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Introduction

Early Permian mesosaurs are considered as the first known reptiles having returned to an
aquatic lifestyle (Bardet et al., 2014). Later, during the Mesozoic era, numerous clades of
reptiles underwent a spectacular return to an aquatic life, colonizing most marine environments
(e.g., Houssaye, 2009; Bardet et al.,, 2014). These taxa were highly diversified, both
systematically, morphologically and ecologically. At least seven clades have formed the major
component of Mesozoic marine ecosystems (Benson and Butler, 2011a). They are ichthyosaurs,
sauropterygians and thalattosaurs, exclusively marine and only known from the Mesozoic,
whereas chelonians, crocodyliforms, rhynchocephalians and squamates included marine

representatives at only some periods of their evolutionary history (Bardet et al., 2014).

Marine reptiles show a great diversity in size, ranging from 20 cm to 21 m in total length
(Houssaye, 2009; Nicholls and Manabe, 2004). Most of these taxa were carnivorous, their diet
might include osteichthyans, chondrychthyans, invertebrates, other marine reptiles (Motani,
2009), however, some ‘“herbivorous” forms have been also reported (e.g., von Huene, 1936;
Chun et al., 2016). Marine reptiles display different morphologies and explored many different
swimming styles (e.g., Massare, 1988). Generally, most taxa adapted to shallow water
environments, such as mesosaurs, exhibit a slender body, an antero-posteriorly elongated skull
with a long neck, and long limbs not modified into paddles but with a lengthening of the fingers
and a long laterally-compressed tail (Houssaye, 2009), whereas taxa adapted to a pelagic
environment, such as most of the ichthyosaurs, usually are best known for their peculiar and
unique bauplan resembling that of cetaceans or “fishes” and that includes a fusiform body
shape, an elongated snout, limbs modified into compact hydrofoils, as well as dorsal and caudal
fins essentially composed of soft-tissue (Bardet et al., 2014). Some marine reptile lineages
survived the Cretaceous-Palaeogene boundary, being known in the Cenozoic up to the present
time but most of them disappeared during the Mesozoic (Bardet et al., 2014). Nowadays,
however, compared to this Mesozoic radiation, marine reptiles are only minor components of

the marine biotas, being represented essentially by turtles and snakes (Rasmussen et al., 2011).

Among these Mesozoic marine reptiles, sauropterygians (including plesiosaurians) and

mosasauroid squamates constitute two of the major clades. During the Late Cretaceous, they



co-existed and their association has been documented in numerous sites (Vincent et al., 2013).
Because it is generally assumed that both mosasauroids and plesiosaurians represented top-
predators of these marine environments (Vincent et al., 2013), these associations question their
interactions and niche partitioning. Adaptations to the aquatic realm for both mosasauroids and
plesiosaurians have been extensively studied from the perspective of modifications of the post-
cranial skeleton (e.g., Lingham-Soliar, 1992; Nicholls and Godfrey, 1994; Caldwell, 1997
O’Keefe, 2002; Lindgren et al., 2008, 2011; Araujo et al., 2015), as well as from physiological
(i.e., diet, reproduction, locomotion, thermoregulation), micro-anatomical and histological ones
(e.g., Massare, 1987, 1988, 1994; Caldwell and Lee, 2001; Bernard et al., 2010; O’Keefe and
Chiappe, 2011; Houssaye, 2013; Bardet et al., 2015). However, although few studies have
suspected vomerolfaction and a well-developed vision from morphological evidences in both
clades (e.g., Cruickshank et al., 1991; Lingham-Soliar, 1994; Everhart, 2002; Schulp et al.,
2005), little is known about their sensorial abilities or the sensory changes accompanying their

adaptation to life and partitioning in aquatic environments.

How can the sensorial abilities of an extinct species be reconstructed? Despite the
relatively abundant fossilized remains of ancient organisms, this task is hard. The brain itself is
not preserved in fossil vertebrates (but see the study by Pradel et al., 2009 for a possible
exception), but some evidences of its maximal size and shape are available from the endocranial
surface of the cranial cavity in most groups (Walsh and Knoll, 2011). A cranial endocast does
not represent the actual morphology of the brain and brainstem only, but also the contours of
associated brain tissues in contact with the internal surface of the braincase, such as the
meninges, the blood vessels and the venous system (Witmer et al., 2008; Witmer and Ridgely,
2009). These tissues may account for significant proportions of the endocranial space (Witmer
et al., 2008; Walsh and Knoll, 2011), and the degree of brain accuracy offered by the endocasts
varies greatly between clades and over ontogeny (e.g., Jerison, 1973; Hopson, 1979; Macrini et
al., 2007; Witmer et al., 2008; George and Holliday, 2013; Hurlburt et al., 2013). However, it
is generally admitted that these endocasts may provide important information about the central
nervous system in extinct animals (Walsh and Knoll, 2011) and may be used as relevant

information about their sensory abilities and behavior (Witmer et al., 2008).



Recent advances in non-invasive imaging have increased the number of taxa for which
endocranial morphology is accessible. As a result, many studies focusing on sensory and
behavioral inferences have been published for extinct mammals (e.g., Macrini et al., 2007,
Silcox et al., 2010; Ahrens, 2014; Orihuela, 2014; Dozo and Martinez, 2016), birds (e.g., Burish
et al., 2004; Milner and Walsh, 2009; Picasso et al., 2009, 2010; Gold et al., 2016; Proffitt et
al., 2016), non-avian dinosaurs (e.g., Rogers, 1999; Brochu, 2000; Franzosa and Rowe, 2005;
Witmer et al., 2008; Knoll et al., 2012; Carabajal and Succar, 2015; Brasier et al., 2017) and
pterosaurs (e.g., Witmer et al., 2003; Eck et al., 2011; Codorniu et al., 2016).

However, such techniques have been rarely applied to Mesozoic marine reptiles. Indeed,
only few studies have been published about the endocranial anatomy of extinct turtles (e.g.,
Carabajal et al., 2013), thalattosuchians (e.g., Herrera et al., 2013; Herrera, 2015; Brusatte et
al., 2016; Pierce et al., 2017), ichthyosaurians (e.g., Marek et al., 2015; Abele, 2017), basal
sauropterygians (e.g., Neenan and Scheyer, 2012; Voeten et al., 2014). Finally, although
microtomographic studies have been performed on the inner ear of plesiosaurians and
mosasauroids (e.g., Georgi, 2008; Georgi and Sipla, 2008; Cuthbertson et al., 2015; Yi and
Norell, 2015; Neenan and Benson, 2017), the endocast of both taxa, which represent the main
co-existing clades of apex predatory marine reptiles during the Late Cretaceous, has never been

investigated through such approach, and thus used for sensory or behavioral inferences.

The reconstruction of sensory abilities and behavior in extinct species usually begins
with an examination of their phylogenetic relationships with extant ones (Rogers, 2005).
Indeed, vertebrate brains may differ in their organization (Butler and Hodos, 2005) and
comparisons between fossil taxa and their closest living relatives appear more insightful
(Rogers, 2005). In this context, the phylogenetic position of mosasauroids shows the relevance
to consider extant squamates as a comparative model, especially snakes and monitor lizards
that are regarded as their possible sister-group (e.g., Lee, 2005; Conrad, 2008; Reeder et al.,
2015) (see Chapter 2). As far as plesiosaurians are concerned, no extant directly-related species
exist (Smith, 2008), but as they are generally considered as derived diapsids more closely
related to lepidosauromorphs than to archosauromorphs (e.g., Motani et al., 1998), comparisons
with extant squamates as well as other living marine reptiles, such as sea-turtles that moreover

share a similar mode of locomotion, may also be relevant.
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To date, there is an increasing number of endocranial studies performed on extant taxa,
mainly mammals (e.g., Lyras and Van der Geer, 2003, Lefebvre et al., 2004, Macrini et al.
2007; Bienvenu et al., 2011; Racicot and Colbert, 2013; Ahrens, 2014; Danilo et al, 2015), and
birds (e.g., Kawabe et al., 2013, 2015; Carril et al., 2015; Corfield et al., 2015).

Conversely, endocranial studies are scarcer among non-avian reptiles or even
nonexistent (e.g., rhynchocephalians). Only few studies have considered the endocast of extant
crocodile (e.g., Rogers, 1999; Witmer et al., 2008; Jirak and Janacek, 2017) and both terrestrial
and marine turtles (e.g., Wyneken, 2001; Carabajal et al., 2013; Carabajal et al., in press). As
far as squamates are concerned, computed tomography has already been used for different
purposes, such as the skull morphology (e.g., Rowe et al., 1999; Bever et al., 2005; Rieppel
and Maisano, 2007; Comeaux et al., 2010), the study of the brain itself (e.g., Anderson et al.,
2000), the inner ear (e.g., Walsh et al., 2009; Boistel et al., 2011; Christensen et al., 2012; Yi
and Norell, 2015; Palci et al., 2017), the vascular network (e.g., Porter and Witmer, 2015), or
the lacrimal system (e.g., Souza et al., 2015). However, to date, only a single study has focused
on the endocast of the burrowing snake Uropeltis woodmasoni Theobald, 1876 (Olori, 2010).
Consequently, the endocranial anatomy in extant squamates remains almost unknown and much
needs to be done. In this context, snakes, which exhibit a large variability in their lifestyle
(fossorial, arboreal, marine, terrestrial, semi-aquatic), constitute an appropriate group for
comparisons with fossils studied in this work.

