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A B S T R A C T

Ankylosaur braincase and endocranial morphologies are poorly known. Furthermore, cranial endocasts have
been described for fewer than ten taxa so far. The complete inner ear morphology is known for only three species
– Euoplocephalus tutus, Kunbarrasaurus ieversi, and Pawpawsaurus campbelli. Here, the first cranial endocast
morphologies are presented for the Mongolian Cretaceous ankylosaurids Talarurus plicatospineus and Tarchia
teresae. The study of paleoneurological features of these Mongolian taxa adds novel anatomical information to
both species allowing the first comparison with ankylosaurids from North America. The development of a
cerebellar flocculus that leaves an impression on the vestibular eminence – floccular recess – is observed in
Euoplocephalus, Talarurus and T. teresae. Because this structure hasn't been identified in any nodosaurid so far, its
presence in ankylosaurid cranial endocasts may represent a possible synapomorphy with unknown paleobio-
logical implications.

1. Introduction

Braincase morphology is poorly known for some groups as is the
case for ankylosaurs, a clade of quadruped herbivorous ornithischians
known from the Middle Jurassic to the Upper Cretaceous (e.g., Galton,
1983; Vickaryous et al., 2004; Thompson et al., 2012). Ankylosaurs
have highly ossified skulls with cranial ornamentation that obliterates
most sutures (Vickaryous et al., 2004; Thompson et al., 2012). Because
of this, in complete ankylosaur skulls the lateral and ventral sides of the
braincase are often obscured by other skull bones, if not by sediment,
and it is unusual to find a skull that shows the internal morphology
without the aid of X-ray computed tomography (CT). Moreover, even
with CT scans, many ankylosaur skulls do not yield detailed, clean
endocranial data due the size, robustness and morphology of their
skulls. Detailed braincase descriptions have been made of several spe-
cies including the nodosaurid Pawpawsaurus campbelli (Lee, 1996;
Paulina-Carabajal et al., 2016a) and the ankylosaurids Euoplocephalus
(Vickaryous and Russell, 2003), Bissektipelta (=“Amtosaurus”,
Averianov, 2002; Parish and Barrett, 2004; Arbour and Currie, 2016),

and Talarurus plicatospineus (Tumanova, 1987). Endocranial descrip-
tions have been done based on fragmentary braincases – Pinacosaurus
granger (Tumanova, 1987, her fig. 8), Saichania chulsanensis
(Maryańska, 1977), Talarurus plicatospineus (Tumanova, 1987, her fig.
7) – whereas several cranial endocasts were studied using artificial
cranial endocasts. These digital or latex cranial endocasts are known for
nine species, including the basal ankylosaur Kunbarrasaurus ieversi
(Leahey et al., 2015), the ankylosaurid Euoplocephalus tutus (Coombs,
1978; Witmer and Ridgely, 2008; Miyashita et al., 2011), and the no-
dosaurids Cedarpelta bilbeyhallorum (Carpenter et al., 2001), Hungar-
osaurus tormai (Ősi et al., 2014), Panoplosaurus mirus (Witmer and
Ridgely, 2008), Pawpawsaurus campbelli (Paulina-Carabajal et al.,
2016a), cf. Polacanthus sp. (Norman and Faiers, 1996), Struthiosaurus
austriacus and S. transylvanicus (Pereda Suberbiola and Galton, 1994),
and an unnamed nodosaurid from Japan (Hawakaya et al., 2005).

Mongolian ankylosaurs include several species with known skulls
such as Pinacosaurus grangeri (Gilmore, 1933; =P. ninghsiensis Young,
1935), Minotaurasaurus ramachandrani (Penkalski and Tumanova,
2017, contra Arbour et al., 2014), Saichania chulsanensis (Maryańska,
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1977), Talarurus plicatospineus (Maleev, 1952), Tarchia kielanae
(Maryańska, 1977), Zaraapelta nomadis (Arbour et al., 2014) and
Tarchia teresae (Penkalski and Tumanova, 2017). However, in the par-
ticular case of ankylosaurids, the neuroanatomy is better known for
Euoplocephalus from North America (Witmer et al., 2008; Miyashita
et al., 2011). In this paper, the braincase morphology and paleoneur-
ology of the Mongolian taxa Talarurus plicatospineus and Tarchia teresae
is described and analyzed using CT scans. The study of paleoneur-
ological features of these Mongolian taxa adds novel anatomical in-
formation to both species allowing the first comparison with ankylo-
saurids and nodosaurids from North America.

2. Materials and methods

The specimens in the present study were recovered by the Korea-
Mongolia International Dinosaur Expedition (2007–2008), and were
prepared at the Hwaseong City laboratory and the Korea Institute of
Geoscience and Mineral Resources (KIGAM). The skull of Talarurus
plicatospineus (MPC-D 100/1354) was excavated from the Bayanshiree
Formation (Cenomanian-Santonian), Bayanshiree locality of the eastern
Gobi (GPS: 44° 16′31.56″ N, 109° 54′3.78″ E) (Fig. 1). Although most of
the right side of the skull is missing by breakage, the braincase region is
practically complete, although it shows some degree of diagenetic de-
formation that causes the endocranial structures not to be symme-
trically located in the digital reconstruction (Fig. 2). The skull of Tarchia
teresae (MPC-D 100/1353; Fig. 2) was excavated from Hermiin Tsav
locality from the southern Gobi (GPS: 43° 28′4.32″ N, 99° 53′28.86″ E)
(Fig. 1). It was found, associated with a partial fibula of Tarbosaurus, in
a yellow greyish-brown sandstone layer of Lower Maastrichtian age
corresponding to the Nemegt Formation (Eberth, in press). The com-
plete skull shows diagnostic features of Tarchia teresae such as unfused
quadrate and paroccipital process, and bifurcated opening for CNs
IX–XII (Penkalski and Tumanova, 2017). The braincase is undistorted
except for large anteroposterior fractures on the left and right sides,
which displaced the basicranium few millimeters from the lateral walls
(Fig. 3). The taxonomy followed in this paper for the identification of
the skull of Tarchia is that of Penkalski and Tumanova (2017).

