the anterior third of the basioccipital, where 
the bone expands laterally, doubling its width, the 
endocranial floor is split in two by a median ridge, 
as in Pantydraco (Galton & Kermack, 2010) and 
Lesothosaurus Galton, 1978 (Porro et al., 2015). 
At the level of the posterior end of the median 
ridge, the paired metotic fissures (Fig. 3A) branch 
laterally from the endocranial floor. These grooves 
are anteroposteriorly broad, as seen in Pantydraco 
(Galton & Kermack, 2010). The endocranial floor 
is bounded laterally by the dorsolaterally facing 
otoccipital articular surfaces, which form tight 
basioccipital–otoccipital sutures.

A remarkable feature of the basioccipital is the 
presence of an unossified gap on the lateral surface of 
the basioccipital portion of the basal tubera (Figs 2E, 
3C), a common feature among basal sauropodomorphs 
and other groups of archosauriforms that is lost 
in Sauropoda (Bronzati & Rauhut, 2017). This gap 
would have been occupied by cartilaginous tissue, as 
suggested by Benton et al. (2000).

On the ventral surface of the bone, the basioccipital 
neck departs from the anterior end of the occipital 
condyle to reach the basal tubera (Figs 2B, 3B). The 
neck is not ventrally prominent, forming a strong 
dorsally convex lateral outline between the occipital 
condyle and the basal tubera. The basal tubera are 
broad, anterolaterally orientated paired ridges with 
robust medial ends, separated by a shallow sagittal 
groove. These structures are narrower than those of 
Massospondylus Owen, 1854 (Chapelle & Choiniere, 
2018). A deep median notch is present anterior to 
the basal tubera and anteriorly bounded by the 
basioccipital–parabasisphenoid suture. In ventral 
view, this suture presents the typical anteriorly 

Table 1. Measurements of endosseous labyrinth 
structures

Structure Length (mm)

Anterior semicircular canal 15.4
Posterior semicircular canal 11.5
Lateral semicircular canal 6.0
Crus commune 7.3
Endosseous cochlear duct 9.3
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Figure 2. Model of the braincase of Thecodontosaurus antiquus, specimen YPM 2192, in dorsal (A), ventral (B), anterior 
(C), posterior (D), left lateral (E) and left internal (F) views. Abbreviations: BO, basioccipital; bpp, basipterygoid process; 
bsr, basisphenoid recess; bt, basal tubera; ccp, crus commune passage; cdg, dorsal groove of cultriform process; ci, crista 
interfenestralis; cp, cultriform process; cpo, crista prootica; ct, crista tuberalis; dld, dorsolateral depression of prootic; 
flf, floccular fossa; fm, foramen magnum; fo, foramen ovale; icaf, internal carotid foramina; LS, laterosphenoid; lsas, 
laterosphenoid articular surface; mf, metotic foramen; mpp, musculus protactor pterygoideus attachment site; nc, nuchal 
crest; oc, occipital condyle; OO, otoccipital; PO, prootic; pp, paraoccipital process; PS, parabasisphenoid; SO, supraoccipital; 
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concave, U-shaped morphology seen in non-sauropodan 
sauropodomorphs, such as Efraasia (Bronzati & 
Rauhut, 2017), Saturnalia (Bronzati et al., 2018b) and 
Unaysaurus (McPhee et al., 2020).

parabasIsphenoId

The parabasisphenoid is formed by the basisphenoid and 
the parasphenoid, which are completely co-ossified, the 
usual condition among archosauriforms (Bittencourt 
et al., 2015). This bone represents the anterior part of 
the endocranial floor. The parabasisphenoid reaches 
its maximal width at the basioccipital suture and 
tapers sharply anterior to this point. The posterodorsal 
surface of the bone forms the prootic articular surface, 

the anterior portion of which is located at the preotic 
pendant (Figs 2E, 4D). The parabasisphenoid forms the 
anteroventral portion of this structure, and it exhibits 
an anterodorsal concave surface that represents 
the origin of musculus protactor pterygoideus, as 
suggested by Benton et al. (2000), which can be also 
identified at the same position in Saturnalia (Bronzati 
et al., 2018b) and Adeopapposaurus (Martínez, 2009).

The sella turcica (Figs 2A, F, 4A) is a large 
and deep depression on the dorsal surface of the 
parabasisphenoid, which contained the pituitary. In 
dorsal view it is ellipsoid, with an anteroposterior 
long axis, and has a greater relative volume than in 
Saturnalia (Bronzati et al., 2018b) and Lesothosaurus 
(Porro et al., 2015) and similar to Massospondylus 

ssr, subsellar recess; st, sella turcica; ug, unossified gap; V, trigeminal nerve (cranial nerve V) foramen; vc, vestibular 
chamber; vcmn, vena cerebralis media notch; VII, facial nerve (cranial nerve VII) foramen; voen, vena occipitalis externa 
notch; XII, hypoglossal nerve (cranial nerve XII) foramina. Scale bar: 1 cm.

Figure 3. Model of the basioccipital of Thecodontosaurus antiquus, specimen YPM 2192, in dorsal (A), ventral (B), left 
lateral (C), anterior (D) and posterior (E) views. Abbreviations: bn, basioccipital neck; bt, basal tubera; ef, endocranial floor; 
fm, foramen magnum; mfi, metotic fissure; mr, median ridge; oc, occipital condyle; ooas, otoccipital articular surface; psas, 
parabasisphenoid articular surface; ug, unossified gap. Scale bar: 1 cm.
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(Chapelle & Choiniere, 2018) and Adeopapposaurus 
(Martínez, 2009). The anterior half of the sella turcica 
is deeper than the posterior half, with the former 
presenting a ventrolateral surface perforated by 
two large internal carotid foramina (Figs 2E, F, 4D). 
Benton et al. (2000) reconstructed the passage for the 
internal carotid arteries as a single opening of the 
vidian canal, located anterior to the sella turcica. Here, 
we interpret this structure as a shallow dorsal fossa 
at the posterior end of the cultriform process, with no 
continuation as a canal. The posterolateral surface 
of the parabasisphenoid presents a large opening, 
corresponding to the external foramina for the internal 
carotid artery, which connects the sella turcica with the 
exterior of the braincase via a short and remarkably 
wide canal that has a mainly mediolateral orientation.