Based on exceptionally preserved specimens of both mosasauroids and plesiosaurians
from the Turonian outcrops of Goulmima (Southern Morocco), the aims of this PhD are: 1) to
describe for the first time the endocranial anatomy of these coeval major clades of Late
Cretaceous apex predators in order to provide clues about their sensory abilities and to interpret
them for behavioral inferences; 2) to describe - also for the first time - for a comparative
approach the endocranial anatomy of related extant squamates, mainly snakes but also varanids
and amphisbaenians in order to understand the form-function relationship associated to
endocasts and to apprehend possible phylogenetic and ecological signals; 3) As a result, to
discuss about the paleobiological and paleoecological adaptations of both mosasauroids and

plesiosaurians in order to understand their cohabitation, interactions and niche partitioning.
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The present manuscript is organized as follows:

e Chapter 1 introduces the deposit of Goulmima, Southern Morocco. It replaces the
locality in its stratigraphic and paleoenvironmental context, and paints the faunal
assemblages discovered in this area.

e Chapter 2 depicts the state of knowledge on the paleobiology, paleoecology and
systematic of both mosasauroids and plesiosaurians.

e Chapter 3 aims to define the paleoneurology and the kind of information associated to
endocasts.

e Chapter 4 introduces the material analyzed and the methodology used for endocranial
reconstructions.

e Chapter 5 corresponds to the endocranial study performed on snakes. It provides
evidences that snake endocasts reflect both phylogenetic and ecologic signals.

e Chapter 6 is a preliminary study that aims to introduce the endocranial anatomy of
both varanids and amphisbaenians in order to consider the possible signal associated to
the structure.

e Chapter 7 present the endocranial anatomy of the mosasauroid Tethysaurus nopcsai.

e Chapter 8 consist in the anatomical descriptions and identifications of the
plesiosaurian skulls studied during this PhD Thesis.

e Chapter 9 presents the plesiosaurian endocranial antomy through the reconstructions
performed for three specimens.

e Chapter 10 presents the paleoecological reconstruction of the Early Turonian (Late
Cretaceous) marine reptile assemblage of Goulmima, Southern Morocco.
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Chapter 1

Mosasauroidea (Squamata) and Plesiosauria
(Sauropterygia): Phylogenetical context,
paleobiology and paleoecology
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Mosasauroidea and Plesiosauria constitute two extinct reptile clades that underwent a
spectacular radiation in the aquatic realm during the Mesozoic era (Fig. 1.1). Both clades exhibit
different adaptations to an aquatic lifestyle and represent major components, as top-predators,
of the marine Mesozoic ecosystems (Bardet et al., 2014). The aim of this section is to report the
state of knowledge relative to both mosasauroids and plesiosaurians. For this, their phylogenetic

contexts, paleobiologies and paleoecologies are considered.
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Fig. 1.1. Schematic phylogenetic relationships of Mesozoic marine reptiles. Blue color

indicates the presence of marine representatives for each clade (from Bardet et al., 2014).

1.1. Mosasauroidea (Squamata)

Mosasauroids invaded the marine realm, and freshwater habitats (e.g., Makadi et al., 2012), at
the beginning of the Late Cretaceous (Cenomanian, 98 Ma) and became extinct at the end of
the Maastrichtian (66 Ma). Their remains have been recovered from all continents (Polcyn et
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al., 2014) and across a wide range of latitudes, from near the Arctic (Lindgren and Siverson,
2002) to the Antarctic (Martin, 2006; Fernandez and Gasparini, 2012).

Since Camper (1800), mosasauroids are universally regarded as squamate reptiles,
however, their affinities within other squamates remain questioned and the phylogenetic
position of these marine predators has been the subject of an animated scientific debate for
centuries. Camper (1800) and Cuvier (1808) were the first scientists to consider mosasauroids
as closely related to the living monitor lizards (Varanidae), and this single hypothesis persisted
for more than 150 years (e.g., Baur, 1890; Camp, 1923; McDowell and Bogert, 1954). However,
since 1869, Cope has recognised several points of similarity between mosasaurs and snakes,
leading him to introduce the order Pythonomorpha to include all mosasaur taxa known at that
time and snakes (Cope, 1869). Cope argued for a systematic relationship between mosasaurs
and snakes based on common traits in their lower jaws, including a free mandibular symphysis
and a straight vertical splenial-angular joint, allowing a large gape to facilitate feeding on large
preys (Cope, 1869, 1872). Based on similarities in tooth eruption patterns between mosasaurs
and snakes, Lee (1997a, b) corroborated that snakes and mosasaurs are derived from a common
ancestor characterized by recumbent replacement teeth (Lee, 1997a). Lee (1997b) redefined the
clade Pythonomorpha as the most recent common ancestor of mosasauroids and snakes, and all
its descendants; and several phylogenetic studies based on morphology (Fig. 1.2A) supported
this clade (Lee and Caldwell, 1998; Caldwell, 1999; Lee and Caldwell, 2000; Pierce and
Caldwell, 2004; Reeder et al., 2015). Conversely, several studies continue to regarded
mosasauroids as sister group of varanoids (e.g., Carroll and DeBraga, 1992; DeBraga and
Caroll, 1993; Zaher and Rieppel, 1999; Rieppel and Zaher, 20003, b, 2001; Schulp et al., 2005;
Liu et al., 2016, see Fig. 1.2B).

The descriptions of several fossil hind-limbed snakes were supportive of a marine snake
origin and thus to mosasaur-snake affinities (e.g., Caldwell and Lee, 1997; Scanlon et al., 1999;
Lee, 2005; Palci and Caldwell, 2007; Lee et al., 2016; Palci et al., 2017). However, the ecology
of snake origin remains highly debated and several studies favouring a burrowing snake
ancestor placed snakes as the sister group to an (Amphisbaenia, Dibamidae) clade, and thus not
as the sister group of mosasauroids, which is rather nested within Varanoidea (e.g., Vidal and
Hedges, 2004; Conrad, 2008; Longrich et al., 2012; Hsiang et al., 2015; Martill et al., 2015; Yi
and Norell, 2015; Liu et al., 2016).
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Fig. 1.2. Hypotheses of squamates interrelationships illustrating: (A) Mosasauroids and snakes
included among Pythonomorpha (modified from Palci and Caldwell, 2007); (B) Mosasauroids
placed within VVaranoidea and snakes as the sister group to an (Amphisbaenia, Dibamidae) clade
(modified from Zaher, 1998 and Rieppel and Zaher, 2000a).

Although the phylogenetic relationships among this clade are still debated (e.g., Bell
and Polcyn, 2005; Caldwell and Palci, 2007; Dutchak and Caldwell, 2009; Palci et al., 2013),
the term Mosasauroidea, introduced by Camp (1923), is now defined as including
Aigialosauridae and Mosasauridae (e.g., Bell, 1997; Lee, 1997a, b; Bardet et al., 2008; Simdes
et al., 2017). These Late Cretaceous marine squamates display three main morphotypes along
their evolutionary history that illustrate steps in their gradual adaptation to increasing open-sea
habitats (e.g., Bell and Polcyn, 2005; Caldwell and Palci, 2007; Bardet et al., 2008). The most
basal mosasauroids present plesiopedal (i.e., plesiomorphical “terrestrial-like”) limbs (Fig.
1.3A), with elongated propodials generally occupying more than one-half of the limb length,
non-expanded mesopodials and short cylindrical epipodials (Bell and Polcyn, 2005). They also

display a plesiopelvic anatomy (i.e., typical squamate pelvic girdle in which the ilium is
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anchored to the vertebral column via sacral ribs) and their tail is slightly modified for swimming
(Fig. 1.3A). These small forms (less than 2 meters long) were living in shallow water and are
were probably poorly active swimmers (Houssaye, 2013; Bardet et al., 2014). Plesiopedal and
hydropelvic mosasauroids for their part had terrestrial-like limbs but no sacrum, no posterior
superior iliac process and a highly developed anterior superior iliac process (Caldwell and Palci,
2007). These taxa are medium-sized forms (from 3 to 6 meters long) and are considered as more
active swimmers than the plesiopelvic forms but still not efficient pelagic swimmers (Houssaye
et al., 2013; Bardet et al., 2014). Finally, hydropedal and hydropelvic mosasauroids (Fig. 1.3B)
display limbs significantly shortened modified as flippers, and no sacrum. These latter forms
present limbs highly optimized for marine life and extensive modification of the tail for
underwater propulsion (Bell and Polcyn, 2005). It is important to note that these categories

defined here refer to ecological grades (Dutchak, 2005) and have no phylogenetic significance.

Fig. 1.3. Skeletal reconstructions of (A) the plesiopedal and plesiopelvic mosasauroid
Komensaurus carrolli and of (B) the hydropedal and hydropelvic mosasauroid Clidastes
sternbergi (modified from Caldwell et al., 1995). Not to scale.