Both specimens were CT scanned using an industrial X-ray

tomographer made in the KIGAM facilities. A set of 402 slices was made
for Talarurus and two sets of slices (one including the complete length
of the skull and another focused on the braincase region) were made for
T. teresae (728 and 339 slices respectively). The slices were taken at
0.5 mm intervals, using a voltage of 215.0 kV and current of 300 μA;
the Field of View is of 56.05 cm. The thicknesses of the skull bones
obscured small neurovascular passages and most of the semicircular
canals of the inner ear. The CT scans of T. teresae have some “noise” on
the dorsal surface of the skull roof. This was produced by the sum of
millimetric vertical oscillation movements during the rotation of the
skull over its main axis during CT scanning, and does not affect the
observation of the endocranial cavity.

For comparison purposes, CT images of the North American nodo-
saurid Panoplosaurus (=Edmontonia, ROM 1215) were downloaded
from the Witmerlab webpage at http://www.ohio.edu/people/
witmerl/DinoSinuses_main.htm#CT%20scan%20data.

Segmentations were made using the software Materialise Mimics
18.0 (Materialise Inc., Leuven, Belgium), and final illustrations for
publication were made using Adobe Photoshop (CS3).

Institutional abbreviations: FWMSH, Fort Worth Museum of Science
and History, Fort Worth; KIGAM, Korea Institute of Geoscience and
Mineral Resources; MPC, Institute of Paleontology and Geology,
Mongolian Academy of Sciences, Ulaanbaatar, Mongolia; ROM, Royal
Ontario Museum, Toronto, Canada; USNM, National Museum of
Natural History, Smithsonian Institution, Washington, USA; YPM, Yale
Peabody Museum, New Haven, USA; ZPAL, Palaeozoological Institute,
Polish Academy of Sciences, Warsaw.

3. Results

3.1. Neuroanatomy of Talarurus plicatospineus

3.1.1. General braincase morphology and neurovascular foramina
The braincase of Talarurus was digitally isolated from the other skull

bones to observe the lateral walls and cranial foramina (Fig. 4). The
occipital condyle is kidney-shaped in posterior view and projects pos-
teroventrally. The neck of the occipital condyle is short and the ventral
margin is smooth, unlike the keeled margin in T. tresae. Lateral to the

Fig. 1. Location map indicating the prove-
nance localities of the skulls of Talarurus
(MPC-D 100/1354) and Tarchia teresae
(MPC-D 100/1353).
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occipital condyle there are two foramina. The most posterior foramen is
oval and is subdivided internally into two foramina for branches of
cranial nerve (CN) XII, which merge distally before exiting the brain-
case (Figs. 4B, 5). The larger middle foramen corresponds to a recess in
which open the metotic foramen (for CNs IX–XI) anteriorly, and a
foramen for a separate anterior branch of CN XII posteriorly (Fig. 4B).
The most anterior foramen is a probable small fenestra ovalis, at the
base of the paroccipital process and anteroventral to the metotic
foramen (Fig. 4B). The internal extent of the columellar recess is not
observed in the CT scan (neither the inner ear), which makes it im-
possible to identify the later as the fenestra ovalis. Kurzanov and
Tumanova (1978) suggested that the fenestra ovalis and the metotic
foramen are separated ventrally by an incomplete crista interfenestralis
in Talarurus, but this trait is not observed in the specimen under study.

The basisphenoid forms most of the basicranium, which is low but
robust. Endocranially, there is no medullar eminence and the dorsum
sellae is low and projects slightly dorsally. The foramen for the cerebral
branch of the internal carotid artery is large and slit-like, and opens
onto the lateral side of the basisphenoid (Fig. 4B). The ventral portion
of the internal carotid foramen is continuous with a groove that extends
anteroventrally initially but then converges ventromedially with its
counterpart between both basipterygoid processes (Fig. 4). These
grooves are probably left by the median common carotid artery and the
paired internal carotid arteries, as described for crocodiles (Porter et al.,
2016). The foramen for CN VI is small and opens anterodorsal to the

internal carotid artery foramen.
The laterosphenoid forms a small protuberance where it contacts

the epipterygoid (which is fused to the lateral wall of the braincase, but
was removed digitally in Fig. 4) close to the laterosphenoid-frontal
contact. The postorbital process of the laterosphenoid is a transverse
ridge of bone that distally becomes a dorsoventrally compressed ex-
pansion attached to the ventral side of the frontal. Cranial nerves V and
VII exit the braincase separately but through foramina inside a single
recess, which is irregular in shape (Fig. 4B). The foramen for CN VII is
smaller, and pierces the prootic, whereas the anterior margin of the
recess is probably formed by the laterosphenoid as in most dinosaurs
(Currie, 1997). All the branches of CN V leave the endocranial cavity
though the same passage. The orbitocerebral vein pierces the latero-
sphenoid dorsal to CN V near to the contact with the frontal bone
(Fig. 4B). This suggests that the laterosphenoid extends slightly anterior
and dorsal to the orbitosphenoids, which are in turn displaced ante-
roventrally, where they contact each other at the midline.