The parabasisphenoid basal tubera (Figs 2B, 4B–E) 
project ventrolaterally and are more acute than those 
seen in other basal sauropodomorphs (Martínez, 2009; 
Chapelle & Choiniere, 2018; Bronzati et al., 2018b). 
The contribution of the parabasisphenoid to the 
lateral portion of the basal tubera is relatively minor 
in YPM 2192 compared with the condition seen in 

Saturnalia (Bronzati et al., 2018b) and Massospondylus 
(Chapelle & Choiniere, 2018), because of the lateral 
unossified gaps. The ventral surface between the basal 
tubera is occupied by a shallow and laterally wide 
basisphenoid recess (Figs 2B, 4B), anteriorly bounded 
by a mediolaterally orientated ridge located between 
the basipterygoid processes. These processes are finger-
like, exhibiting slight mediolateral compression and 
with a total length of 13 mm (Fig. 4A–E). The ventral 
end of the right basipterygoid process is missing, 
but its left counterpart presents an anterolateral 
depression that marks the contact with the pterygoid 
(Fig. 4C, D). In lateral view, the basipterygoid 
processes form an angle of 90° with the cultriform 
process, similar to Adeopapposaurus (Martínez, 
2009) and unlike Saturnalia (Bronzati et al., 2018b), 
Pantydraco (Galton & Kermack, 2010) and Efraasia 
(Bronzati & Rauhut, 2017), where they form an 
acute angle. This character nonetheless seems to be 
affected by ontogeny, as seen in ontogenetic series 
of Massospondylus carinatus Owen, 1854 (Chapelle 
& Choiniere, 2018). The subsellar recess (Figs 2B, F, 
4B), a ventral fossa located anterior to the base of 

Figure 4. Model of the parabasisphenoid of Thecodontosaurus antiquus, specimen YPM 2192, in dorsal (A), ventral (B), 
anterior (C), left lateral (D) and posterior (E) views. Abbreviations: boas, basioccipital articular surface; bpp, basipterygoid 
process; bsr, basisphenoid recess; bt, basal tubera; cdg, dorsal groove of cultriform process; cp, cultriform process; icaf, 
internal carotid foramina; ooas, otoccipital articular surface; poas, prootic articular surface; pp, preotic pendant; ptas, 
pterygoid articular surface; ssr, subsellar recess; st, sella turcica. Scale bar: 1 cm.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlaa157/6032720 by U

niversity of Bristol Library user on 14 D
ecem

ber 2020



8 A. BALLELL ET AL.

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2020, XX, 1–22

the basipterygoid processes, is remarkably deep, as 
seen in Efraasia (Bronzati & Rauhut, 2017). The 
subsellar recess is not anteriorly delimited by the 
ventral laminae that extend from the base of the 
basipterygoid processes, unlike in plateosaurids and 
Melanorosaurus (Yates, 2007; Prieto-Márquez & 
Norell, 2011; Bronzati & Rauhut, 2017; McPhee et al., 
2020).

The cultriform process (Figs 2, 4) is the anteriormost 
feature of the parabasisphenoid and represents ~60% 
of the length of the bone. It is tilted slightly towards 
the right side compared with the rest of the braincase 
owing to taphonomic deformation. The cultriform 
process bears a deep dorsal groove (Fig. 2A, 4A) along 
its whole length except for the posterior base. The 
ventral outline of this process is slightly concave, 
intermediate between the more pronounced curvature 
seen in Massospondylus (Chapelle & Choiniere, 2018) 
and the straight ventral margins present in Saturnalia 
(Bronzati et al., 2018b) and Adeopapposaurus 
(Martínez, 2009). The cultriform process in YPM 2192 
is shorter and dorsoventrally deeper than in these three 
sauropodomorph taxa (Martínez, 2009; Chapelle & 
Choiniere, 2018; Bronzati et al., 2018b). The cultriform 
process, the base of the basipterygoid processes and 
the occipital condyle are aligned, forming a straight 
ventral margin of the braincase in lateral view, as seen 
in Pantydraco (Galton & Kermack, 2010), Efraasia 
(Bronzati & Rauhut, 2017) and Adeopapposaurus 
(Martínez, 2009). This contrasts with the dorsally 
offset basioccipital condyle (the ‘stepped’ braincase 
morphology) of Saturnalia (Bronzati et al., 2018b), 
Plateosaurus (Prieto-Márquez & Norell, 2011), 
Coloradisaurus Lambert, 1983 (Apaldetti et al., 2014) 
and Lufengosaurus Young, 1941 (Barrett et al., 2005).

laterosphenoId

The laterosphenoids are not preserved except for a 
reduced portion that contacts the clinoid process of 
the prootics, forming the anterodorsal margin of the 
cranial nerve (CN) V (trigeminal) foramen (Fig. 2). 
This reconstruction contradicts the interpretation of 
the prootic being the only bone contributing to the 
trigeminal foramen, expounded by Benton et al. (2000).

prootIc

The paired prootics form the dorsolateral walls 
of the braincase. They contact the supraoccipital 
dorsomedially, the otoccipital posteromedially, the 
parabasisphenoid ventrally and the laterosphenoid 
anterodorsally (Fig. 2). The prootic contains the 
anterior portion of the endosseous labyrinth, which is 
visible on the posterior surface of the bone (Fig. 5B), 

occupied by the otoccipital articular surface. A large 
opening on this surface shows the anterior portion of 
the vestibular chamber, which continues posteriorly 
with a groove (Fig. 5B) that marks the passage of the 
lateral semicircular canal (LSC). The dorsomedial 
surface of the prootic bears the supraoccipital articular 
surface, where the foramen for the passage of the 
anterior semicircular canal (ASC) is present, entering 
the bone vertically (Fig. 5E, F). The prootic presents 
a dorsoventrally elongated depression on its medial 
surface, penetrating between the supraoccipital and 
otoccipital articular surfaces and located dorsal to 
the trigeminal foramen. This deep depression is the 
floccular fossa (Figs 2F, 5E), which housed the well-
developed floccular lobe of the cerebellum.

The posterolateral ramus of the prootic anteriorly 
overlaps the proximal part of the paroccipital process 
and is distally acute in the more complete left prootic 
(Fig. 5D, E). Anterior to it, the prootic shows a marked 
dorsolateral depression (Figs 2E, 5C, D), interpreted 
as the dorsal tympanic recess (Witmer, 1997; Rauhut, 
2004; Bronzati & Rauhut, 2017; Bronzati et al., 
2018b) or an attachment site for the jaw adductor 
musculature, probably a branch of the musculus 
adductor mandibulae externus group (Martínez et al., 
2012; Porro et al., 2015).