Several studies on tooth morphology, jaw function and stomach contents demonstrated
a cosmopolitan diet within mosasauroids including invertebrates, osteichthyans,
chondrychthyans, birds, turtles and even other marine reptiles such as plesiosaurians or other
mosasauroids (e.g., Dollo, 1887; Williston, 1899; Sternberg, 1922; Camp, 1942; Bjork, 1981,
Martin and Bjork, 1987; Bell and Martin, 1995; Mulder, 2003; Schulp, 2005; Bardet et al.,

2015). Although the breeding ecology of mosasauroids has remained speculative for decades,
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discoveries provided evidence supporting mosasauroid viviparity (e.g., Caldwell and Lee,
2001; Field et al., 2015). In addition, histological evidences have shown that mosasauroids had
a high growth rate (e.g., Houssaye and Bardet, 2012; Houssaye et al., 2013), which is in
accordance with the geochemical ones obtained by Bernard et al. (2010) who suggested that
hydropelvic mosasauroids might have been partially homeothermic (i.e., stable internal body
temperature regardless of external influence). Based on dental isotopic data, they indeed
estimated that these taxa exhibited high body temperatures (between 35+2°C and 39+2°C:
Bernard et al., 2010). However, these values were lowered by Motani (2010), who suggested
that hydropelvic mosasauroids might have been gigantothermic (i.e., able to maintain elevated
body temperature by virtue of large body size and possibly insulation), hypothesis supported
by Houssaye (2013). Finally, the recognition of decompression syndrome-related pathology (in
the form of avascular necrosis) revealed that some mosasauroids were capable to realize deep,
prolonged, or repetitive diving (Rothschild and Martin, 2005).

Little information exists about the sensory abilities in mosasauroids and those that exist
are contradictory. Based on the large size of the orbits and the narrow aperture of the
vomeronasal organ found in some specimens, Lingham-Soliar (1995) and Polcyn (2010)
suggested that vision in mosasauroids was more important than olfaction. This hypothesis has
been corroborated by evidences of binocular vision in some mosasauroid species (e.g.,
halisaurines: Konishi et al., 2016) and possible adaptations to an underwater vision through the
presence and shape of sclerotic rings (Yamashita et al., 2015). Conversely, the presence of
paired fenestrae in the palate associated with the vomers, as well as the presence of pterygoid
teeth led Schulp et al. (2005) to suggest that mosasauroids had a forked tongue, indicating a

well-developed vomeronasal chemoreception.

1.2. Plesiosauria (Sauropterygia)

Plesiosaurians represent one of the longest-persisting groups of Mesozoic marine reptiles,
ranging stratigraphically from the Late Triassic to the latest Cretaceous (e.g., Sennikov and
Arkhangelsky, 2010; Benson et al., 2012; Vincent et al., 2013). Plesiosaurians went extinct
during the Cretaceous—Paleogene biotic crisis (Gasparini et al., 2003a; Vincent et al., 2011).

However, during the Late Cretaceous, they had a worldwide distribution, including high-
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latitude seas surrounding Antarctica (Gasparini et al., 2003b; Novas et al., 2015) and were very
diversified (Vincent et al., 2011).

Plesiosaurians are part of the Sauropterygia (Fig. 1.4), with the nothosaurs,
pachypleurosaurs, and placodonts (e.g., Neenan et al., 2013). All these taxa are characterized
by the presence of a single pair of temporal fenestrae at the rear of the skull (i.e., euryapsid), a
condition shared with ichthyosaurs and opposed to the two pairs of temporal fenestrae found in
most other diapsids. The Euryapsida clade is variously considered a monophyletic taxon within
diapsids (e.g., Caldwell, 1997), or a polyphyletic assemblage (Mdller, 2003). In addition, the

exact relationships within and among sauropterygian groups are still debated (Neenan et al.,

2013).
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Fig. 1.4. Possible phylogenetic relationships among Sauropterygia (modified from Neenan et
al., 2013); (a) Placodontiformes, (b) Placodontia, (c) Cyamodontoidea, (d) Eosauropterygia,

(e) Pistosauroidea, (f) Nothosauroidea, (g) Pachypleurosauria.
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The term Plesiosauria was erected by De Blainville (1835) and has since maintained
taxonomic validity. Its monophyly is considered well established in the literature (e.g., Storrs,
1991; O’Keefe, 2001, 2004, 2006; Druckenmiller and Russell, 2008b); however, the process of
finding a stable and well-supported phylogeny of Plesiosauria is still in “its early stages”
(Ketchum and Benson, 2010). O’Keefe (2001, 2004) published the first major analysis of
Plesiosauria, incorporating 166 characters and 34 taxa sampled across a wide stratigraphical
and morphological range of variation. However, these results called into question longstanding
assumptions of higher-level relationships within the clade, including the validity and definition
of the two traditional clades, Plesiosauroidea and Pliosauroidea (e.g., O’Keefe, 2001;
Druckenmiller and Russell, 2008b; Ketchum and Benson, 2010). Although all existing
plesiosaurian classifications split the order Plesiosauria into two clades, there is no consensus
regarding species-level relationships within certain clades, such as Elasmosauridae (Sato, 2002;
O’Keefe, 2004; Gropmann, 2007; Druckenmiller and Russell, 2008b; Ketchum and Benson,
2010), Pliosauridac (O’Keefe, 2004; Druckenmiller and Russell, 2008b), and
Rhomaleosauridae (O’Keefe, 2004; Smith and Dyke, 2008; Ketchum and Benson, 2010) or
even between clades, such as Polycotylidae for which the systematic position remains
controversial as the group is related either to the pliosauroids (e.g., Persson, 1963; Adams,
1997; Smith and Dyke, 2008) or to the plesiosauroids (e.g., Williston, 1903; Carpenter, 1996,
1997; O’Keefe, 2004),

Plesiosaurians possess an unusual body plan with a short and stiff trunk, a short tail and
four enlarged hydrofoil-shaped propulsive flippers for swimming (e.g., Massare, 1994;
O’Keefe, 2002; Rieppel et al., 2002; Motani, 2009; Carpenter et al., 2010; Bardet et al., 2014).
Two body plans, pending on the proportions between head size and neck length, are variably
found among plesiosaurians and evolved independently in different clades (e.g., Carpenter,
1997, O’Keffe, 2002; O’Keefe and Carrano, 2005). Although it exists a large range of
intermediate morphologies between these body plans, a long neck and a small head characterize
the plesiosauromorph morphotype (Fig. 1.5A), whereas pliosauromorphs present a short neck
and a large head (Fig. 1.5B).
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Fig. 1.5. Morphotype examples through the plesiosauromorph Hydrotherosaurus alexandrae
(A) and the pliosauromorph Liopleurodon ferox (B). Modified from Welles (1943) and O’Keefe
(2002). Not to scale.

All plesiosaurians were obligatory aquatic animals (Rieppel, 2000). The fossil record
shows that during the Jurassic and Cretaceous, they were abundant in marine and marginal
marine deposits (Benson et al., 2013), but also present in freshwater (e.g., Russell, 1931; Sato
et al., 2003; Kear, 2006; Benson et al., 2013). The pattern of locomotion employed by
plesiosaurians has been debated for a long time (e.g., Watson, 1924; Robinson, 1975; Chatterjee
and Small, 1989; O’Keefe, 2001; Carpenter et al., 2010; Muscutt et al., 2017). Nowadays, it is
admitted that plesiosaurians used a mix involving antero-posterior rowing movements for the
posterior limbs while anterior limbs performed an “underwater flight” defined by dorso-ventral
movements (Carpenter et al. 2010; Liu et al., 2015; Muscutt et al., 2017). Thus, plesiosaurians
were possibly forelimb-dominated swimmers using their hind limbs mainly for maneuverability
and stability (Liu et al., 2015) and synchronized or nearly synchronized movements to reach
higher speed with less effort (Carpenter et al., 2010). The consensus is that pliosauromorphs
were specialized for manoeuvrability and pursuit, whereas plesiosauromorphs were specialized
for cruising at low to intermediate speeds and able to cover long distances (Carpenter et al.,
2010). Their diverse morphologies and locomotor abilities suggest the colonization of
numerous feeding guilds (Bardet et al., 2014). Most are presumed to have been piscivorous

(Massare, 1987), remains of bony fishes having been observed in stomach contents (Cope,
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1871; Brown, 1904; Patterson, 1975; Storrs, 1995), but also cephalopod jaw elements and
hooklets (e.g., Tarlo, 1959; Sato and Tanabe, 1998). In addition, tooth marks on isolated bones
indicate that some large pliosauromorphs preyed upon other reptiles (Clark and Etches, 1992)
and some plesiosauromorphs were specialised predators of invertebrates dwelling on marine
sediments (e.g., elasmsoaurid: McHenry et al., 2005). Recent studies showed that plesiosaurians
were viviparous with a K-selected reproduction strategy suggesting social behaviour and
maternal care (O’Keefe and Chiappe, 2011), able to regulate their body temperature
independently of the surrounding water temperature (Bernard et al., 2010), capable to realize
deep, prolonged, and/or repetitive diving (Rothschild and Storrs, 2003), and to migrate, at least
occasionally, over long distances (Vincent et al., 2017).