The foramen for CN II is large and is positioned anterior to CN V,
probably enclosed by the orbitosphenoid. Each foramen is separate
from its counterpart by ossified interorbital septum and ethmoidal
elements. Separate cranial foramina for nerves III and IV can neither be
observed in the braincase nor in the CT scans, suggesting that those
nerves exit the endocranial cavity together with CN II. In front of the
orbitosphenoids, the olfactory tracts and bulbs are enclosed by ossified
ethmoidal elements. Sutures are not visible and neither is the foramen

Fig. 2. Photographs of the skull of Talarurus (MPC-D
100/1354) in ventral (A), dorsal (B), lateral (C), pos-
terior (D) and anterior (E) views. Abbreviations: fm,
foramen magnum; mx, maxilla, na, narina; oc, occi-
pital condyle; or, orbit; pmx, premaxilla; prot, protu-
berance; pv; q, quadrate; sn, snout; sr, skull roof. Scale
bar = 5 cm.

A. Paulina-Carabajal et al. Palaeogeography, Palaeoclimatology, Palaeoecology xxx (xxxx) xxx–xxx

3



for CN I, which opens anteriorly within the nasal cavity.

3.1.2. Cranial endocast
The general morphology of the endocast of T. plicatospineus is re-

miniscent of those of Euoplocephalus (Miyashita et al., 2011) and T.
teresae, with the forebrain, midbrain, and hindbrain forming a

sigmoidal shape in lateral view (with poorly marked angles), laterally
expanded cerebral hemispheres (Fig. 5), and large pituitary. The dorsal
longitudinal sinus forms a small pointy dorsal expansion (=dural
peak).

The outstanding features of the forebrain include the olfactory tract
(olfactory bulbs are not reconstructed because they did not leave an

Fig. 3. Photographs of the skull of Tarchia teresae
(MPC-D 100/1353) in ventral (A), dorsal (B), lateral
(C), posterior (D) and anterior (E) views.
Abbreviations: idem Fig. 1. Scale bar = 5 cm.

Fig. 4. Digital reconstruction (left) and line drawing (right) of the braincase of Talarurus (MPC-D 100/1354) in left lateral view. Abbreviations: bo, basioccipital; bs, basisphenoid; bt,
basal tuber; btp, basipterygoid process; eo, exoccipital; eth, ethmoidal elements; ic, cerebral branch of the internal carotid artery; fo, fenestra ovalis; gr, groove for internal carotid artery;
ls, laterosphenoid; met, metotic foramen (for CNs IX–XI and internal jugular vein); ocv, orbitocerebral vein; op, opisthotic; pro, prootic; II-XII, cranial nerves. The arrow indicates the
groove for ic. Scale bar = 25 mm.
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impression on the ventral side of the frontals), the cerebral hemi-
spheres, optic nerves (CN II), and the pituitary body. The cerebral
hemispheres are not particularly large but are well differentiated lat-
erally. The widest part of the endocast corresponds to the transverse
section across the cerebral hemispheres. However, it is not markedly
wider than the medullar region of the endocast, indicating that the
cerebral hemispheres are not large when compared to other or-
nithischians such as hadrosaurids (e.g., Evans et al., 2009). The midline
separation between the cerebral hemispheres is not visible indicating
that the dura mater was thick and/or that there was a well-developed
dorsal longitudinal sagittal sinus (Evans, 2006; Witmer et al., 2008).

The olfactory tract projects anteriorly in front of the cerebral hemi-
spheres close to the midline; the olfactory bulbs are not visible. Cranial
nerve II has large passages (probably used by CNs III and IV as well)
that extend slightly anterolaterally from the ventral side of the en-
docast. The passages diverge anteriorly from the midline near to the
infundibular stalk (Fig. 5B,C). The pituitary body is elongate and des-
cends from the ventral surface of the endocast. Although the in-
fundibular stalk projects ventrally, the pituitary body is inclined slightly
posteroventrally. The distal end of the pituitary is continuous to the
laterally projected passages for the cerebral branch of the internal
carotid artery (Fig. 5C). There are no visible mesencephalic (midbrain)
structures in the endocast (e.g. optic lobes and cranial nerves III and
IV). As mentioned, a single large passage near the infundibular stalk
region may represent the exit for cranial nerves II–IV.