A robust crista prootica (Figs 2E, 5D) connects the 
dorsolateral depression with the musculus protactor 
pterygoideus attachment site and separates the 
CN V notch and the CN VII foramen. The trigeminal 
foramen is a large, oval opening formed mainly by 
the prootic. A deep lateral groove emerges posteriorly 
from this foramen, possibly representing the path 
for the mandibular branch (CN V3) of the trigeminal 
nerve, as suggested by Chapelle & Choiniere (2018) 
for Massospondylus based on CN reconstructions 
in extinct crocodylomorphs (Holliday & Witmer, 
2009). Dorsal to the trigeminal foramen and ventral 
to the laterosphenoid articular surface, a groove 
that extends from the interior to the exterior of the 
braincase marks the passage for the lateral exit of the 
vena cerebralis media (Figs 2F, 5E), as interpreted by 
Benton et al. (2000) and seen in Efraasia (Bronzati 
& Rauhut, 2017). The facial nerve foramen (Figs 2E, 
5C–F) is located posteroventral to the trigeminal 
foramen, the usual position in basal sauropodomorphs 
(Martínez, 2009; Galton & Kermack, 2010; Bronzati & 
Rauhut, 2017; Chapelle & Choiniere, 2018; Bronzati 
et al., 2018b), and has a smaller diameter than that 
of CN V. Anteriorly delimited by the crista prootica, 
it is posteriorly separated from the fenestra ovalis 
(Fig. 2E) by a second ridge (Fig. 5D). The passage for 
the facial nerve has a posterolateral course, unlike 
the trigeminal nerve, which exits the braincase with a 
more lateral orientation.
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otoccIpItal

The paired otoccipitals result from the fusion of 
exoccipitals and opisthotics, the general condition 
in archosaurs (Sampson & Witmer, 2007), and they 
constitute the posterodorsal braincase walls (Fig. 2). 
Given that the right otoccipital is partly damaged, the 
description is based on the more complete left otoccipital. 
The otoccipital presents a posterodorsomedial central 
body, from which three rami project: a pyramidal 

projection (sensu Bronzati & Rauhut, 2017) ventrally, 
the paroccipital process posterolaterally and the crista 
interfenestralis (= metotic crest) anteroventrally 
(Fig. 6E, F).

The pyramidal projection of the otoccipital tapers 
dorsally and contacts the basioccipital ventrally, with 
a posteroventral projection forming the dorsolateral 
portion of the occipital condyle (Figs 2D, 6E, F). The 
posteromedial portion of the pyramidal projection 
forms the lateral margin of the foramen magnum 

Figure 5. Model of the prootics of Thecodontosaurus antiquus, specimen YPM 2192, in anterior (A), posterior (B), right 
lateral (C), left lateral (D), left medial (E), right medial (F), dorsal (G) and ventral (H) views. Abbreviations: ascp, anterior 
semicircular canal passage; cpo, crista prootica; dld, dorsolateral depression of prootic; flf, floccular fossa; lsas, laterosphenoid 
articular surface; lscp, lateral semicircular canal passage; mpp, musculus protactor pterygoideus attachment site; ooas, 
otoccipital articular surface; pp, preotic pendant; psas, parabasisphenoid articular surface; soas, supraoccipital articular 
surface; V, trigeminal nerve (cranial nerve V) foramen; vc, vestibular chamber; vcmn, vena cerebralis media notch; VII, facial 
nerve (cranial nerve VII) foramen. Scale bar: 1 cm.
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(Figs 2D, 6B), the outline of which is an obtuse angle, 
contributing to the dorsoventrally elongated rhomboid 
shape of the foramen magnum. Adeopapposaurus 
also shows a rhomboid foramen magnum, although 
dorsoventrally short (Martínez, 2009), whereas this 
opening is subcircular in Saturnalia (Bronzati et al., 
2018b) and dorsoventrally higher in Massospondylus 
(Chapelle & Choiniere, 2018). The main body of the 
pyramidal projection bears two small foramina for the 
hypoglossal nerve (Fig. 6E, F). The first hypoglossal 
foramen is anteroventrally placed, close to the metotic 
fissure, and the second foramen has a central position 
on the pyramidal projection, located posterodorsally to 
the first foramen within a deep, oval fossa. The anterior 
margin of the pyramidal projection is an anterodorsally 
facing, wide, flat surface, which presents a pronounced 
lateral ridge, the crista tuberalis (Fig. 6E), which 
posteriorly bounds the metotic fissure, as seen in 
Plateosaurus (Prieto-Márquez & Norell, 2011).

Both paroccipital processes lack their distal 
ends, although the left element is more complete. 

These processes have a posterolateral orientation in 
YPM 2192, as seen in Pantydraco (Galton & Kermack, 
2010) and Adeopapposaurus (Martínez, 2009), but 
unlike the more posteriorly directed processes of 
Plateosaurus (Prieto-Márquez & Norell, 2011) and 
Massospondylus (Chapelle & Choiniere, 2018). A deep 
depression is present on the posterodorsal surface of 
the otoccipital, between the base of the paroccipital 
process and the foramen magnum (Fig. 6B), as in other 
sauropodomorph taxa, such as Efraasia (Bronzati & 
Rauhut, 2017). The anterior surface of the paroccipital 
process is marked by the prootic articular surface, 
placed at the base of the process (Fig. 6A, D).

The third ramus of the otoccipital is the anteroventrally 
orientated crista interfenestralis (Figs 2E, 6E), which 
separates the fenestra ovalis from the metotic fissure 
(the foramen lacerum posterior of Benton et al., 2000). 
The crista interfenestralis is anteroposteriorly flat 
and mediolaterally broad, with a conical lateroventral 
projection at its ventral end. Ventrally, the crista 
interfenestralis contacts the posterolateral corner 