Few information has been revealed about the sensory abilities of plesiosaurians.
Andrews (1913) suggested that their large orbits and their sclerotic plates indicate that
plesiosaurians were primarily visual hunters with a possible binocular vision (e.g., Shuler, 1950;
Forrest, 2000). Conversely, the postero-dorsal position of external nostrils of plesiosaurians
related to the internal nares led Cruickshank et al. (1991) to suspect adaptation for underwater
olfaction (but see Buchy et al., 2006). More recently, the foramina on the dorsal and lateral
surfaces of the snout of Pliosaurus kevani have been interpreted as a neurovascular system
involved in prey detection similar to crocodile pressure receptors or shark electroreceptors
(Foffa et al., 2014).

During Late Cretaceous, mosasauroids and plesiosaurians coexist through different
associations that illustrate possible ecological partitioning. The association between the long-
necked elasmosaurids and large mosasauroids is common in Late Cretaceous marine reptile
faunal assemblages and has been documented in numerous sites (see Vincent et al., 2013 for
details), such as Montana (Sternberg, 1915), New Mexico (Lucas et al., 1988) and Kansas
(Everhart, 2005) in North America, Jordan (Bardet and Pereda Suberbiola, 2002), Angola
(Jacobs et al., 2006) and NW Saudi Arabia (Kear et al., 2008) for Africa and Middle-East, and
Czech Republic (Kear et al., 2014) in Europe. Such an association illustrates the absence of
competition between the gracile and (probably) piscivorous Elasmosauridae and large
mosasauroids that occupied the top-predator niches.

In addition, although they remain scarce, associations of mosasaurids and polycotylids

have also been reported in North America (e.g., USA: Zangerl, 1953; Canada: Russell, 1967),
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New Zealand (Warren and Speden, 1977) and Russia (Nessov, 1995). Because it can reasonably
be assumed that some of the largest Mosasauridae and Polycotylidae occupied top-predator
niches (Vincent et al., 2013), these contrasted associations highlight marked geographical
feeding partitioning between giant marine predators in Late Cretaceous oceans. Indeed, when
such associations occur, mosasauroids appear significantly smaller than polycotylids (Vincent

et al., 2013) and may indicate that plesiosaurians this time occupied the top-predator niches.

In Goulmima (see Chapter 2), the marine reptile association including polycotylid,
elasmosaurid and pliosaurid plesiosaurians and mosasauroid squamates. Such an association is
very rare worldwide. Indeed, it includes several taxa that can potentially be considered as top-
predators. Such an association has only been reported in the Early-Middle Turonian of Kansas
(Fairport Chalk Member of the Carlile Shale) by Schumacher and Everhart (2005) and
Schumacher (2011). However, since this formation provided only indeterminate fragmentary
specimens, no study could investigate the mosasauroid and plesiosaurians cohabitation
(Mclntosh et al., 2016). In this PhD thesis, the exceptionally preserved specimens that have
permitted to define numerous well known species, provide the rare opportunity to consider the

paleoecologic significance of such a marine reptile faunal assemblage.
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Chapter 2

Goulmima, an exceptionally preserved outcrop
from the Turonian (Late Cretaceous) of Southern
Morocco
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In North Africa, early Late Cretaceous continental and marine successions widely crop out,
forming in the landscape a recognizable cliff named “Hamada” that extends SW—NE, from the
Gulf of Agadir (Morocco) to the Gulf of Gabés (Tunisia) (Choubert and Faure-Muret, 1962)
(Fig. 2.1A).

In South-eastern Morocco, these deposits are exposed on large distances in the southern
slope of the High-Atlas, the Er-Rachidia-Goulmima region, and in the Anti-Atlas zone, around
Erfoud and south to this city, in the Kem Kem region. Here, remains of vertebrate fossils have
been found in great abundance for more than 70 years, and nowadays about 80 vertebrate taxa
are known from this region (see Cavin et al., 2010 for details).

The first record of marine vertebrate remains (consisting of fish fragments) associated
with an ammonite assemblage in the early Late Cretaceous of the High-Atlas and Midelt area
was made by Dubar (1949). Over the following decades only a few vertebrate fossils from this
area were described (Cavin et al., 2010). Since the last 30 years however, local people here have
been engaged in active excavation work to collect fossils for commercial purposes (Cavin et
al., 2010). Although such practices have negative aspects (e.g., no precise information about
the geographical and stratigraphical location of fossils, as well as of the sedimentology), they
have also significantly increased the number of fossils discovered in this area and permitted in
some cases their scientific study. In parallel, new field campaigns undertaken by institutional
paleontologists, often in collaboration with local people, have permitted to recover new in situ
fossils (e.g., Cavin et al., 2010) and, more notably and interestingly, to show that most marine
reptile remains come from a single level excavated by local people and well visible in the
landscape (N. Bardet personal communication, see Fig. 2.1B).

As a result, the Turonian deposits of Goulmima represent nowadays a very rich
fossiliferous site that has yielded a very diverse marine fauna encompassing ammonites
(Kennedy et al., 2008), chondrichthyans (Underwood et al., 2009), bony fishes (Cavin, 1995,
1997, 1999, 2001; Cavin et al., 2001, 2010), as well as large marine reptiles (Bardet et al.,
2003a, b; Buchy, 2005; Buchy et al., 2005; Angst and Bardet, 2015). Some of these marine
reptiles already described (Bardet et al., 2003b; Buchy, 2005), as well as newly recovered
specimens (Allemand et al., 2017a; Allemand et al., in press), are the basement of the studies
undertaken in this PhD Thesis. This chapter aims to present the outcrop of Goulmima in order
to depict the stratigraphical and paleoenvironmental contexts in which this PhD has been

performed.
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Fig. 2.1. A, General view of the Goulmima region taken from Goulmima city, with in the

background the famous early Late Cretaceous “Hamada”, topped by the marine Turonian cliff;
B, detailed view of the main fossiliferous level excavated by local people that can be followed

in the landscape for great distances (photos by courtesy of N. Bardet).

2.1. Geographical and stratigraphical contexts

The Goulmima outcrop was named after the city on the southern slope of the Moroccan High-
Atlas (Er-Rachidia Province), around which most fossiliferous sites are located, mainly near
the villages of Tadirhourst and Asfla, in the North of Goulmima.

The early Late Cretaceous continental and marine successions mentioned above are part
of a famous series, originally defined as the “Trilogie Méso-Crétacée” by the French geologist
G. Choubert in the Anti-Atlas region of southeastern Morocco. It comprises from the base to
the top: the “Grés Infracénomaniens”, the “Marnes a gypses cénomaniennes” and the “Calcaires
cenomano-turoniens” (Choubert, 1948, Choubert et al., 1952). However, at the same time, G.
Dubar, another French geologist in charge on the geological map of this region, recognized a
similar tripartite series along the southern slope of the High-Atlas that he named differently as
such: Ifezouane, Aoufous and Akrabou Formations (Dubar, 1949). Choubert et al. (1952)
interpreted these two series as deposits of two different basins without (or with very few)
connections, justifying their different designations. Lavocat (1954) later demonstrated

connections between these two series and thus represent the same deposits
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Nowadays, there is no sedimentological or palaeogeographical arguments to consider
these series formed in the same basin as different (see Fig. 2.2A). Following Ferrandini et al.
(1985) and Ettachfini and Andreu (2004), all the early late cretaceous deposits of Southeastern
Morocco are currently defined and recognized as such, from the base to the top:

- 1) Ifezouane Formation of Dubar (“Grés Infra-cénomaniens” of Choubert, 1948),
consisting of red sandstones with crossed stratifications;

- 2) Aoufous Formation of Dubar (“Marnes a gypses cénomaniennes” of Choubert,
1948), composed of gypsum marl sandstones and green marls;

These two units, now considered as Cenomanian in age and of continental and deltaic origin,
are usually informally grouped into the classical “Continental intercalaire” of the French
authors or “Kem Kem beds” (see Sereno et al., 1996 and Cavin et al 2010 for details);

- 3) Akrabou Formation of Dubar (“Calcaires cénomano-turoniens” of Choubert, 1948),
is a massive calcareous bar that tops the series; it is of coastal passing to open marine origin,
and corresponds to the great Cenomanian—Turonian worldwide transgression (Gale, 2000). The

marine reptiles found in the Goulmima outcrop all come from this Turonian bar (Fig. 2.2B).

28



GOULMIMA

o i W g

@ Mammites Y —_are

0 50 100 150 km
—_—r

Casablanca_

TURONIAN

Akrabou

Limestone

- Claystone/

Marlstone

ALBO-CENOMANIAN
Aoufous

i Akrabou

:
S -Aoufous
A
:

;
- T

Fig. 2.2. A, Palaeogeographical location of the Goulmima (indicated by a star) area in southern
Morocco and B, probable stratigraphical range (Mammites horizon) of the fossil taxa. C,
detailed view of the two fossiliferous series observed in Goulmima (photos by courtesy of N.
Bardet). Paleogeographical map modified from Bardet et al. (2003a) and stratigraphical column
from Cavin et al. (2010).