The visible features of the hindbrain in the cranial endocast include
the cerebellum, medulla oblongata and cranial nerves V–XII. In T. pli-
catospineus, the medulla oblongata is anteroposteriorly long and its
ventral surface is smooth (Fig. 5B,C). The floccular process of the cer-
ebellum is poorly observed in the CT scans of this specimen. However,
the recess in the endocranial cavity that hosted the flocculus (the
floccular recess) was described in the braincase of another specimen
–although not recognized as this structure by Tumanova (1987, her fig.
7D), who said that “there is a dorsoposterior inclined depression on the
endocranial wall that terminates blindly that may have had no con-
nection with the membraneous labyrinth”. Clearly, this “blind depres-
sion” on the anterior surface of the vestibular eminence corresponds to
the floccular recess. The root of CN V is large and extends laterally
(Fig. 5B). The passage for CN VII has a smaller diameter and extends
parallel and slightly posterodorsal to the passage for CN V, to exit
dorsally within the same recess (Fig. 5B, C). The root of CN VI is po-
sitioned anteroventral to CN V and lateral to the infundibulum
(Fig. 5B). Its passage has a sigmoidal curvature, extending ante-
roventrally first and then anterolaterally to exit through a small
foramen located ventral to CN II in the anterior section of the braincase
(Fig. 4B). The metotic passage (for CNs IX–XI and internal jugular vein)
is large and confluent distally with the anterior branch of CN XII, as in
Euoplocephalus (Miyashita et al., 2011) (Fig. 5C). The CT scans of T.
plicatospineus show that the two posterior branches of CN XII leave the
endocranial cavity through two passages that merge distally to exit –
separately – lateral to the occipital condyle within a single recess
(Fig. 4B).

3.2. Neuroanatomy of Tarchia teresae

3.2.1. Braincase and neurovascular foramina
The braincase of T. teresae was digitally isolated from the other skull

bones to allow the observation of the lateral side and its cranial for-
amina (Fig. 6). The elements forming the lateral wall of the braincase –
orbitosphenoid, laterosphenoid, prootic and opisthotic – are fused and
no clear sutures are observed, as in other ankylosaurs. Although the
basicranium is anteroposteriorly longer than high, the braincase in
general is anteroposteriorly short and low (as long as tall), and the
basicranium represents 45% of the total height (Fig. 6B). The exocci-
pital forms the lateral margins of the foramen magnum and the dor-
solateral portions of the occipital condyle. The foramen magnum is oval
and taller than wide (Fig. 3D). Dorsolateral to the foramen magnum,
the exoccipital protuberances are large, oval and strongly defined, un-
like the poorly developed protuberances in Saichania. Each of the pro-
tuberances overhangs two horizontal grooves (4 mm in diameter) that
extend laterally from the foramen magnum and become diffuse at the
base of the paroccipital process (Fig. 3D). There is only one groove
below the protuberance in Saichania, and the grooves are absent in T.
plicatospineus (Fig. 2D). Kurzanov and Tumanova (1978) described
these grooves as the first pair of spinal nerves; however, they more
likely correspond to impressions left by vascular extensions of the
dorsal longitudinal venous sinus (e.g., the “caudal head vein” in Porter

Fig. 5. Digital reconstruction of the cranial endocast of Talarurus (MPC-D 100/1354) in
dorsal (A), left lateral (B) and lateroventral (C) views. Abbreviations: cer, cerebral
hemisphere; de, dorsal expansion; ic, internal carotid artery; med, medulla oblongata;
met, metotic passage (for CNs IX–XI); ocv, orbitocerebral vein; ot, olfactory tract; pit,
pituitary; II-XII, cranial nerves. Scale bar = 10 mm.
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et al., 2016). In T. teresae, the occipital condyle is hemispherical in
posterior view, and inclined slightly posteroventrally. The ventral
border of the condyle is keeled and bears an oval blind pit (Fig. 6A,D).

Lateral to the occipital condyle, there are two large cranial foramina
(Fig. 6E,G). The most posterior foramen is subcircular and is completely
enclosed by the exoccipital, corresponding to the exit of the posterior
branches of CN XII. The anterior larger and irregular in shape foramen
is a three-lobed opening that corresponds to the external opening for at

least two –maybe three– passages that merge distally before exiting the
braincase (Fig. 6G). Within this recess the posteroventral foramen
corresponds to an anterior branch of CN XII, whereas the dorsal and
larger foramen corresponds to the metotic foramen (CNs IX–XI)
(Fig. 6G). A possible anterior foramen may represent a separate passage
(it is not observed in the CT scans) for the columella or a neurovascular
element (a separate CN IX or a blood vessel). Tumanova (1987) sug-
gested that the metotic foramen converged with the fenestra ovalis in T.

Fig. 6. Digital reconstruction (A–C,G) and line drawings (D–F) of the braincase of Tarchia teresae (MPC-D 100/1353) in ventral (A,D), left lateral (B,E) and lateroventral (C,F) views.
Detail of posterior cranial foramina (D) showing the subdivisions within the larger foramen for CN XII (posteroventral), CNs IX–XI (dorsal) and possible fenestra ovalis (anterior).
Abbreviations: bt, basal tuber; btp, basipterygoid process; crp, crista prootica; ct, crista tuberalis; cul, cultriform process; eo-p, exoccipital protuberance; fo, fenestra ovalis; gr, groove; ic,
cerebral branch of internal carotid artery; met, metotic foramen (for CNs IX–XI); oc, occipital condyle; orb, orbit; sp., sphenoid artery; I–XII, cranial nerves. Scale = 25 mm and 10 mm in
G.
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teresae, although there are no illustrations of the external exit of these
structures. In MPC–D 100/1353, there is a shallow recess ventral to the
paroccipital process, in which there is a small oval opening. It is not
possible to observe in the CT scans the columellar passage (though
which runs the columella to reach the fenestra ovalis) and the location
of the fenestra ovalis remains doubtful (Fig. 6F).

