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Fossil turtles are one of the least studied clades in regard to endocranial anatomy. Recently, the use of non-invasive
technologies, such as radiographic computed tomography (CT), increased the knowledge of the neuroanatomy of several
extinct and extant taxa. Here, we provide the description of the nasal cavity, cranial endocast, and inner ear of the stem
turtle Naomichelys speciosa based on digital 3D reconstructions. This terrestrial form is characterized by a nasal cavity
with anteroposteriorly elongated vestibulum and a large cavum nasi proprium, traits typically related to terrestrial habits.
The large olfactory region of the cavum nasi proprium suggests that olfaction was probably the most important sense for
this species. Our description of N. speciosa adds novel information to the knowledge of endocranial anatomy in early
turtle evolution and provides an important foundation for future analyses and comparisons.
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Introduction

Members of Helochelydridae are large-bodied stem tur-
tles with terrestrial habits, characterized by their noticeable
dermatocranial bone ornamentation, formed by tubercles
(Fig. 1Ay, A,). Helochelydrids are present in North America
and in Europe since the Tithonian and up to the Maastrichtian
(Joyce et al. 2011). In particular, Naomichelys speciosa Hay,
1908 is the only known helochelydrid species present in North
America and it has been recognized in different localities
ranging from the Aptian to the Campanian (Joyce et al. 2011;
Joyce 2017). Hay (1908) originally named N. speciosa based
on an isolated entoplastron. Recently, Joyce et al. (2014) pro-
vided a detailed description of a complete specimen (FMNH
PR273) assigned to N. speciosa and provided some endocra-
nial descriptions based on CT-scans. However, different re-
searchers partially studied this specimen before. Hirayama et
al. (2000) illustrated the carapace of FMNH PR273. Barrett et
al. (2002) described a limb with osteoderms, and Scheyer and
Anquetin (2008) presented its shell bone histology. Recently,
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for comparative purposes, Lautenschlager et al. (2018) pre-
sented an endocranial reconstruction of N. speciosa in lateral
view. Here, we provide new anatomical information about this
species with a detailed description of its endocranial anatomy
based on a digital 3D model, which includes a partially pre-
served endocast, a right inner ear, and the nasal cavity.

The endocranial morphology in turtles is still under-
explored (see Paulina-Carabajal et al. 2017 for a detailed
history). Some neuroanatomical studies have been con-
ducted on extant turtles, but they are isolated attempts and
the taxon sampling is not yet inclusive (e.g., Bojanus 1819;
Ogushi 1913; Edinger 1929, 1934; Zangerl 1960; Gaffney
and Zangerl 1968; Wyneken 2001; Deantoni et al. 2012).
The situation is similar when extinct taxa are considered,
although this has been changing in recent years with the
use of CT-scans (e.g., Georgi 2008; Paulina-Carabajal et al.
2013a, b; Ferreira et al. 2018). The use of this non-invasive
technique for the study of the neuroanatomy in fossil rep-
tilian taxa dates back to the late 1990’s (e.g., dinosaur brain
studies by Rogers 1998; Knoll et al. 1999), but only recently
it has been used to explore the endocranial cavities (particu-
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Fig. 1. Digitally rendered skull and endocranial anatomy of helochelydrid turtle Naomichelys speciosa Hay, 1908 (FMNH PR273) from the Early
Cretaceous (Aptian/Albian) Trinity Group, Texas; in lateral (A), dorsal (B), and ventral (C) views. Surface reconstruction of the skull (A;—C)), cranial
endocast including brain, inner ear, canalis cavernosus, and nasal cavity in situ with the bone rendered semi-transparent to allow observation of internal

structures (A,—C,), isolated endocasts (A3;—Cj).

larly those occupied by brain and inner ear) of extinct turtles
(Paulina-Carabajal et al. 2013a, 2017; Lautenschlager et al.
2018; Evers and Benson 2019; Evers et al. 2019).

Our main goal was to describe in detail the endocranial
anatomy of N. speciosa, which was only preliminarily studied
so far (Paulina-Carabajal et al. 2013b; Lautenschlager et al.
2018: fig. 2). Special emphasis is devoted to the nasal cavity
due to its particularly large development in terrestrial turtles.