2.2. Preservation

The fossils are usually exceptionally preserved and contained in early diagenetic calcareous
nodules (e.g., Terrab, 1996) lying horizontally in marly limestone, in association with the Lower
Turonian ammonite Mammites (see Cavin et al., 2010 for details). Depending on the size of the

taxa preserved (ammonites, “fishes”, marine reptiles), the specimens are either embedded in a
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single nodule or preserved in several adjacent ones. The size of these nodules may vary
according to specimens, the largest ones can reach one meter in diameter (N. Bardet personal
communication). The specimens can be entirely or partially enclosed in the nodules, with a
general tendency (not linked to collecting biases) of truncated appendages observable in both
“fish” and marine reptile specimens. As a result of the exposures and dissolutions associated to
the desert condition, some specimens are preserved as print only (N. Bardet personal
communication.).

These nodules can be prepared either mechanically or chemically (with formic acid) but
in many case the siliceous nodule core remain impossible to remove, preventing a complete
preparation of the specimens (Cavin et al., 2010; N. Bardet personal communication)
Ammonites are more frequent than vertebrates and preserved either within nodules, or lie free
in the marly beds (Cavin et al, 2010).

Most fossiliferous nodules are concentrated near the top of a Cenomanian—Turonian
calcareous succession (Akrabou Formation), in the Unit 4 of Ferrandini et al. (1985), previously
considered as Early Turonian in age based on the ammonite assemblage (mainly Mammites)
(Bardet et al., 2003a, b, 2008). It was later reappraised as Unit T2a of the Akrabou Formation,
Middle Turonian in age, by Ettachfini and Andreu (2004), but more recently this unit has been
re-dated from the Early Turonian (Kennedy et al., 2008).

Fig. 2.3. Examples of differential preservation found in the Goulmima fossiliferous nodules.
A, portion of a plesiosaur vertebral column partly preserved only as a print; B, Dorsal view of
the indeterminate Polycotylidae (MNHN F-GOU 14) studied in this PhD Thesis (Allemand et
al., in press), preserved in a nodule with some part dissolved and other ones obscured by the
matrix (photos by courtesy of N. Bardet).
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2.3. Paleogeographical and paleoenvironmental contexts

The Goulmima area was the center of a basin exemplifying large subsidence during the
Cenomanian—Turonian transgression (Bardet et al., 2003a, b) in a warm, humid and
intertropical climate (Lezin et al., 2010; Lebedel et al., 2013, 2015).

These deposits correspond to a deep (mid ramp/outer ramp) and open marine carbonate
platform with influences essentially from the Tethys but also from the Central Atlantic (e.g.,
Cavin et al., 2001; Ettachfini and Andreu, 2004; Bardet et al., 2008) (see Fig. 2.2A).

The redox proxies indicate dysoxic conditions in the bottom waters and a disturbed
development of planktonic foraminifera, resulting in a low paleo-productivity at the sea surface
(Lebedel et al., 2013, 2015). According to Cavin et al. (2010), the faunal assemblages of
Goulmima, isochronous with the Mammites ammonite bioevent, show small and poorly
diversified microfossil assemblages consisting mainly in buliminid foraminifera. This poorly
diversified association might indicate a possible reason for the good quality of preservation of
fishes and other vertebrates because of the lack of organisms responsible for the decay of

carcasses (Cavin et al., 2010).

2.4. Goulmima faunal assemblages

As previously developed, the Goulmima deposits have yielded a rich and diversified marine
faunal assemblage, defined by Cavin et al. (2010) as the “Goulmima assemblage”, that provides
an overview of the ecosystem associated to the locality.

The Turonian ammonite assemblage in this area is quite diversified through the
occurrence of different genus: Mammites, Romaniceras, Fagesia, Neoptychites, Choffaticeras,
Nannovascoceras, and Hoplitoides (Basse and Choubert, 1959; Kennedy et al., 2008). The
composition of the ammonite assemblage shows the predominance of Mammites (35%:
Kennedy et al., 2008) and characterizes the second bioevent, dated from the late Early Turonian,
occurring within the Akrabou Formation (Cavin et al., 2010). In addition, the occurrence of
Romaniceras ammonites in the upper part of the section may suggest a Middle Turonian age
(Cavin et al., 2010).
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Goulmima deposits also yielded a rich ichthyofauna including several families:
pycnodontids, ichthyodectids, araripichthyids, osmeroidids, pachyrhizodontids and
enchodontids (Cavin, 1999). Pycnodontids are known only from microremains (Cavin, 1999),
while other families were recorded through complete individual specimens (e.g., the
ichthyodectid Ghrisichthys bardacki, the osmeroidid Osmeroides rheris, the araripichthyid
Araripichthys corytophorus and the pachyrhizodontid Goulmimichthys arambourgi, the most
common fish from this assemblage, see Cavin, 1995, 1997) or through indeterminate specimens
sometimes preserved as gut contents (e.g., the small enchodontid, Enchodus sp., see Cavin,
1999). A simplified network of trophic relationships (see Fig 2.4) between the bony fishes of
Goulmima was performed by Cavin (1996). The presence of numerous juvenile Enchodus
suggested that the environment of deposition might have been used as a nursery ground for this
species. Micro-remains of Enchodus associated to the body cavity or coprolite in larger bony
fishes have shown that small Enchodus were preyed on by G. arambourgi and O. rheris (Cavin,
1997, 1999), which might explain the abundance of piscivorous fishes in Goulmima, in terms
of number of species and of individuals (Cavin, 1999).

Associated to the osteichthyan fauna, elasmobranchs are also present in Goulmima but
much rarer, and include moderate-sized rays: the platyrhinid (thornback) ray Tingitanius
tenuimandibulus (Claeson et al., 2013) and the ptychotrigonids Microprystis sp. and
Ptychotrigon sp. (Gale et al., 2017), as well as sharks represented by an undescribed
sclerorhynchid saw shark and the small lamniform Squalicorax sp. (Gale et al., 2017). It is most
likely that sharks in Goulmima preyed upon the different fishes located in the area (Cavin,
1996). Squalicorax, at least, may have been in competition with marine reptiles for the
consumption of large bony fishes (e.g., Everhart, 2004). This genus, with a body length between
1.5 mand 3 m, is considered as active predators, and opportunistic feeders or scavengers (e.g.,
Shimada and Cicimurri, 2005). Evidences of shark predation and/or scavenging on marine
reptiles are rather commonly recorded (e.g., Everhart, 2004); however, in Goulmima, the

possible predator-prey relationships between sharks and marine reptiles remain unknown.
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Fig. 2.4. Trophic relationships within the osteichthyan and chondrichthyan faunas of Goulmima
(modified from Cavin, 1996). The triangles and the four levels represent supposed trophic
relationships based upon size, shape and set of teeth of fishes (Cavin, 1996). Abbreviations: a,
sharks; b, b’, Ichthyodectidae sp. (b, individuals of large size; b’, individuals of middle size);
¢, Goulmimichthys arambourgi; d, Osmeroides sp.; e, Enchodus sp.; f, Pycnodont sp.; g,

indeterminate teleost; h, Araripichthys sp.

Finally, various marine reptiles were also discovered in this locality. These latter are
represented by a protostegid turtle (Cavin et al., 2010), the basal mosasauroid squamate
Tethysaurus nopcsai (Bardet et al., 2003b, 2008), and several plesiosaurian specimens
belonging to three major Cretaceous families: the elasmosaurid Libonectes morgani (specimens
SMNK-PAL 3978, SMNS 81783, and D1-8213: Buchy, 2005; Allemand et al., 2017a; Sachs
and Kear, 2017; Allemand et al. in press), the polycotylids Thililua longicolis (specimen
MNHGr.PA.11710: Bardet et al., 2003a), Manemergus anguirostris (specimen SMNK-PAL
3861: Buchy et al., 2005), and two indeterminate specimens (PM0O201.956: Ronander, 2007,
MNHN F-GOU14: Allemand et al., in press), and the pliosaurid Brachauchenius lucasi
(specimen MNHN GOU 11: Angst and Bardet, 2015).
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In addition to being exceptional for the abundance and diversity of the taxa found, the
Turonian marine deposits of the Goulmima area represent one of the very few worldwide
outcrops in which mosasauroids are preserved with several plesiosaurian taxa (e.g., Schumacher
and Everhart, 2005; Schumacher, 2011). The excellent preservation condition of the fossils here
unearthed provide the unique opportunity to study, through their endocranial anatomy, the
possible behavior of these large marine reptiles and to apprehend their interrelationships and
relative positions in the trophic food chain.
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Chapter 3

Paleoneurology and endocast
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Paleoneurology is the study of the brain and nervous system of fossil taxa (Buchholtz and
Seyfarth, 1999) and represents the interface between two broader areas, paleontology and
neurology (Sales and Schultz, 2014). Paleoneurological studies provide an indirect access to
the brain and its associated nervous system in order to make hypotheses about the behavior and
the sensorial activity of extinct species (e.g., Rogers, 2005; Witmer et al., 2008; Witmer and
Ridgely, 2009). Fossils generally lack soft tissues, so that inquiries about this area are made by
looking at the osteology of the braincase, and by looking at the cavities that in life held the brain
and other associated soft tissues. This is done from the reconstruction of endocasts. In the
strictest anatomical sense, endocasts are representations (casts) of any enclosed, three-
dimensional (3D) space. Although the term may refer to all intracranial cavities (e.g., nasal
capsule, semicircular canals and vestibule, bony sinus, neurovascular canals), it is usually
reserved for the endocranial cavity housing the brain and the associated tissues (e.g., meninges,
venous blood, arteries, cerebrospinal fluid). A standard endocast is generated at the interface
between the skeleton (typically bone or cartilage) and the soft tissue (or fluid) lying immediately
deep to it (Balanoff et al., 2015). It provides an overview of the shape and the maximal size of
the endocranial structures.