Cranial nerves V and VII both open separately within the same large
and irregular teardrop-shaped recess, bounded probably by the prootic
posteriorly and the laterosphenoid anteriorly (Fig. 6C,F). Within the
recess, the ventral and larger foramen corresponds to CN V, whereas the
smaller posterior foramen is CN VII.

There are only two small foramina for CNs II–VI, located ante-
rodorsal to CN V and facing anteriorly reason why they are not ob-
served in lateral view (Fig. 6C,F). The most anterior foramen corre-
sponds to CN II, whereas the posterior one corresponds probably to CNs
III and IV. The orbitocerebral vein was identified in the CT scans, but
the external foramen on the braincase is difficult to observe. Based on
the orientation of the proximal section of the passage, its position is
dorsal to CN II (Fig. 7).

Basal tubera and basipterygoid processes are robust and short pro-
tuberances projected ventrally from the basicranium. The basicranial
box, delimited between basipterygoid processes anteriorly and basal
tubera posteriorly, is transversely wider than its anteroposterior length
(Fig. 6A). The cerebral branch of the internal carotid artery enters the
basicranium through a large slit-like foramen (15 mm maximum dia-
meter) located dorsal to the basipterygoid process (Fig. 6B,E). In lateral
view of the braincase, the crista prootica is a low vertical ridge dorsal to
the basipterygoid process. It extends from the posterodorsal margin of
cranial nerve (CN) V (trigeminal) to the posterodorsal corner of the
internal carotid artery foramen (Fig. 6B). The small foramen ante-
roventral to CN V leads into the pituitary fossa and probably corre-
sponds to the sphenoid artery (Baumel and Witmer, 1993). The ventral
area of the basisphenoid between the basal tubera and the basipter-
ygoid processes bears deep grooves and furrows left probably by blood
vessels, as in T. plicatospineus.

As in other ankylosaurs, the ethmoidal elements (sphenethmoids
and mesethmoid, Ali et al., 2008) in T. teresae are ossified. They enclose

the olfactory tracts and the olfactory bulbs, which do not leave clear
impressions on the ventral side of the frontals. The passage for the ol-
factory tract (indicated as CN I in the figures) is large and oval, de-
limited by the ossified ethmoidal elements lateroventrally and by the
frontals dorsally (Fig. 6C,F). In T. teresae, the ethmoidal elements are
anteroposteriorly short and transversely wide. Ventral to the postorbital
process of the laterosphenoid, the rod-like epipterygoid firmly contacts
and is fused to the lateral surface of the laterosphenoid. The ridge
formed by the laterosphenoid and the epipterygoid bar is continuous
ventrally with the crista prootica. In T. teresae, this ridge separates the
foramen for CN V posteriorly and the foramina for CNs II and III
anteriorly (Fig. 6C).

3.2.2. Cranial endocast
The general morphology of the cranial endocast of T. teresae is more

similar to that of Euoplocephalus (Miyashita et al., 2011) than Talarurus,
being tall and robust. The forebrain, midbrain, and hindbrain form a
gentle sigmoidal shape in lateral view (Fig. 7B). The dorsal longitudinal
sinus is developed enough to obscure the dorsal morphology of the
brain. However, it does not form a marked dorsal expansion. In turn,
the lateral venous sinus developed dorsal to the passage of the metotic
foramen form large prominences.

The visible structures of the forebrain in the endocast correspond to
the olfactory bulbs and olfactory tracts, cerebral hemispheres, pituitary
and CN II. The olfactory tract is remarkably short. The olfactory bulbs
are not reconstructed in the digital cranial endocast because they did
not leave distinct impressions on the ventral sides of the frontals
(Fig. 7C). The widest transverse section of the endocast corresponds to
the cerebral hemispheres, which are neither particularly large nor well
developed laterally (Fig. 7C). Lateroventral to each cerebral hemi-
sphere, there is a small and long vascular passage for the orbitocerebral
vein, as observed in the ankylosaurids Euoplocephalus (Miyashita et al.,
2011) and Talarurus (Figs. 5C, 7). As mentioned, the exit foramen for
this blood vessel is not observed in the digital braincase, but is probably
positioned high on the laterosphenoid near to the contact with the
frontal (Fig. 7). The pituitary is large and projects from the ventral
surface of the endocast. The infundibular stalk is transversely wide and

Fig. 7. Digital reconstruction of the braincase cranial en-
docast of Tarchia teresae (MPC-D 100/1353) in lateral (A,B)
and dorsal (C) views. In the left figure, the bone is rendered
semitransparent to allow observation of the endocranial
cavity. Abbreviations: bt, basal tuber; btp, basipterygoid
process; cer, cerebral hemisphere; de, dorsal expansion;
floc, floccular process; ic, cerebral branch of the internal
carotid artery; lvs, lateral venous sinus; oc, occipital con-
dyle; ocv, orbitocerebral vein; ot, olfactory tract; pit, pi-
tuitary; sp., sphenoid artery; I–XII, cranial nerves.
Scale = 25 mm.
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projects slightly anteroventrally. The pituitary is slightly compressed
anteroposteriorly. The distal end of the pituitary is continuous laterally
with the large passages for the internal carotid arteries. Both the pi-
tuitary and the carotid arteries form a straight, bar-shaped structure
because the passages form an angle of 180° between each other. The
root of CN II is located anterodorsal to the infundibular stalk. The
passage for this nerve is short and extends laterally and slightly ven-
trally.