Institutional abbreviation—FMNH, Field Museum of Natu-
ral History, Chicago, USA.

Material and methods

Specimen FMNH PR273 of Naomichelys speciosa was
found in the Early Cretaceous (Aptian/Albian) Trinity Group
in Texas, USA. The puCT scan of the skull of Naomichelys
speciosa (FMNH PR273) was made at the Department of
Prehistory and Archeological Sciences of the University of
Tiibingen (Tiibingen, Germany) using a medical tomogra-

pher (Phoenix v|tome[x). In total, 675 slices were obtained
using a voltage of 150 kV and a current of 170 mA. The
voxel size is x = 1068 pixels and y = 1382 pixels.

Since the anteroventral region of the snout is ossified, a
complete turtle cranial endocast includes the space occupied
by the encephalic structures proper, plus most of the cast
of the nasal duct and the nasal cavity anteriorly (Paulina-
Carabajal et al. 2019).

Although the skull of N. speciosa is more or less com-
plete and preserved in 3D (Joyce et al. 2014; Fig. 1), it has
some missing regions that had been reconstructed with plas-
ter, which is clearly distinguishable from the bone in the
UCT scan. These regions include parts of the skull roof and,
therefore, the osseous correlates of the olfactory bulbs. Also
the cerebral hemispheres are not observed in the cranial en-
docast, such as the forebrain and the nasal canal connecting
the olfactory bulbs posteriorly and the nasal cavity anteri-
orly (Fig. 1A3).

Anatomical nomenclature follows Gaffney (1979) for
skull, and non-preserved soft tissue anatomy observed in
the cranial endocast follows Witmer et al. (2008).
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Descriptions and comparisons

Endocast of the nasal cavity.—The three portions of the
vertebrate nasal cavity (blue in Figs. 1, 2) (see Parsons
1959, 1970) are recognized in the endocast of Naomichelys
speciosa: the vestibulum nasi, the cavum nasi proprium,
and the ductus nasopharyngeus (Figs. 1Az, 2A;). Worth
mentioning is the clear separation of the vestibulum nasi
from the cavum nasi proprium and the relatively large
development of the former (Figs. 1A,, Aj, By, B;, 2A)).
A well-developed vestibulum nasi is associated with an
clongate nose, as in Chelus fimbriata, trionychids, and
Carettochelys insculpta (Parsons 1970). The vestibulum
nasi is also large in the extinct terrestrial meiolaniids
(Paulina-Carabajal et al. 2017), and in the extant terres-
trial Gopherus berlandieri (Paulina-Carabajal et al. 2017),
Macrochelys temminckii (Lautenschlager et al. 2018: fig. 3)
and Malacochersus tornieri (Maunter et al. 2017). Since
the external nasal gland in extant reptiles arises from the
posterior portion of the vestibulum nasi (Parsons 1970), the
large vestibulum nasi in certain extinct turtles (e.g., mei-
olaniids) could suggest the presence of an even larger ex-
ternal nasal gland than that in the extant forms mentioned
above. On the other hand, the anteroposterior elongation
of the vestibulum nasi of the nasal cavity in other extant
terrestrial reptiles (e.g., iguanids) has been correlated with
a specialization to desert life, since it limits the possibility
of sand particles entering the nose (Parsons 1959).

In Naomichelys speciosa, the endocast of the cavum
nasi proprium is subdivided—in dorsal view—into two
well-developed lobes, indicating the presence of a low me-
dian septum inside the cavity (Figs. 1B, 2A3). These lobes
are almost parallel, unlike the markedly divergent lobes in
the nasal cavity of Plesiochelys etalloni (Paulina-Carabajal
et al. 2013a: fig. 2A), or Chelonoidis chilensis (Paulina-
Carabajal et al. 2017: fig. 9A). In other studied turtles, there
is no clear separation of the cavum nasi proprium. The dor-
sal region of the cavum nasi proprium corresponds to the
olfactory region of the nasal cavity, where the sensitive ep-
ithelium is situated together with olfactory glands (Parsons
1970). As mentioned above, the external nasal gland, the
largest of the nasal glands in reptiles, lies dorsally or lat-
erally within the cavum nasi proprium but outside the car-
tilaginous nasal capsule, and these lobes may indicate the
shape and size of those glands in N. speciosa. There are no
publications regarding the osteological correlates of the soft
tissues within the cavum nasi proprium, preventing further
comparisons. Posteriorly, a marked constriction indicates
the end of the cavum nasi proprium, followed backwards
by the nasal duct/canal (for the cranial nerve I) that runs
posteriorly to reach the olfactory bulbs (which were not re-
constructed in the cranial endocasts due the damage of the
original cranial roof).