Nowadays, more and more endocranial studies are performed for various taxa with
different purposes. This chapter aims to provide a brief history of the paleoneurology and its
development through selected scientists that have impacted the topic, and to outline the

information associated to the endocast.
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3.1. Brief history of the paleoneurology

3.1.1. Paleoneurology from 1804 to 1960s

At the beginning of the 19th century, in his book entitled “Sur les especes d'animaux dont
proviennent les os fossiles répandus dans la pierre a platre des environs de Paris”, George

Cuvier wrote:

“On n'imagine guere que je sois aussi en état de donner quelques traits de
la description du cerveau d'un animal qui paroit détruit depuis tant de
siecles : un hasard heureux m'a cependant procuré cette faculté. La téte dont
je viens de parler étoit toute environnée d'un mélange de glaise et de gypse,
et c'est précisement ce qui I'avoit rendue si friable; car les os contenus dans
la marne, se brisent généralement quand on veut les en tirer, sans doute parce
que cette terre ne les a pas preserves de I'numidité, comme fait le gypse; mais
dans ce cas-ci, sa présence a été heureuse: elle s'est moulée dans la cavité du
créne, et comme cette cavité elle- méme dans I'animal vivant s'étoit moulée
sur le cerveau, la glaise nous représente nécessairement la vraie forme de
celui-ci; il étoit peu volumineux a proportion, aplati horizontalement ses
hémispheres ne montroient pas des circonvolutions mais on vovoit seulement
un enfoncement longitudinal peu profond sur chacun. Toutes les lois de
I'analogie nous autorisent a conclure que notre animal étoit fort dépourvu
d'intelligence. Il faudroit, pour que la conclusion fit anatomiquement
rigoureuse, connoitre les formes de la base du cerveau et surtout la
proportion de sa largeur avec celle de la moelle alongée; mais cette base

n'est pas bien conservée dans notre moule.” [Cuvier, 1804, p. 25]

Thus, in 1804, Cuvier provided this first description of a natural endocast of
Anoplotherium commune, an artiodactyl of the Late Palaeogene of France, from the gypsum
quarries of Montmartre (Paris). The structure dorsally exposed in a broken skull provided an

overview of the cerebral hemispheres (Fig. 3.1). Cuvier (1804) realized thus that casts of the
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brain cavity in fossil vertebrates could be informative concerning the external anatomy of the
brain (Edinger, 1962).

Fig. 3.1. Georges Cuvier (1769-1832) Portrait (engraving) source: Portrait Prints of Men and
Women of Science and Technology in the Dibner Library; and the dorsal view of the endocast
of Anoplotherium commune; illustration modified from Cuvier (1804, p. 25, Pl. XXIX,
unscaled).

Throughout the 19" century, the term endocast appears sporadically in the
paleontological literature (see Paleoneuroloy 1804-1966: An annotated Bibliography, Edinger,
1975 for details). A large part of the literature concerns the hominid endocasts; however, natural
endocasts were occasionally described and used to discuss about the “intelligence”, sensory
abilities of fossil mammals, birds and dinosaurs. During this period, Othniel Charles Marsh
(Fig. 3.2) was one of the first scientists to use endocasts for evolutionary purposes. Although
Marsh described numerous endocasts of dinosaurs and extinct birds (e.g., Marsh, 1879, 1880a,
b, 1881), his most paleoneurological contribution concerns the series of “laws” he elaborated
in 1877 from several previous studies about the endocast of extinct mammals (e.g., Marsh,
1874, 1875, 1877, 1878, 1886, 1887):
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“The earliest known Tertiary mammals all had very small brains, and in
some forms this organ was proportionally less than in certain Reptiles. There
was a gradual increase in the size of the brain during this period, and it is
interesting to find that this growth was mainly confined to the cerebral
hemispheres, or higher portion of the brain. In most groups of mammals, the
brain has gradually become more convoluted, and thus increased in quality,
as well as quantity. In some, also, the cerebellum, and olfactory lobes, the
lower parts of the brain, have even diminished in size. In the long struggle for
existence during Tertiary time, the big brains won, then as now; and the
increasing power thus gained rendered useless many structures inherited
from primitive ancestors, but no longer adapted to new conditions.” [Marsh,
1877, p. 54-55].

These various propositions expressed as “the general laws of brain growth” by Marsh
(1877) constituted the earliest attempt to recognize the role played by endocasts in
understanding the evolutionary history of the taxa. However, these laws were highly challenged
by one of the pioneers of modern paleoneurology, Johanna Gabriele Ottilie Edinger (Fig. 3.2)
(Buchholtz and Seyfarth, 2001; Franzosa, 2004). During the 1920s, Edinger’s first published
paper dealt with the description of the natural endocast of the marine reptile Nothosaurus
(Reptilia, Sauropterygia), a Triassic relative of the plesiosaurians (Edinger, 1921). This paper
is the first in a series that focused on fossil brain casts. Edinger provided endocranial
descriptions from a wide array of extinct animals, including a large volume of works on flying
vertebrates (e.g., Edinger, 1925a; 1926; 1927; 1941; 1951), marine reptiles (e.g., Edinger,
1925b, 1928), and mammals (e.g., Edinger, 1939, 1940, 1948). Additionally, Edinger provided
more generalist paleoneurological studies in order to gather together all the widely scattered
information on the topic (e.g., Edinger, 1975) and performed different studies a series of brains
along a lineage, and to study how the various parts of the brain changed from most primitive
taxa to more derived ones (e.g., Edinger, 1941, 1942, 1948, 1955). From her accumulated
experience in paleoneurology, Edinger discussed in 1962 the supposed increase of mammal
brain size during the Tertiary and the assumption that small brains were a factor of extinction

as supposed by Marsh (1877). Marsh's "laws™ were scrutinized in detail, and rejected by citing
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contradicting data from both extant and extinct taxa. Edinger demonstrated that an increase in

relative brain size is not proven through lineages (Edinger, 1962).

Fig. 3.2. Othniel Charles Marsh (1831-1899) on the left and Johanna Gabriele Ottilie ('Tilly")
Edinger (1897-1967) on the right. Source: Library of Congress Prints and Photographs
Division. Brady-Handy Photograph Collection.

3.1.2. Paleoneurology from 1960s to present

If Edinger was responsible for establishing the bases of palaeoneurology in the early 20th
century, Harry Jerison could arguably be credited for being the most important figure to make
the field evolve towards the science we know today (Walsh and Knoll, 2011). He was the first
to formulate a relationship between the body size and the brain and to use it to discuss brain
evolution and to determine whether fossil taxa, as compared to extant ones, had larger or smaller
brains than expected based on their body size. From his results, Jerison showed that “fishes”
and non-avian reptiles have smaller brains than mammals and birds of the same body size.
Jerison believed this meant birds and mammals (“higher” vertebrates) could process more
information, and were therefore more “intelligent” than “lower” vertebrates (Jerison, 1969,
1973). In the conceptualization of Jerison, the term “intelligence” correlates with cognitive

ability or other measures of “intelligence” such as innovation rate, i.e. the rate at which novel
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behaviors or techniques are acquired (Jerison, 1977), and can be gauged by a measure of
encephalization, defined as the brain size relative to the body size (Jerison, 1973). The concept
of encephalization was based on some equations that he developed plotting brain weight (in g)
against body weight (in kg) for extant “fishes”, non-avian reptiles, birds and mammals (Fig.
3.3). From these data, Jerison calculated ratios or encephalization quotients (EQ) of observed
brain weight to expected brain weight (Jerison 1973) in order to investigate whether correlations
between brain and body size exist, and determine where deviations from the baseline occur in
a variety of vertebrate taxa (Walsh and Knoll, 2011). Thus, using this method, it was possible
to estimate EQs for extinct taxa, allowing trends in brain size over time to be observed.
Jerison argued that when the encephalization quotient is greater than 1.0, it means the

brain is larger than expected for an “average” animal of the inspected animal's size and group.
Similarly, EQs lower than 1.0 implies a smaller brain than expected for an average animal of
the inspected animal's size and group (Jerison, 1973). Based on his results, he established
different conclusions (Jerison, 1985):

“(1) A basal lower vertebrate grade of encephalization evolved in the earliest

bony fishes, amphibians and reptiles and has be maintained to the present as

a steady-state or equilibrium during at least 350 million years. Since about

two-thirds of living vertebrate species are members of these three classes of

vertebrates, this basal grade is considered as the norm for vertebrates;

(2) There are variations in encephalization within the lower vertebrate

groups, the most interesting being between herbivorous and carnivorous

dinosaurs. The carnivores were apparently significantly more encephalized.