The visible mesencephalic (midbrain) structures in the cranial en-
docast consist of CNs III and IV. There is a single passage anterodorsal
to CN V (Fig. 7B). It probably corresponds to both CNs III and IV, as in
Euoplocephalus (Miyashita et al., 2011, their fig. 7A).

The visible features of the hindbrain region of the endocast include
the region occupied by the cerebellum, the medulla oblongata and CNs
V–XII. The dorsal expansion corresponds to the cast of the sagittal
longitudinal venous sinus developed dorsal to the hindbrain and mid-
brain and is not well expanded dorsally (Fig. 7). The floccular process of
the cerebellum is a well-defined pyramidal projection on the lateral side
of the endocast, posterodorsal to the roots of CNs V–VII and clearly
associated to the transverse venous sinus developed dorsal to the tri-
geminal nerve. The large root of CN V is positioned posterodorsal to the
base of the infundibulum. The passage for this nerve projects later-
oventrally to exit the braincase through a large foramen posterodorsal
to the internal carotid foramen. The passage for CN VII has a smaller
diameter and extends dorsal and very close to the passage of CN V. Both
nerves exit the braincase through separate foramina, although both
openings are within a single recess. Only the roots of CN VI were re-
constructed because the small passages are not seen in the CT scans. In
Talarurus, this nerve exits the braincase through a small foramen
anteroventral to CN V, which would have been the case in T. teresae as
well. Cranial nerve VIII is not observed in the CT scans. The roots of CNs
IX–XI merge into a single passage that extends laterally to exit the
braincase through the metotic foramen (Fig. 7). In turn, the metotic
foramen opens within a larger recess together with the foramen of the
anterior branch of CN XII (Fig. 7B). The large root of the metotic pas-
sage merges dorsally with a vertical ridge on the lateral side of the
endocast that represents a well-developed lateral vascular venous sinus.
Cranial Nerve XII has three separate branches – two posterior ones (the
most posterior one is only reconstructed at its base on the right side)
and one anterior one that leaves the endocranial cavity through a
foramen that merges distally with the metotic foramen (Figs. 6G, 7B).
The posterior branches exit the braincase through a single external
foramen lateral to the occipital condyle.

3.2.3. Inner ear
The inner ear of T. teresae is only partially visible in the CT scans.

The visible sections correspond mainly to the distal region of the lagena
and fragments of the three semicircular canals (Fig. 8). The three
semicircular canals are robust, and the preserved regions suggest that
they were approximately oval. The angle formed between the anterior

and posterior semicircular canals is approximately 90° in dorsal view
(Fig. 8B). The lagena is cylindrical and markedly long, with a slightly
broaden distal end. When compared with those of most dinosaurs the
lagena in T. teresae is markedly long, as also described for Eu-
oplocephalus (Miyashita et al., 2011).

4. Ankylosaurid braincase and neuroanatomy

4.1. General braincase morphology

Braincase characters in general are not used in dinosaur phylo-
genies, although preliminary work showed that this set of characters is
not as conservative as initially thought (Rauhut, 2007; Paulina-
Carabajal, 2009). In this sense, endocranial characters are used or
tested even less. Although the sample of ankylosaur taxa studied is still
too poor to be analyzed statistically, the new information on ankylo-
saurid braincases adds anatomical data, with potential use in de-
termining the taxonomy and phylogeny of the group. The braincase and
endocranial variability between ankylosaurids and nodosaurids is
poorly understood, which is also true among ankylosaurids (Figs. 9,
10).

All ankylosaurs have robust and low braincases and low and mas-
sive basicrania. There is a complete lack of pneumatic cavities such as
subcondylar recess, basisphenoid recess and subsellar recess. Overall,
the ankylosaur basicrania are even more conservative than in most
dinosaurs, showing highly low variability except for few examples (e.g.
in most ankylosaurs the exoccipital participates on the occipital con-
dyle, whereas in others (e.g., Sauropelta, YPM 5529) the condyle is
formed only by the basioccipital). Interestingly, ankylosaurs have os-
sified ethmoidal elements, which remain unossified in most saurischian
dinosaurs (Vickaryous et al., 2004; Ali et al., 2008; Paulina-Carabajal
and Currie, 2012), although they are commonly found in different
groups of ornithischians (identified as “presphenoid”; ‘sphenethmoi-
d’ = “accessory ossification” in Maryańska, 1977), including ha-
drosaurs (e.g., Horner, 1992; Evans et al., 2009), stegosaurs (Galton,
1988), and ceratopsians (Forster, 1996). The lack of sutures however,
prevents further comparisons within the clade.