Figure 6. Model of the left otoccipital of Thecodontosaurus antiquus, specimen YPM 2192, in anterior (A), posterior (B), 
ventral (C), dorsal (D), lateral (E) and medial (F) views. Abbreviations: boas, basioccipital articular surface; ci, crista 
interfenestralis; ct, crista tuberalis; fm, foramen magnum; fo, foramen ovale; lscp, lateral semicircular canal passage; mf, 
metotic foramen; oc, occipital condyle; poas, prootic articular surface; pp, paraoccipital process; psas, parabasisphenoid 
articular surface; pscp, posterior semicircular canal passage; pyp, pyramidal projection; soas, supraoccipital articular 
surface; vc, vestibular chamber; XII, hypoglossal nerve (cranial nerve XII) foramina. Scale bar: 1 cm.
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of the dorsal surface of the parabasisphenoid. 
The anteroventrally directed metotic fissure is an 
anterodorsally narrow opening, which serves as the 
exit for CNs IX–XI. This opening is usually subdivided 
in non-sauropodan sauropodomorphs (Bronzati & 
Rauhut, 2017), although no evidence for more than one 
foramen is present in YPM 2192, coincident with the 
interpretation of Benton et al. (2000). This condition is 
also seen in Plateosaurus (Prieto-Márquez & Norell, 
2011) and Massospondylus (Chapelle & Choiniere, 
2018) and a Thecodontosaurus otoccipital from 
Tytherington (Ballell et al., 2020). The fenestra ovalis 
(Figs 2E, 6E, F) is anteriorly delimited by the prootic 
and posteriorly by the otoccipital. It is oval in shape, 
with an anteroventral long axis. The fenestra ovalis 
is dorsoventrally shorter but anteroposteriorly wider 
than the metotic fissure. It connected the inner ear 
with the tympanic membrane via the stapes.

The otoccipital is one of the three bones that form the 
otic capsule, containing the posterior half of the vestibule. 
This is evident on the anterodorsomedial portion of the 
bone, where a wide opening on the prootic articular 
surface shows the interior of the vestibular chamber 
(Figs 2F, 6A). A groove emerging from the posterodorsal 
portion of this cavity and a dorsal foramen within the 
supraoccipital articular surface (Fig. 6D) mark the 

passage for the posterior semicircular canal (PSC). The 
circular foramen for the LSC is present at the ventral 
apex of the prootic articular surface (Fig. 6A), lateral to 
the otoccipital vestibular cavity.

supraoccIpItal

The supraoccipital forms the posterodorsal roof of 
the endocast and the dorsal margin of the foramen 
magnum (Fig. 2). In dorsal view, the bone presents a 
median region with a pronounced sagittal crest, the 
nuchal crest (Figs 2A, D, 7D), more evident than in 
Panphagia Martínez & Alcober, 2009 (Martínez et al., 
2012) and Massospondylus (Chapelle & Choiniere, 
2018). The anterior margin of the median region of 
the supraoccipital is laterally bounded by two notches 
for the posterior exit of the vena cerebralis media, also 
named ‘vena occipitalis externa’ (Figs 2C, 7A), which are 
shallower in YPM 2192 than in Panphagia Martínez & 
Alcober, 2009 (Martínez et al., 2012) and Massospondylus 
(Chapelle & Choiniere, 2018). In Coloradisaurus, these 
notches are completely enclosed by the supraoccipital 
and become foramina (Apaldetti et al., 2014).

In anterior view, the supraoccipital is shaped like an 
arch, with lateral walls descending ventrally from the 
median region to contact the otoccipitals and prootics. 

Figure 7. Model of the supraoccipital of Thecodontosaurus antiquus, specimen YPM 2192, in anterior (A), posterior (B), 
right lateral (C), dorsal (D), ventral (E) and right ventrolateral (F) views. Abbreviations: ascp, anterior semicircular canal 
passage; boas, basioccipital articular surface; ccp, crus commune passage; er, endocranial roof; flf, floccular fossa; fm, foramen 
magnum; nc, nuchal crest; ooas, otoccipital articular surface; poas, prootic articular surface; pscp, posterior semicircular 
canal passage; soas, supraoccipital articular surface; voen, vena occipitalis externa notch. Scale bar: 1 cm.
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The lateral walls are wider posteriorly (Fig 7E), at the 
otoccipital articular surface, which means that the roof 
of the endocranial cavity widens anteriorly, marking 
the transition from medulla oblongata to cerebellum. 
At this transition point, the lateral walls present an 
anteroventrally orientated medial depression, which 
is continuous with the medial fossae of the prootics, 
representing the floccular fossae (Figs 2F, 7E, F).

The supraoccipital is the third element forming 
the labyrinth, particularly enclosing the passages 
for the ASC and PSC. The wider of these passages 
is the canal for the crus commune, which opens 
medioventrally at the junction between the otoccipital 
and prootic articular surfaces, entering the vestibular 
chamber located in these two bones (Fig. 2F). The crus 
commune canal has a dorsomedial orientation and is 
visible on the medial surface of the supraoccipital 
lateral walls (Fig. 7F) owing to preservation. At its 
dorsal end, the crus commune branches off, with the 
PSC passage continuing posterolaterally to open on 
the otoccipital articular surface (Fig. 7F), and the 
ASC passage extending anterolaterally to reach the 
anteromedial corner of the prootic articular surface 
(Fig. 7A, E).

cranIal endocast

A partial endocast representing the hindbrain of 
YPM 2192 was digitally reconstructed (Fig. 8). 
The endocast comprises the cerebellum, flocculi, 
the posteriormost portion of the pituitary, medulla 
oblongata, internal carotid arteries and assorted 
cranial nerves. The surface of the endocast is smooth 
and featureless except for the above listed anatomy. 
Much like other sauropodomorphs, there are no traces 
of vascularization along the surface of the endocast, 
indicating that the dura mater was thick enough to 
obscure the surface anatomy of the brain (Sereno 
et al., 2007).

Located posterolaterally on the cerebellum are 
large floccular lobes (Fig. 8A–C, E). The flocculi of 
YPM 2192 are qualitatively more like Saturnalia 
than like Plateosaurus and provide further evidence 
of when the reduction of sauropodomorph floccular 
lobes began. These lobes are angled posteriorly at 
150° and are one of the most noticeable features of 
the endocast owing to their size. The flocculi have a 
triangular cross-section and fill most of the vestibular 
portion of the endosseous labyrinths (Figs 8, 9). Much 
like other basal sauropodomorphs (Galton, 1985; Gow, 

Figure 8. Model of the endocast of Thecodontosaurus antiquus, specimen YPM 2192, in posterior (A), right lateral (B), left 
lateral (C), anterior (D), dorsal (E) and ventral (F) views. Abbreviations: ce, cerebellum; fl, floccular lobe; ic, internal carotid 
artery; laby, endosseous labyrinth; mo, medulla oblongata; pit, pituitary; V, trigeminal nerve (cranial nerve V); VII, facial 
nerve (cranial nerve VII); XII, hypoglossal nerve (cranial nerve XII). Scale bar: 1 cm.
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1990; Bronzati et al., 2017), the flocculi of YPM 2192 
are prominent compared with those of sauropods 
(Chatterjee & Zheng, 2002; Knoll & Schwarz-Wings, 
2009; Balanoff et al., 2010; Knoll et al., 2012; Paulina 
Carabajal, 2012; Bronzati et al., 2018a), entering 
the ASC. Prominent flocculi are lost in more derived 