(3) The earliest fossil birds and mammals with known endocasts have evolved

to a higher grade, representing at least three or four times as much brain as

in lower vertebrate species of comparable body size. This progressive or

‘anagenetic’ evolution occurred at least 150 million years ago, and in the case

of the mammals may have begun with their reptilian ancestors at least 50

million years earlier;

(4) Within the mammals there is a good fossil record of the brain, which is

consistent with a picture of steady-states punctuated by rapid evolution to

higher grades. However, many grades of encephalization are represented in

living mammalian species, with some (opossum, hedgehog) at the same grade
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as the earliest of the mammals;

(5) Primates have always been a brainy order, perhaps doing with their
brains what many other species did by morphological specializations. The
evolution of encephalization in the primates followed rather than preceded or
even accompanied other adaptations by primates to their niches;

(6) The highest grade of encephalization is shared by humans and bottlenosed
dolphins (Tursiops truncatus). The sapient grade was attained about 200 000
years ago, but cetaceans may have reached their highest grade 18 million
years ago;

(7) Encephalization in the hominids is a phenomenon of the past three to five
million years, and its rapidity appears to have been unique in vertebrate
evolution;

(8) These results suggest two complementary conclusions. First, the long
steady states that occurred in most groups indicate that, on the whole,
encephalization was not a major element in vertebrate evolution. A particular
grade of encephalization tended to be maintained once it was achieved. On
the other hand, its appearance in many different and distantly related groups
is evidence of some Darwinian ‘fitness’ for encephalization.” [Jerison, 1985,
p. 24-25]
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Fig. 3.3. Chart showing the brain weight to body weight ratio of several extant taxa. Redrawn
based on Jerison (1969).

Applied to extinct taxa, the EQ method has shown limits that have been largely debated
(e.g., Franzosa, 2004). Indeed, the estimation of the EQ was based on different parameters, such
as body mass and brain size, which are complicated to evaluate in extinct taxa, or on
assumptions, such as that brains in non-avian reptiles only filled 50% of the cranial cavity,
which invalidate the method because incorrect. However, although the EQ analysis as put
forward by Jerison has been criticized for some of its inherent assumptions (e.g., Hopson 1979;
Hurlburt, 1996), the basic approach is still used in current research (Walsh and Knoll, 2011).

Jerison also attempted to establish the “Principle of Proper Mass”, specifically that taxa
relying more heavily on certain senses (e.g., vision) or engaging in particular activities (e.qg.,
arboreality requiring well-developed balance) will have a greater proportion of processing
power devoted to those modalities. The brain regions associated with such processing will
possess a greater number of neurons and will consequently be relatively larger (Jerison, 1973).
Thus, the relative size of specific brain regions visible on endocranial casts should be able to

provide some information about brain functionality and, hence, some information about the
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behavior and ecology of the species in question (Jerison, 1973). This principle was the basis for

investigations into behavior and sensory abilities in extinct species.

Besides the four people listed above, several other scientists studied endocasts in
varying degrees of details. Since the 1960s, it appears that paleoneurological studies are more
and more focused on evolutionary questions specific to certain taxonomic groups, rather than
address overarching problems in vertebrate brain evolution (Walsh and Knoll, 2011).
Nowadays, a high number of scientists contribute to paleoneurology and it would be difficult
to cite all authors contributing to the topic. However, it is interesting to note that vertebrates are
not equal in terms of papers describing or interpreting endocranial casts; and a quick search on
Google Scholar about endocasts reveals a marked bias towards mammal and archosauromorph

research.

3.2. Endocranial studies and associated information

Studies on individual braincase bones in multiple extinct taxa can reveal how the organization
of foramina and sutures changed through time; however, to elucidate changes occurring in the
soft tissues of the brain, the entire endocranial cavity must be examined. To date, as more and
more endocranial studies are performed for various taxa with different purposes, it seems

important to list the kind of information that such studies reveal.

3.2.1. Endocasts as brain proxies

The brain is not isolated within the endocranial cavity but shares this space with a number of
intimately associated structures (Balanoff and Bever, 2017). These structures, as well as the
volume ratio between the brain and the cranial cavity, vary between vertebrate lineages and
may have a strong impact on the endocast morphology.

The external surface of the brain and the internal surface of the bony and/or cartilaginous
endocranial cavity are not in direct contact but separated by meningeal tissues (Butler and

Hodos, 2005). These membranes are connective tissues surrounding the central nervous system
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(CNS). It is generally assumed that the primary function attributed to meninges is to protect the
CNS by forming a barrier that safeguards the sensitive organs against trauma (e.g., Decimo et
al., 2012). They also contain an ample supply of blood vessels that deliver blood to CNS tissues
and produce the cerebrospinal fluid that fills the cavities of the cerebral ventricles and surrounds
the brain as well as the spinal cord. The cerebrospinal fluid protects and nourishes the CNS
tissues by acting as a shock absorber, by enabling nutrient circulation, and by getting rid of
waste products.

The meninges differ across vertebrates (e.g., Buttler and Hodos, 2005; Balanoff and
Bever, 2017). The plesiomorphic condition, observed in “fishes”, is a single, undifferentiated
layer known as the primitive meninx, which divided “somewhere along the tetrapod stem
lineage” (Balanoff and Bever, 2017, p. 227) to form an inner layer, the secondary meninx
(endomeninx), and the more superficial layer, the dura mater. Then, the secondary meninx
differentiated to form the pia mater (the closest to the brain) and the intermediate arachnoid
layer in mammals and birds but also in a non-homologous way in turtles, crocodilians and
amphibians (Balanoff and Bever, 2017).

The changes occurring in the meningeal history across chordates need further study to
be elucidated. However, this history is of relatively limited importance for the stated goals of
this PhD as compared to their variable thickness. Indeed, it is the latter that impacts the endocast
morphology. Unfortunately, there has been no attempt yet to provide a systematic survey of
vertebrate meningeal thickness (Balanoff and Bever, 2017), and the only information available
is that birds possess thin meninges as compared to the thick ones of mammals (e.g., lwaniuk
and Nelson, 2002).

The brain is surrounded at its surface by veins that drain blood in different cerebral
region through the cranial venous sinus system (Kilic and Akakin, 2008). It is assumed that
some of the sinuses reach a large size and can influence the endocast morphology and thus
reduce the size and shape correspondence between the endocast and brain (Balanoff and Bever,
2017). Some studies have shown for example that non-avian reptiles display a large occipital
sinus along the sagittal midline of the cerebellum and produce a prominent dural peak over this
region (Goodrich, 1930). However, information about the place occupied by the venous sinus
system in an endocranial reconstruction remain scarce and preclude any generalization
(Morhardt et al., 2012).
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Although their influence on the size and shape of an endocast is not typically large
(Balanoff and Bever, 2017), certain cranial nerves and arteries do course through the
endocranial cavity and thus diminish the place occupied by the brain (see the example of the
trigeminal ganglion in Balanoff and Bever, 2017). Finally, another important predictor of brain-
endocast correspondence is the structural architecture of the braincase itself. In many vertebrate
groups, the endocranial cavity is only partially delineated by bones, the rest being surrounded
by cartilage, which can represent an obstacle to the reconstruction and the interpretation of the

endocasts.in fossils, whose cartilage is not preserved.

The impact of these structures on both reconstruction and interpretation of endocasts
has long been recognized (e.g., Edinger, 1951; Hopson, 1979; Witmer et al., 2008) and was
recently taken into consideration in the definition of the brain-to-endocranial cavity (BEC)
index (Balanoff et al., 2015). This index reflects the degree to which the brain fills the cranial
cavity. High BEC values can be expected to produce an endocast that reflects the brain volume
and morphology with high fidelity, whereas low BEC values are associated with an endocast
bearing less resemblance to the actual brain (Balanoff et al., 2015). No rule exists today about
the BEC values across vertebrate evolution (Balanoff and Bever, 2017). This factor can vary
widely between lineages (e.g., Jerison, 1973; Hopson, 1979; Macrini et al., 2007; Witmer et al.,
2008; George and Holliday, 2013) but also over ontogeny (e.g., Macrini et al., 2007; Hurlburt
et al., 2013). For example, the brain of the marsupial Monodelphis domestica fills from 67.8%
to 86.6% of the endocranial volume according of age increasing (Macrini et al., 2007), whereas
in alligators, the smallest forms’ brain occupies 68% of the endocranial space, and the largest’s
only 32% (Hurlburt et al., 2013). As a general tendance and independently of ontogeny,
mammals and birds, which are generally considered as highly encephalized taxa, tend to have
brains that nearly fill the cranial cavity, resulting in a strong correlation between the volume
and morphology of the endocast and those of the brain (Balanoff et al., 2015). Among other
vertebrates, it is generally admitted that the brain incompletely fills the cranial cavity (Balanoff
et al., 2015). Originally, the common estimation was that the brain occupies only 50% of the
endocranial space (e.g., Jerison, 1973; Hopson, 1979). However, this ratio was only based on
the observation of only one Sphenodon and one Iguana specimens (Hurlburt et al., 2013), and
is thus far from representing a general pattern in non-endotherms. For example, it has been