The number and relative positions of cranial foramina are also
variable, except for few nervovascular foramina which size and position
are characteristic of most ankylosaur taxa (e.g., the internal carotid
artery foramen is markedly large and opens on the lateral side of the
basisphenoid); internally the internal carotid passage extends trans-
versely to enter the pituitary fossa laterally rather than posteroventrally
- which is the situation observed in most dinosaurs-, all the branches of
the trigeminal nerve leave the endocranial cavity through a single, large
foramen (except in Saichania, see below). There is a tendency to the
reduction of the number of foramina for those cranial nerves that exit
the braincase anterior to the trigeminal nerve (CN V), and for CNs
IX–XII (see discussion about this issue in Averianov, 2002) (Fig. 9). This
is probably related to a particular arrangement of the muscular

Fig. 8. Cranial endocast and partial digital reconstruction of the
inner ear of Tarchia teresae (MPC-D 100/1353) in left lateral (A)
and dorsal (B) views. The brain is also included in the figure to
facilitate the interpretation of the incomplete structures.
Abbreviations: asc, anterior semicircular canal; lag, lagena; lsc,
lateral semicircular canal; psc, posterior semicircular canal; scc,
semicircular canals. Scale bar = 10 mm.
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attachments and pneumaticity surrounding the braincase, and the
pathways of the nerves and blood vessels once they exit the braincase
that remain restricted to certain areas. The number of posterior external
foramina (CNs IX–XII) in the Mongolian species is variable – there are
two external foramina for CNs IX–XII in T. teresae and Pinacosaurus
(Maryańska, 1977), three external foramina in Talarurus (four, in
Marianska 1977), and only a single foramen in Saichania (Maryańska,
1977; Tumanova, 1987; Averianov, 2002). Regarding CN XII, there are
three separate branches emerging from three external foramina in the
ankylosaurid Bissektipelta (Averianov, 2002), and there are two for-
amina in Sauropelta (YPM 5529); whereas most nodosaurids have a
single foramen for the branches (e.g., Edmontonia, ROM 1215, USNM v
011868; Hungarosaurus, Ősi et al. (2014); and Pawpawsaurus,
FWMSH93B.00026). Three separate branches for CN XII, from which
the two posterior ones merge to exit through a single foramen, whereas
the anterior passage merges distally with the metotic passage, are
present Euoplocephalus (Miyashita et al., 2011), Talarurus and T. teresae
(a possible branch is observed in the left side of the cranial endocast of
Pawpawsaurus, Paulina-Carabajal et al., 2016a). Because the number of
external openings on the braincase does not necessarily reflect the
number of passages used by the cranial nerves to leave the endocranial

cavity, the number of external cranial nerve openings should be used
carefully as a state of character.

4.2. Cranial endocast morphologies among ankylosaurs and neurosensorial
capabilities

Endocranial morphology is conservative in the ankylosaur taxa
studied, which are characterized by a short forebrain with markedly
short olfactory tracts and small olfactory bulbs, poorly marked cephalic
and pontine flexures, and a large pituitary that projects mostly ventrally
(except in Kumbarrasaurus, which has a relatively smaller and poster-
oventrally oriented pituitary, more similar to the condition observed in
most dinosaurs) (Fig. 10). The nodosaurid cranial endocast is relatively
more sigmoidal in lateral view than that of an ankylosaurid, this
probably related to the head-neck position. In turn, the ventral side of
the medulla oblongata is mostly flat in ankylosaurids (Fig. 10A–C), but
convex in most nodosaurids (is flat in Struthiosaurus YPM 57173), this
probably related to the presence of larger ventral longitudinal venous
sinuses (Witmer et al., 2008) in the latter group (Fig. 10E–I). Also,
larger dorsal expansions or dural peaks –a structure that responds to the
degree of development of the dorsal longitudinal sinus– are observed in

Fig. 9. North American nodosaurid braincases in left
lateral view, detailed regions with cranial neurovas-
cular foramina. A) Sauropelta edwarsi, YPM 5529,
photograph (left) and line drawing (right); B,C)
Panoplosaurus (=Edmontonia), ROM 1215, photo-
graph of posterior cranial foramina and digital re-
construction of the braincase showing neurovascular
foramina; D), Paleoscincus rugodensis, USNM V011868,
photograph of posterior cranial foramina; E),
Pawpawsaurus campbelli, FWMSH93B.00026, digital
reconstruction of the braincase (image flipped hor-
izontally). Abbreviations: bo, basioccipital; bs, basi-
sphenoid; bt, basal tuber; btp, basipterygoid process;
ct, crista tuberalis (probably a real crista inter-
fenestralis); fm, foramen magnum; fo, fenestra ovalis;
ic, foramen for the cerebral branch of the internal
carotid artery; ls, laterosphenoid; met, metotic
foramen (for CNs IX–XI); oc, occipital condyle; pro,
prootic. Not to scale.
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nodosaurids (Fig. 10E–I). In comparison, the basal ankylosaur Kunbar-
rasaurus (Leahey et al., 2015, their fig. 10A) and ankylosaurids have
relatively smaller dorsal expansions (Fig. 10A–C). Ősi et al. (2014)
discuss the implications of a well-developed “cerebellum” in European
nodosaurids and the implications for locomotion. However, the en-
larged cerebella described for Hungarosaurus and Struthiosaurus corre-
spond more likely to an enlargement of the endocranial cavity due the
presence of an expanded dorsal longitudinal venous sinus.