Sauropodomorpha to the point that they are almost 
imperceptible in derived Sauropoda and become rare 
or cannot be detected in sauropod endocasts (Witmer 
et al., 2008; Paulina Carabajal, 2012; Knoll et al., 
2012). Dorsally, the cerebellum of Thecodontosaurus 
is constricted, forming an hourglass shape with the 

Figure 9. Model of the labyrinths of Thecodontosaurus antiquus, specimen YPM 2192. A–D, left labyrinth in lateral (A), 
anterior (B), posterior (C) and dorsal (D) views. E–H, right labyrinth in lateral (E), anterior (F), posterior (G) and dorsal (H) 
views. Abbreviations: asc, anterior semicircular canal; asca, ampulla of the anterior semicircular canal; cc, crus commune; 
ecd, endosseous cochlear duct; fv, foramen vestibuli; lsc, lateral semicircular canal; lsca, ampulla of the lateral semicircular 
canal; psc, posterior semicircular canal; ve, vestibule. Scale bar: 1 cm.
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flocculi and medulla oblongata (Fig. 8A, E). Unlike 
some more derived sauropods, YPM 2192 lacks a 
dural expansion along the dorsal cerebellum (Witmer 
et al., 2008; Knoll et al., 2012; Sues et al., 2015). The 
medulla oblongata forms a 128° pontine flexure angle 
with the rest of the cerebellum anteriorly and exits the 
braincase as a large, circular feature posteriorly.

Ventrally, the main body of the endocast has a smooth, 
rounded appearance. Cranial nerves are the only 
notable anatomy present along the ventral surface of 
the endocast. Anteriorly, the trigeminal nerve (CN V) is 
the largest of all and projects venterolaterally from both 
sides of the endocast (Fig. 8B, C). Immediately posterior 
to CN V is the foramen for the facial nerve (CN VII). 
The posteriormost cranial nerve, the hypoglossal nerve 
(CN XII), is represented by two diminutive foramina 
nearest the medulla oblongata (Fig. 8B, C). In the 
earlier interpretations of the endocast of YPM 2192, 
Benton et al. (2000: fig. 6G) depicted the abducens 
nerve (CN VI) as being located directly ventral to 
CN V, but CN VI could not be located in the CT data. 
This indicates that CN VI was not preserved well 
enough to be reconstructed or that CN VI was located 
anteroventrally to CN V and not preserved at all.

Ventral to the main body of the endocast, a partial 
cast of the pituitary is preserved (Fig. 8B–F). The total 
size of the pituitary cannot be determined, but its 
widest point is one-third the size of the anterior cross-
section of the endocast. This indicates that the complete 
pituitary was large relative to the rest of the endocast; 
a common trait among sauropods (Knoll et al., 2012). 
The ventralmost extent of the pituitary is marked by 
the laterally situated internal carotid arteries (Fig. 8F).

endosseous labyrInth

The endosseous labyrinth of Thecodontosaurus 
(Fig. 9) is generally similar in shape to those of other 
sauropodomorph dinosaurs, such as Massospondylus, 
Plateosaurus, Sarahsaurus Rowe, Sues & Reisz, 2011 
and Saturnalia (Bronzati et al., 2017; Marsh & Rowe, 
2018; Neenan et al., 2018). However, it presents a 
particularly tall aspect ratio, with its total height 
being 1.7 times greater than its width.

The ASC is by far the longest and tallest of the three 
semicircular canals (Table 1), reaching far dorsally. 
The ASC is connected to the vestibule via the ampulla 
of the ASC and extends in a gentle arc dorsomedially 
until a sharp ventral curve, where it meets the crus 
commune. The PSC, in contrast, is shorter and does not 
extend further dorsally than the crus commune, as the 
ASC does. The PSC, as in other sauropodomorphs, has 
notable sinusoidal curvature, bowing out laterally in 
dorsal view, and appears to terminate where it meets 
the LSC. However, the soft tissue structure that sits 

within the PSC, the posterior semicircular duct, would 
have continued past this point in a medioventral curve 
to meet an ampulla that cannot be seen from the 
endosseous reconstruction, as discussed by Neenan 
et al. (2018) and Evers et al. (2019). The LSC is the 
shortest and widest of the semicircular canals and 
extends from a large ampulla at the anterior portion of 
the vestibule in a gentle curve posteromedially. However, 
once it reaches the PSC, it curves more sharply, passing 
under the PSC towards the crus commune. The crus 
commune is relatively wide and rotates slightly around 
the vertical axis so that its dorsal portion faces more 
anteriorly than it does at its base.

Unusually for a sauropodomorph, the endosseous 
coch lear  duct  (ECD)  i s  we l l  preserved  in 
Thecodontosaurus. It is relatively long at 9.3 mm 
(Table 1) and has a large fenestra vestibuli at its 
dorsolateral margin. The ECD is wide but tapers 
to a relatively narrow tip. This tip curves distinctly 
laterally, in contrast to the wider main body of the 
ECD, which generally points posteroventrally.

audItory functIon

The conservative maximal hearing range and average 
hearing frequency for YPM 2192 were calculated 
to be 3089 and 1893 Hz, respectively, based on the 
cochlear duct and basicranial lengths of the cranium. 
This indicates that any inter- or intraspecific 
communication for the species occurred at ~1900 Hz 
or, maximally, less than double that for the species. 
We cannot compare these values with those for 
other basal sauropodomorphs because they have not 
been calculated; therefore, we cannot say whether 
YPM 2192 had unusual or expected hearing ability.

DISCUSSION

braIncase anatomy

Our redescription of YPM 2192, based on tomographic 
data, reveals new information about the braincase 
anatomy of T. antiquus and the early evolution 
of braincase morphology in Sauropodomorpha. 
Thecodontosaurus shares a series of traits with other 
basal sauropodomorphs, such as the presence of 
basioccipital components of the basal tubera medial 
to the parabasisphenoidal components and a concave 
basioccipital–parabasisphenoid suture in ventral view 
(Bronzati & Rauhut, 2017). A lateral unossified gap 
on the basioccipital–parabasisphenoid–otoccipital 
junction seen in YPM 2192 is also present in other basal 
sauropodomorphs (Bronzati & Rauhut, 2017), but not 
in Saturnalia (Bronzati et al., 2018b), suggesting that 
this trait might have evolved in the ancestor of the 
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clade formed by Thecodontosaurus and more derived 
sauropodomorphs.