The ductus nasopharyngeus is short but relatively large
in diameter, particularly in the proximal portion (Fig. 2A,).
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Fig. 2. Cranial endocast, nasal cavity, and inner ear (plus cavum acusti-
co-jugulare, A; and blood vessels) of helochelydrid turtle Naomichelys
speciosa Hay, 1908 (FMNH PR273) from the Early Cretaceous (Aptian/
Albian) Trinity Group, Texas; in right lateral (A ), right posterolateral (A;),
dorsal (Aj), and ventral (A,) views. 1, lateral branch of the internal ca-
rotid artery; 2, anteromedial branch of the carotid artery; 3, cerebral artery;
4, 2unnamed branch of the nervi vidiani.
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Endocast of the brain.—Due to the poor preservation of
the frontals and the lack of ossification of the anterior walls
of the braincase, the cranial endocast (blue in Figs. 1-3) of
N. speciosa misses most of the forebrain (Figs. 1A,, A;, B,
C, 2). Asin all turtles, the anterior walls of the braincase are
not ossified preventing the reconstruction of cranial nerves
I-1V. The hindbrain and midbrain are disposed sub-hori-
zontally and there are no discernible optic lobes (Fig. 1B,,
Bj). This anatomy is similar to that observed in other tur-
tles (Paulina Carabajal et al. 2017 and references therein;
Ferreira et al. 2018; Lautenschlager et al. 2018), in which the
cranial endocast is mostly tubular, with poorly marked an-
gles between forebrain, midbrain, and hindbrain (Figs. 1A,,
As, 2A4, A,). The dorsal protuberance, known as “cartilag-
inous raider” (Zangerl 1960), is well-marked and triangular
in lateral view in N. speciosa. This section corresponds to
the tallest region of the cranial endocast and was probably
occupied by a cartilaginous region of the skull roof (i.e.,
taenia marginalis) and by venous sinuses, structures located
dorsally to the epiphysis (Figs. 1A,, Az, B,, B3, 2A, A»).

Cranial nerve V (trigeminal nerve) has a larger passage
in diameter, but is short and laterally oriented (Figs. 1C;,
2A,—Ay). Cranial nerve VI (abducens nerve) is small in di-
ameter and close ventrally to its counterpart at the midline
(Fig. 2A4). The passage for this nerve is anteroposteriorly
short and runs anteriorly to enter the pituitary (i.e., the pi-
tuitary fossa) posteriorly (Fig. 2A,). The pituitary is incom-
plete and its size and shape remain unknown. The root of
cranial nerve VII (facial nerve) is just anteroventral to the
inner ear in lateral view of the cranial endocast (Figs. 1C;,
2A,—Ay). This nerve has a long passage of small diameter
that projects posteroventrally reaching the canalis caverno-
sus laterally (Fig. 2A). The vidian nerve, a palatine branch
of cranial nerve VII, is recognized in the endocast (Fig. 2A,,
As, Ay) and runs through the canalis nervi vidiani, which
connects the canalis carotici interni with the canalis cav-
ernosus (Gaffney 1979). Cranial nerve VIII (statoacustic
nerve) is not observed in our uCT scan. This nerve is small
and is only observed in high-resolution uCT scans (e.g.,
Paulina-Carabajal et al. 2013a).

The medulla oblongata, which is low but anteroposte-
riorly long, has a flat ventral side in lateral view (Fig. 1A,,
As, 2A;, A,). There are three separated roots for the cranial
nerves associated to the lateroventral side of the medulla.
The posterior two passages correspond to branches of cra-
nial nerve XII (hypoglossal nerve), whereas the anterior one
corresponds to the foramen jugulare anterius for cranial
nerve X (vagus nerve), cranial nerve XI (accessory nerve),
and for the internal jugular vein (Figs. 1Bs, 2A,, Ay).