The presence of the flocculus of the cerebellum seems to be char-
acteristic of ankylosaurids, and has not been described in any known
nodosaurid cranial endocast so far. The floccular process was previously
identified in the cranial endocast of Euoplocephalus (Miyashita et al.,
2011) and the floccular recess (its osteological correlate) in the en-
docranial cavity of Talarurus (Maryańska, 1977), and now in T. teresae.
In each of these cases, the soft structure was large enough to leave an
impression on the anterior wall of the vestibular eminence. These
structures are relatively large for non-theropod dinosaurs such as
sauropods. However, the paleobiological implications of the develop-
ment of the flocculus in quadrupedal extinct reptiles remain unknown.
Within saurischian dinosaurs, floccular processes are present in ther-
opod cranial endocasts and in few non-titanosaurid sauropodomorphs
(Janensch, 1935–1936; Sereno et al., 2007; Knoll and Schwarz-Wings,
2009; Paulina-Carabajal et al., 2016b). Because the flocculus is larger in
flying reptiles it was initially correlated with more complex coordina-
tion needed during the flight (Witmer et al., 2003). More recent studies
indicated that the sizes and function of the flocculus are related to
capabilities for gaze stabilization (Walsh et al., 2013). Because of this,
the presence of floccular process in ankylosaurids was interpreted as a
greater capability for active head movements than nodosaurids because
the swinging actions of heavy tail clubs may require greater control to
balance the body (Paulina-Carabajal et al., 2016a). Although a more
recent work based on extant mammals and birds indicates that the size

of the floccular recess is not a reliable proxy of behavior in vertebrates
(Ferreira-Cardozo et al., 2017), the presence of the floccular recess in
the three ankylosaurids and its absence in the six nodosaurids (see
Miyashita et al., 2011; Ősi et al., 2014; Paulina-Carabajal et al., 2016a)
suggest that may be a useful anatomical trait to differentiate –if not the
paleoneurologies or the paleobiologies – the endocranial morphologies
of the two families of ankylosaurs.

The complete morphology of the inner ear is only known for a few
number of ankylosaur species (Euoplocephalus, Kunbarrasaurus,
Pawpawsaurus, and partially in Tarchia), and all taxa seem to have ro-
bust and low semicircular canals. The length of the lagena, however, is
variable between the groups, being markedly elongate in
Euoplocephalus, Tarchia teresae, and probably Talarurus, suggesting that
this is a particular characteristic for the family. The nodosaurid inner
ear morphology is poorly known, and Pawpawsaurus is the only taxon in
which it has been completely reconstructed and described so far
(Paulina-Carabajal et al., 2016a), being conical and short, as in most
dinosaurs. The basal ankylosaur Kunbarrasaurus has probably also a
short lagena (Leahey et al., 2015, their fig. 10). There are no dinosaurs
with such long lagena as observed in the mentioned ankylosaurids,
suggesting that hearing (mostly in the lower range of frequencies) was
an important sense for this group (Miyashita et al., 2011). Although
based on an extremely small sample of braincases, this suggests that
ankylosaurids may have had a wider range of sound perception within
the clade. Because animals are adapted to produce sounds that can be
heard by their own species (e.g., Witmer and Ridgely, 2008; Miyashita
et al., 2011), the different sizes of the lagena within ankylosaurs may
respond to different capabilities of sound production and sound per-
ception within the two families.

Fig. 10. Ankylosaur cranial endocasts in left lateral view. A) Talarurus; B) T. teresae; C) Euoplocephalus; D) Kunbarrasaurus; E) Panoplosaurus; F) Pawpawsaurus (flipped horizontally); G) cf.
Polacanthus; H) Struthiosaurus transilvanicus and I) Hungarosaurus. Abbreviations: cer, cerebral hemisphere; de, dorsal expansion; dhv, dorsal head vein; fm, foramen magnum; ic, cerebral
branch of the internal carotid artery; met, metotic passage (for CNs IX–XI); ob, olfactory bulb; ocv, orbitocerebral vein; ot, olfactory tract; pit, pituitary; rmcv, rostral middle cerebral vein;
sp., sphenoid artery; II–XII, cranial nerves. (C,D, redrawn from Leahey et al., 2015; F, redrawn from Paulina-Carabajal et al., 2016a; G–I, redrawn from Ősi et al., 2014). Not to scale.
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5. Conclusions

During the past decade, the use of CT scans has revealed not only
the details of internal traits – such as the brain and paleoneurology of
certain groups of dinosaurs – but also allowed the virtual extraction of
braincases from articulated skulls, providing significant anatomical
information. The general morphology of the ankylosaur braincase is
conservative within the group. The braincase is robust and low with
ossified ethmoidal elements and an apneumatic basicranium. The Asian
ankylosaurids exhibit variation in the following characters: shape of the
paroccipital process, shape of foramen magnum, shape and orientation
of the occipital condyle, presence/absence of keeled ventral margin on
the condyle, presence of transverse grooves lateral to the foramen
magnum and below the exoccipital protuberance, and the number of
cranial nervovascular foramina. This number of foramina is variable,
except for the presence of a large opening for the cerebral internal
carotid artery and a large single trigeminal foramen. There is a ten-
dency for the reduction of the number of anterior cranial foramina (CNs
II–IV may exit the braincase through a single foramen), as well as the
posterior ones (e.g., three, two or one foramen for CN XII).

The endocranial morphology is conservative but shows some degree
of variation between Ankylosauridae and Nodosauridae. The en-
docranial casts of Ankylosauridae and Nodosauridae show some dif-
ferences including the angles between the forebrain, midbrain, and
hindbrain, which tend to be less marked in ankylosaurids than in no-
dosaurids. The dorsal longitudinal venous sinuses, is relatively greater
in nodosaurids than in ankylosaurids. The presence of the flocculus and
an elongate lagena in ankylosaurid taxa suggest that this group may
have had better development of gaze stabilization and the ability to
hear a greater range of sound frequencies respectively. However, there
are no isolated endocranial traits that can be used to distinguish be-
tween species so far.
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