The alignment of the cultriform process, the base of 
the basipterygoid processes and the occipital condyle 
results in a straight ventral margin of the braincase, 
similar to Efraasia (Bronzati & Rauhut, 2017) and 
Adeopapposaurus (Martínez, 2009). A ‘stepped’ 
braincase morphology is present in other taxa, such 
as Saturnalia (Bronzati et al., 2018b), Unaysaurus 
(McPhee et al., 2020) and Massospondylus (Chapelle 
& Choiniere, 2018), with a particularly pronounced 
offset of the basioccipital condyle in Plateosaurus 
(Prieto-Márquez & Norell, 2011), Coloradisaurus 
(Apaldetti et al., 2014) and Lufengosaurus (Barrett 
et al., 2005). The variability of this character among 
sauropodomorphs makes it ineffective to establish 
phylogenetic relationships and complicates the 
interpretation of the plesiomorphic condition for 
Sauropodomorpha.

Other features that characterize YPM 2192 are 
a rhomboid foramen magnum and basipterygoid 
processes forming a right angle with the cultriform 
process, the latter also seen in Adeopapposaurus 
(Martínez, 2009). The notch for the exit of vena 
occipitalis externa on the anterodorsal margin of the 
supraoccipital is remarkably shallow in YPM 2192. 
These notches become deeper in Panphagia (Martínez 
et al., 2012) and Massospondylus (Chapelle & 
Choiniere, 2018) and are completely enclosed by the 
supraoccipital in Coloradisaurus (Apaldetti et al., 
2014). As discussed by Sampson & Witmer (2007), the 
vena cerebralis media becomes the vena occipitalis 
externa when it exits the braincase posteriorly, 
either through the supraoccipital or through the 
notch at the supraoccipital–parietal suture. The vena 
cerebralis media also has an exit on the lateral wall 
of the braincase and through a distinct foramen in 
most sauropodomorphs. The foramen for this vein 
is located posterodorsal to the trigeminal foramen 
in YPM 2192 and in Efraasia (Bronzati & Rauhut, 
2017) and anterodorsal to it in sauropods, such as 
Spinophorosaurus Remes et al., 2009 (Knoll et al., 
2012) and Shunosaurus Dong, Zhou & Zhang, 1983 
(Chatterjee & Zheng, 2002). In contrast, the vena 
cerebralis media exits the braincase laterally, through 
the trigeminal foramen, in Coloradisaurus (Apaldetti 
et al., 2014; Bronzati & Rauhut, 2017).

The metotic foramen is undivided in YPM 2192, 
a condition also seen in an isolated otoccipital from 
Tytherington (Ballell et al., 2020). This feature is 
also present in Plateosaurus (Prieto-Márquez & 
Norell, 2011) and sauropods (Chatterjee & Zheng, 
2002; Knoll et al., 2012; Bronzati & Rauhut, 2017; 
Bronzati et al., 2018a), whereas in some non-
sauropodan taxa, such as Coloradisaurus (Apaldetti 

et al., 2014), Efraasia (Bronzati & Rauhut, 2017) and 
Melanorosaurus (Yates, 2007), a bony strut divides 
the metotic foramen into two openings. An undivided 
metotic fissure (e.g. in sauropods) could indicate that 
the vena cephalica posterior exited the skull through 
the foramen magnum, as seen in some crocodilians 
and lepidosaurs (Gower, 2002; Sobral et al., 2012; 
Bronzati & Rauhut, 2017).

neuroanatomy and palaeobIology of 
ThecodonTosaurus

Digital preparation of the YPM 2192 braincase has 
revealed valuable information on the neuroanatomy 
of Thecodontosaurus. A remarkable feature of the 
endocast is the presence of large floccular fossae 
that would have housed voluminous flocculi. These 
cerebellar lobes, via connections to the vestibular 
system and the eye and neck musculature, mediate 
two gaze- and head-stabilizing autonomic reflexes: the 
vestibulo-ocular reflex (VOR) and the vestibulocollic 
reflex (VCR) (Winship & Wylie, 2003; Witmer et al., 
2003; Cullen, 2012). Using sensory inputs from the 
vestibular and visual systems, the VOR stabilizes the 
eyes during head movements (Gioanni, 1988; Cullen, 
2012) and the VCR maintains head position against 
body motions (Gioanni, 1988; Goldberg & Cullen, 2011) 
by activating eye and neck muscles, respectively. By 
adjusting and stabilizing gaze during locomotion, these 
reflexes play an important role in different aspects 
of animal behaviour, such as escape, foraging and 
hunting. As a fundamental integration centre within 
the VOR and VCR pathways, it has been suggested that 
flocculus size is related to locomotor performance, with 
large flocculi reflecting enhanced agility and motion 
complexity (Witmer et al., 2003). This assumption is 
sometimes problematic, because enlargement of the 
floccular fossae can be caused by an increase in size 
of parts of the cerebellum other than the flocculus 
and is not correlated with aerial locomotion in extant 
birds (Walsh et al., 2013; Ferreira-Cardoso et al., 2017). 
However, Walsh et al. (2013) suggested that larger 
floccular fossae in flightless birds might be related to 
functional demands related to bipedal locomotion. In 
mammals, the size of the paraflocculi, which occupy 
the floccular fossae and control the VOR and VCR, is 
related to locomotory style and agility in some groups 
(Bertrand et al., 2018, 2019, 2020; Lang et al., 2018). 
Despite the lack of a clear correlation with behaviour 
and the influence of phylogeny (Ferreira-Cardoso et al., 
2017), a link between floccular fossa size and balance 
and agility can be inferred logically in specific scenarios, 
especially when inferences are complemented by 
evidence from other parts of the anatomy. In the 
context of sauropodomorph palaeobiology, floccular 
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lobe size has been associated with stance, because 
basal sauropodomorphs exhibit large flocculi (Bronzati 
et al., 2017), whereas in sauropods these are greatly 
reduced or absent (Chatterjee & Zheng, 2002; Knoll & 
Schwarz-Wings, 2009; Balanoff et al., 2010; Knoll et al., 
2012; Paulina Carabajal, 2012; Bronzati et al., 2018a), 
suggesting that this reduction could be associated 
with a switch to quadrupedality. Other interpretations 
for large flocculi in dinosaurs include predatory and 
complex social behaviours (Lautenschlager et al., 2012),  
and the former has been proposed to explain this 
condition in basal sauropodomorphs, such as 
Saturnalia (Bronzati et al., 2017).