Endocast of the blood vessels.—The passages for blood
vessels, such as internal carotid sub-divisions, are not clearly
observed in our uCT-scan. Therefore, only partial sections
of these passages were reconstructed, as shown in Figs.
2A4, A4, 3. There are two branches for the internal carotid
artery that diverge just after entering the basicranium in
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Fig. 3. Detail of the cranial endocast and blood vessels of helochelydrid
turtle Naomichelys speciosa Hay, 1908 (FMNH PR273) in right latero-
ventral view. The image also includes the cavum acustico-jugulare, right
inner ear, and cranial nerves V and V1. 1, lateral branch of the internal ca-
rotid artery; 2, anteromedial branch of the carotid artery; 3, cerebral artery;
4, 2unnamed branch of the nervi vidiani. Not to scale.

the pterygoid/basisphenoid at the level of the basioccipital/
basisphenoid suture (Joyce et al. 2014). The most lateral pas-
sage (number 1 in Figs. 2A,4, 3) connects the canalis carotici
interni with the canalis cavernosus. This description and po-
sition could correspond to the canalis pro ramo nervi vidiani
(sensu Rollot et al. 2018). Another interpretation could be
that this most lateral passage could be the arteria stapedialis
(as it was interpreted for Plesiochelys etalloni by Paulina-
Carabajal et al. 2013). However, as it was noticed by several
authors, the split of the internal carotid and the stapedial
artery is extracranial, and consequently, that bifurcation
does not leave trace in bone (e.g., Albrecht 1967; Miyashita
2013). If this is the case, the interpretation of that structure
in Plesiochelys etalloni should be re-evaluated. The antero-
medial branch (number 2 in Figs. 2A,, 3) runs laterally to
the endocast of the brain and probably corresponds to the
palatine carotid artery. More anteromedially, there is a canal
running below the endocast of the brain with an anterome-
dial direction. This canal pierces the basisphenoid and exits
near the place where the pituitary fossa is. We interpret this
branch as the cerebral artery (number 3 in Figs. 2A,4, 3).
The exact location where the cerebral and palatine arteries
bifurcate cannot be reconstructed for this species due to the
preservation of this specimen. Anteriorly to the exit of cra-
nial nerve VII there is a short canal running dorso-ventrally
(number 4 in Figs. 2Ay, 3). This canal pierces the pterygoid
and connects the canalis cavernosus with the exterior of the
skull. We are not sure about the identity of this structure.
Joyce et al. (2014) identified the opening of this canal in the
ventral view of the pterygoid as the foramen pro ramo nervi
vidiani, based on previously published works (e.g., Evans
and Kemp 1975; Gaffney 1979). However, based on the
reconstruction of the nervi vidiani for Eubaena cephalica,
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this canalis would not represent the canalis pro ramo nervi
vidiani, but another, unnamed branch of the nervi vidiani
(Rollot et al. 2018; Yann Rollot personal communication
2019). More endocast reconstructions of extinct and extant
taxa will help to better understand these internal structures
in turtles.