The labyrinth of Thecodontosaurus is remarkably 
well preserved, showing large semicircular canals, 
with the anterior canal being particularly prominent. 
The size of the ASC in relationship to skull length 
and head mass is a good proxy to separate putatively 
bipedal and quadrupedal dinosaur taxa (Georgi et al., 
2013). Unfortunately, Thecodontosaurus skull material 
is not sufficiently complete to enable estimation of the 
skull dimensions (Benton et al., 2000; Ballell et al., 
2020), and thus quantitative comparisons cannot 
be made with other taxa. However, comparisons of 
labyrinth morphology with other sauropodomorphs 
(Knoll et al., 2012; Neenan et al., 2018) suggest that 
Thecodontosaurus had a relatively large ASC, as in 
other basal members of this clade.

The endocranial configuration of Thecodontosaurus, 
when interpreted together with its  general 
osteology, provides important information about the 
palaeobiology of the species. The first reconstructions 
of Thecodontosaurus showed it in a crouched, 
quadrupedal posture (von Huene, 1932), although 
recent descriptions of its appendicular skeleton 
indicate that it was a biped (Benton et al., 2000; Ballell 
et al., 2020), the generalized stance among basal 
sauropodomorphs (Carrano, 2000; Carrano et al., 2005; 
McPhee et al., 2018; Chapelle et al., 2020). In fact, its 
pelvic girdle and hindlimb show plesiomorphic features 
that indicate that Thecodontosaurus was a cursorial 
and agile dinosaur (Ballell et al., 2020), lacking 
the modifications related to the more graviportal 
locomotion of derived sauropodomorphs (Yates et al., 
2010; Kubo & Kubo, 2012; Tsai & Holliday, 2015; 
McPhee & Choiniere, 2016; Müller et al., 2018; Tsai 
et al., 2018). Although no complete skull has been found, 
maxillary and dentary teeth of Thecodontosaurus 
show straight and lanceolate crowns with coarse, 
oblique serrations (Benton et al., 2000; Ballell et al., 
2020). This morphology differs from that of Carnian 
sauropodomorphs, which have laterally compressed, 
posteriorly curved and finely serrated teeth and a 
diversity of dental features that indicate they were 
carnivores or omnivores (Sereno et al., 2013; Bronzati 
et al., 2017, 2019; Müller & Garcia, 2019). Although 

less coarsely serrated, the teeth of Thecodontosaurus 
are more similar to those of Plateosaurus and other 
basal plateosaurians (Gow et al., 1990; Prieto-
Márquez & Norell, 2011; McPhee et al., 2020; Müller, 
2020). This tooth morphology has traditionally 
been associated with herbivory, but it is currently 
accepted that these taxa engaged in facultative 
omnivory (Barrett, 2000; Barrett & Upchurch, 2007; 
Button et al., 2016). In this context, the morphology 
of the flocculi and labyrinth is additional evidence for 
bipedalism in Thecodontosaurus and suggests that it 
was an active and agile sauropodomorph capable of 
rapid head movements along with a stable gaze while 
moving. Although its tooth morphology indicates a 
predominantly herbivorous diet (Ballell et al., 2020), 
it would have benefited from its enhanced gaze 
stabilization mechanisms and cursoriality to engage 
occasionally in faunivory and hunt small prey.

Estimations of auditory capabilities in non-avian 
dinosaurs yield similar results across different 
lineages and show that hearing was specialized for 
low to middle frequencies (Gleich et al., 2005; Witmer 
et al., 2008; Evans et al., 2009; Walsh et al., 2009; 
Lautenschlager et al., 2012; Paulina-Carabajal et al., 
2016). Our calculations indicate that the auditory 
abilities of Thecodontosaurus are congruent with these 
ranges, although its hearing was adapted to slightly 
higher frequencies than in lambeosaurines (Evans 
et al., 2009) and sauropods (Witmer et al., 2008), and 
its average hearing frequency was slightly higher than 
in therizinosaurs (Lautenschlager et al., 2012) and 
close to Archaeopteryx Meyer, 1861 (Gleich et al., 2005; 
Walsh et al., 2009). Both hearing ranges were less 
than those calculated for the predatory maniraptoran, 
Velociraptor Osborn, 1924 (King et al., 2020). Although 
not remarkably different from other non-avian 
dinosaurs, the slightly higher auditory sensitivity 
and complexity of Thecodontosaurus might reveal 
peculiarities of its palaeobiology. In extant saurians, 
ECD length is correlated with social behaviour and 
vocal complexity (Walsh et al., 2009); therefore, the 
hearing frequency of Thecodontosaurus might suggest 
some degree of social aggregation. The taphonomy 
of the fissure fill localities where Thecodontosaurus 
was found is in accordance with this interpretation, 
because remains of numerous individuals of different 
sizes are found in close association (Benton et al., 
2000; Whiteside & Marshall, 2008; Ballell et al., 2020), 
although it cannot be said whether these assemblages 
represent evidence for herd living or are taphonomic. 
Small social aggregations might have been beneficial in 
the peculiar palaeoenvironmental setting of the fissure 
localities of south-western Britain, reconstructed 
as a shallow sea archipelago of small and endemic 
islands, housing a rich vertebrate fauna (Whiteside & 
Marshall, 2008; Whiteside et al., 2016).
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endocranIal evolutIon In sauropodomorphs

Sauropodomorphs underwent drastic changes in their 
biology and ecology throughout their evolution (Barrett, 
2000, 2014; Carrano, 2005; Barrett & Upchurch, 2007; 
Sander et al., 2011; Sander, 2013; Button et al., 2014, 
2016, 2017; Cabreira et al., 2016; McPhee et al., 2018). 
Modifications of their cranial and postcranial anatomy 
permitted shifts in diet (Barrett, 2000; Barrett & 
Upchurch, 2007; Button et al., 2016; Cabreira et al., 
2016; Müller et al., 2018; Bronzati et al., 2019; Müller 
& Garcia, 2019), locomotion (Carrano, 2005; McPhee 
et al., 2018; Otero et al., 2019; Chapelle et al., 2020) and 
behaviour that triggered the acquisition of gigantic body 
sizes in sauropods (Sander et al., 2011; Sander, 2013). 
Previous research has indicated that many of these 
shifts were also apparent in the shape of the endocranial 
cavity, where the endocranial soft tissue would have 
been during life (Knoll et al., 2012; Paulina Carabajal, 
2012; Bronzati et al., 2017; Neenan et al., 2018). 
Although the endocast of YPM 2192 is restricted to the 
hindbrain, there are key features that are of interest to 
the endocranial macroevolution of sauropodomorphs: 
the flocculi, endosseous labyrinths and pontine flexure.

Although the pontine flexure of YPM 2192 cannot be 
measured properly owing to the missing telencephalon, 
the hindbrain (and therefore the rest of the endocast) 

does not lie along the same plane. This is similar to 
the hindbrains of Saturnalia tupiniquim Langer, 
Abdala, Richter & Benton, 1999 and Plateosaurus 
engelhardti von Meyer, 1837 (Bronzati et al., 2017) in 
that the hindbrain makes an abrupt flexure change 
immediately posterior to the flocculi. Given that the 
pontine flexure is < ~180° in basal sauropodomorphs 
(and even in derived sauropods), this is a big change 
from the flattened, elongated brain of phytosaurs 
and non-dinosaurian archosaurs (Lautenschlager & 
Butler, 2016; Nesbitt et al., 2017), orientated all along 
the same plane, and the change occurred early on in 
the evolution of Sauropodomorpha.

The flocculi of YPM 2192 are of special interest among 
basal sauropodomorphs because of their transitional 
appearance, because flocculi are associated with agility, 
locomotion, the VOR and VCR (Hopson, 1977; Witmer 
et al., 2003; Witmer & Ridgely, 2009). Although great 
care should be taken when assuming how much the 
flocculi govern the previously mentioned cranial and 
somatic controls (Walsh et al., 2013; Ferreira-Cardoso 
et al., 2017), the reduction in floccular size between 
basal sauropodomorphs and derived sauropods is 
clear. Bronzati et al. (2017) pointed out that the 
reduction in floccular size began well before the origin 
of sauropods. The floccular lobes of T. antiquus are 

Figure 10. Evolution of endocranial morphology in Sauropodomorpha. Endocasts are in lateral view and not to scale. 
Abbreviations: asc, anterior semicircular canal; fl, floccular lobe; laby, endosseous labyrinth. The simplified phylogeny of 
Sauropodomorpha is based on the studies by Remes et al. (2009), Otero & Pol (2013), Langer et al. (2019) and McPhee et al. (2020). 
Saturnalia and Plateosaurus endocasts are from the study by Bronzati et al. (2017); Spinophorosaurus endocast is from the study 
by Knoll et al. (2012). The phylogenetic tree was edited in Itol v.5 (https://itol.embl.de). Silhouettes are from http://phylopic.org
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reduced in comparison to those of S. tupiniquim, in 
that the flocculi of YPM 2192 do not reach the crus 
commune of the labyrinths (Fig. 10). Furthermore, 
the flocculi of P. engelhardti are even more reduced 
when compared with those in T. antiquus. YPM 2192 
shows when the flocculi began their reduction within 
Sauropodomorpha (Fig. 10), ~30 Myr after the first 
unequivocal record of a sauropodomorph. However, 
note that Thecodontosaurus is an anachronistic 
holdover in its island home, showing affinities with 
late Carnian and early Norian sauropodomorphs, 
although it is Rhaetian in age (Whiteside et al., 2016).

The ASC of YPM 2192 is similar to those of other 
basal non-sauropodan sauropodomorphs and basal 
titanosauriforms in that it is enlarged when compared 
with the PSC (Knoll et al., 2012). This means that, 
in terms of balance and agility, the flocculi became 
reduced long before the ASC became more rounded 
and oblate when compared with the PSC, as observed 
in more derived eusauropods (Knoll et al., 2012). 
Unfortunately, we cannot say when the endocast and 
peripheral endosseous anatomy became reduced, 
because of the scarcity of associated braincases and 
limb elements from basal sauropods. Furthermore, 
this means we cannot determine whether the brain 
and inner ear changed at the same time or not.

To summarize, the endocast and endosseous 
labyrinths of YPM 2192 are most like those of basal 
non-sauropodan sauropodomorphs in that the flocculi 
are large when compared with sauropods, the ASC is 
elongate and is longer than the PSC, and the brain 
and cranial nerves do not all lie along the same plane. 
However, the Thecodontosaurus endocast shows that 
the transition to the sauropodan configuration, where 
the flocculi shrank and no longer contacted the internal 
wall of the braincase, began early in sauropodomorph 
evolution. Furthermore, it is clear that the brain and 
cranial nerves were changing before morphological 
changes in the canals of the inner ear.

conclusIons

Thecodontosaurus is an iconic taxon for being the 
first Triassic dinosaur ever named and occupying a 
basal position in the phylogeny of Sauropodomorpha. 
Our study presents a detailed redescription of the 
braincase and endocranial anatomy of YPM 2192 based 
on CT data. Thecodontosaurus shares with other basal 
sauropodomorphs the presence of medial components 
of the basal tubera formed by the basioccipital and a 
U-shaped basioccipital–parabasisphenoid suture. Its 
braincase is also characterized by the straight outline 
of the braincase floor, an undivided metotic foramen, 
the presence of an unossified gap, large floccular fossae, 
basipterygoid processes forming a right angle with 

the cultriform process in lateral view and a rhomboid 
foramen magnum.

The  we l l -deve loped  f l o c cu l i  and  ASC o f 
Thecodontosaurus are traits associated with enhanced 
agility and gaze and head stability, supporting other 
evidence that it was bipedal and cursorial. Its agility 
and stable gaze might also have facilitated occasional 
faunivory. Estimations of the auditory abilities of 
Thecodontosaurus, based on ECD length, give similar 
values to other non-avian dinosaurs. Its average 
hearing frequency is slightly higher than that of most 
of the taxa for which data are available, suggesting 
some degree of social complexity in this species. The 
morphology of the Thecodontosaurus endocast provides 
new information about the pattern of endocranial 
evolution in Sauropodomorpha, suggesting that a 
decrease in floccular lobe size occurred before the 
reduction of the ASC.
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