Endocast of the cavum acustico-jugulare.—In N. speciosa,
the endocast of the cavum acustico-jugulare is well-pre-
served, mainly on the right side of the skull (Figs. 1A,, A,
B,, Bs, C,, C3y). It is a structure found in turtles (Gaffney
1979). It is an L-shaped cavity located in the posteroventral
part of the skull (Gaffney 1979) that houses vessels, nerves,
and parts of the middle ear (Gaffney 1979). The cavum acus-
tico-jugulare is located between the cavum tympani and the
cavum labyrinthicum. It is formed by the cranioquadrate
space anteriorly and the recessus scalae tympani posteri-
orly (Gaffney 1979). The cranioquadrate space is anteriorly
connected to the canalis cavernosus (Gaffney 1979) and the
dorsal region is formed by the canalis stapedio-temporalis.
The canalis stapedio-temporalis and the canalis cavernosus
are confluent lateral to the inner ear (Fig. 2A;). The cana-
lis cavernosus runs anteromedially inside the basicranium,
connecting anteriorly with the base of the endocranial cav-
ity, a situation reflected in the endocasts of both structures
(Fig. 1A3, B3, C3). Through this space, the vena capitis later-
alis would run (Gaffney 1979). The canalis stapedio-tempo-
ralis runs posterodorsally, lateral to the inner ear (Fig. 2A;,
As, Ay). It ends in a foramen on the dorsal margin of the
temporal fossa, the foramen stapedio-temporalis. The arte-
ria stapedialis runs inside this canal in life (Gaffney 1979).
The posteriormost part of the cavum acustico-jugulare is
the recessus scalae tympani (Fig. 2A,, As, A,). This space
contains cranial nerves X and XI, the jugular vein, and the
vena cerebralis posterior (Gaffney 1979).

Cast of the inner ear—The complete structures of the
inner ear are not clearly visible in our pCT-scan. The most
complete reconstruction corresponds to the vestibule and
the semicircular canals of the right inner ear (Figs. 1A,, As,
B, C,2A,, A3), lacking the lagena. The general morphology
of the inner ear is, however, a reminiscent of that in other
turtles, being triangular, and with low—and subequal in
size—anterior and posterior semicircular canals. The an-
gle formed between the anterior and posterior semicircular
canals in dorsal view is approximately 80° which is less
than the angle observed in the terrestrial meiolaniids and
some testudinids where the same angle is closer to 100°
(Paulina-Carabajal et al. 2017). In N. speciosa, the anterior
and posterior semicircular canals are shorter than the crus
communis. The top of the crus communis is flat and wide
and is not taller than the anterior and posterior semicircular
canals. Without forming a rounded loop, they descend to
reach the anterior and posterior ampulae, respectively. On
the contrary, semicircular canals taller than the crus com-
munis are present in the inner ears of the chelid Chelodina,
Pelumedusoides, Trionychidae, Cheloniidae, Emydidae, and

in the testudinid Malacochersus tornieri (Lautenschlager et
al. 2018). This is also seen in some extinct turtles (Neenan
et al. 2017). The crus communis of N. speciosa is robust
and wide, being approximately three to four times wider
than the diameter of the tube of the semicircular canals.
A similar, wide crus communis is present in other turtles
such as in testudinids (Chelonoidis chilensis, Gopherus
berlandieri, Kinixys belliana, Testudo graeca, T. her-
manni), the geomydid Rhinoclemmys funerea (Paulina-
Carabajal et al. 2017: figs. 9, 10), and Chelidae (Emydura
subglobosa, Chelodina reimanni; Lautenschlager et al.
2018: fig. 2). In other turtles like Trionychidae (Pelodiscus
sinensis), Cheloniidae (Chelonia mydas), Platysternidae
(Platysternon megacephalum), and the testudionid M. torn-
ieri (Neenan et al. 2017; Lautenschlager et al. 2018), the
crus communis is wide but not as much as in N. speciosa.
The region where the anterior semicircular canal joins the
lateral semicircular canal (anterior ampulla) is extremely
large when compared with the posterior ampulla (Fig. 2A,).
We were not able to reconstruct the lagena in N. speciosa,
although the illustration published by Lautenschlager et al.
(2018: fig. 2) shows a short lagena, similar in size to that
present in other studied turtles.

Concluding remarks

Although incomplete, the cranial endocast of Naomichelys
speciosa adds novel anatomical information to the scarce
knowledge of testudinatan’s endocast. Some paleobiological
inferences can be derived from the relative proportions of
certain regions of the brain and sense organs: this terrestrial
species is characterized by a nasal cavity with anteropos-
teriorly elongated vestibulum and a large cavum nasi pro-
prium (longer than the width of the inner ear). Both traits
are typically related to terrestrial, and even arid habitats.
In N. speciosa, the large olfactory region of the cavum nasi
proprium plus other neurocranial traits such as the small
optic lobes (which leave no impression on the walls of the
endocranial cavity) might suggest that the olfaction was
probably an important sense for this species.
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