shown that the brain almost entirely fills the endocranial space in some extant chondrichthyans
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and teleost fishes (Northcutt, 2002; Balanoff et al., 2015). Within Squamata (lizards, snakes
and amphisbaenians), a wide range of brain versus endocranial cavity proportions were found
(Kim and Evans, 2014). The lowest brain—endocranial volume ratio being found in the tokay
gecko (Gecko gecko: 0.35), whereas the Spotted false monitor lizard (Callopistes maculatus)
exhibits a brain that nearly fills the endocranial cavity (0.97). Moreover, snhakes and
amphisbaenians are known to have a brain that fills most of the endocranial space (Starck, 1979;
Nieuwenhuys et al., 1998). A recent study estimated that the brain in snakes fills around 90
percent of the endocranial cavity (Trivifio et al., in press). The brain thus fills the intracranial
cavity in some squamates, though not all, indicating that endocasts within these species may
reflect the external morphology of the brain with a certain degree of accuracy.

The percentage of the endocranial cavity filled by the brain (BEC index) is an important
metric for assessing the explanatory potential of endocast (Balanoff and Bever, 2017); however,
it does not take into account the anatomical reality that the spatial relationship between the brain
and the endocranial wall is not uniform but may vary widely between neuroanatomical regions.
The cerebrum of extant crocodilians, for example, fills most of the associated portion of the
endocranial cavity, whereas the hindbrain of these taxa does not (Osmolska, 2004; Evans,
2005). This feature is not limited to archosaurs. The description of the brain and endocranial
cavity of the Australian lungfish (Neoceratodus forsteri) showed that some of the brain regions
are similar to the endocast, except in the areas of the diencephalon and the hindbrain/anterior
spinal cord (Clement et al., 2015).

It is thus important to be aware and to remind that an endocast is not a perfect reflect of
the brain. There is no rule allowing to determine in advance the proportions of the cranial cavity
occupied by the brain, and comparisons that mix brains and endocasts can lead to erroneous

interpretations.

3.2.2. Endocasts as sources of phylogenetic information

As windows into the deep history of neuroanatomy, endocasts may provide information about
the brain’s evolutionary history through its consideration/analysis in extinct lineages and may
help to understand the modern neurological disparity (Balanoff and Bever, 2017). From this

idea, the endocasts can be used as sources of systematic information and provide additional

47



features that would help to establish phylogenetic relationships. Such studies have already been
performed from endocasts in both living and extinct Carnivora (e.g., Radinsky, 1973a, b, 1975,
1978; Willemsen, 1980; Lyras and Van der Geer, 2003; Ahrens, 2014) but remain very scarce
for other clades (e.g., Friedman, 2007; Clement et al., 2016: lungfishes). Characters defined and
coded from endocasts may be directly used or added to matrix taken other morphological
features into account, in order to perform phylogenetic analysis (e.g., Clement et al., 2016).
However, as endocasts correspond to replica of the braincase, great care must be taken in order
not to score the same character twice (Clement et al., 2016). Indeed, the incorporation of these
new characters requests the prior knowledge of the braincase/endocast relationships in order to
take into consideration only endocranial features that vary irrespective of the braincase. Such
relationships have not been studied, which probably partially explains why endocast features
are rarely incorporated in phylogenetic analyses despite the potential for new suites of
characters (Macrini et al., 2006).

3.2.3. Endocasts as sources of sensory and behavioral information

Since the definition of the encephalization quotient (EQ) by Jerison, endocasts have been used
to assess the “intelligence” of extinct taxa (e.g., Jerison 1973; Hopson 1977, 1980) and to
illustrate the idea that birds and mammals may have a complex cognitive behavior (e.g.,
Lefebvre et al. 2002; Marino 2002). However, although several attempts were made to improve
Jerison’s equations (e.g., Radinsky, 1978; Hurlburt, 1996; Larsson et al., 2000; Hurlburt et al.,
2013), advances on the topic have seriously questioned the utility of the EQ to infer on the
behavior of extinct taxa (Franzosa, 2004). Additional measures have been used to infer
cognitive abilities in vertebrates, such as estimations of brain region size relative to total brain
size (Krebs et al., 1989), or the resort to brain surface instead of brain volume (e.g., Sultan,
2002; Guntarkin et al., 2017). However, all these attempts were criticized as not being able to
convincingly explain the distribution of higher cognitive abilities in vertebrates (Healy and
Rowe, 2007). Nowadays, whole endocast volume is not necessary to make behavioral
inferences. The development of digital technologies has improved the quality of endocranial

reconstructions, allowing the partitioning of endocasts into functional neuroanatomical regions.
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It enables to perform sensory inferences from the structure, independently from both total brain

values and body size estimation (Balanoff and Bever, 2017).

3.2.3.1. Correlations between brain regions and functions

The relative size and morphology of the brain regions (e.g., olfactory bulbs, optic lobes,
cerebellum) greatly varies across vertebrate clades and can reflect different functions associated
to particular abilities (Iwaniuk, 2017). Such correlation between brain regions and functions is
derived from the Principle of Proper Mass defined by Jerison (1973), which states that the mass
of neural tissues controlling a particular function is appropriate to the amount of information
processing involved in performing the function (Jerison, 1973, p.8). According to Iwaniuk
(2017), the examination of the variability in the relative size of individual brain regions may be
more informative and biologically relevant than comparisons of whole brain size. The rationale
for this argument is that the brain is a heterogeneous organ comprised of numerous, functionally
distinct regions that can and do vary in size independently of one another and are more directly
linked to specific capacities (Iwaniuk, 2017).

The vertebrate brain can be divided into five main regions (Hopson, 1979). These are
the telencephalon, diencephalon, mesencephalon, metencephalon, and myelencephalon (Fig.
3.4). The telencephalon and diencephalon make up what is commonly called the
prosencephalon (or forebrain), the mesencephalon is the midbrain, and the metencephalon and

myelencephalon make up the rhombencephalon (or hindbrain) (Hopson, 1979).

Telencephalon—The telencephalon is the most anterior division of the brain and consists in the
main olfactory bulbs (MOB), accessory olfactory bulbs (AOB), olfactory tracts (peduncles),
olfactory nerves (CN 1), vomeronasal nerve (VN) and cerebral hemispheres (see Fig. 3.4). The
olfactory nerves (CN I) have receptors located in the mucous membranes of the nose and travel
through openings in the roof of the nasal passage to the MOB (Butler and Hodos, 2005). The
vomeronasal nerve (VN) is functionally similar to the olfactory nerve. It arises from a sensory
area inside the nose called the organ of Jacobson and projects to the AOB that lies next to the
MOB. In non-avian reptiles, the main olfactory bulbs are responsible for the sense of smell and

the accessory olfactory bulbs are associated to the vomeronasal organ and the pheromones-
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based communications (Gintirkin et al., 2017). The olfactory bulb size varies greatly among
and within non-avian reptiles and is often used as a proxy for olfactory abilities (e.g., Zelenitsky
etal., 2011: non-avian dinosaurs). The length of the tract depends on the length of the animal’s
snout (Nieuwenhuys et al., 1998). In animals with a long snout, in which the nostrils are located
relatively far anterior to the eyes, such as alligators, the olfactory tract can be quite long. In
short-snouted animals, such as turtles, the tract is rather short. The cerebral hemispheres
integrate information from both motor and sensory systems and deal with olfactory and visual
integrations, memory and spatial behavior (Butler and Hodos, 2005). Although there are little
neuroanatomical comparisons in non-avian reptiles (Wilkinson and Huber, 2012), the few
studies existing on snakes and lizards have shown a correlation between the size of some
cerebral hemisphere structures (i.e., dorsal and medial cortex) and the home range, as well as
the spatial behavior (Day et al. 1999a, b; Ladage et al., 2009; Holding et al., 2012). The
interspecific comparison performed by Day et al. (1999a) has shown that both dorsal and medial
cortex were larger in an active foraging lizard compared with a congeneric sit-and-wait
predator, despite no species difference in spatial memory (Day et al., 1999b). Within snake
species, the relative size of the medial cortex is larger in individuals that have larger home
ranges and/or move greater distances (Roth et al., 2006; Holding et al., 2012). Similarly, in
side-blotched lizards (Uta stansburiana), the relative size of the dorsal cortex is larger in males
that defend large territories compared with non-territorial males that occupy much smaller home
ranges (Ladage et al., 2009).
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Fig. 3.4. Brain of the yellow monitor (Varanus flavescens, Varanidae) showing the
telencephalon (red), diencephalon (green), mesencephalon (blue), metencephalon (yellow) and
myencephalon (purple) in dorsal (A), ventral (B), left lateral views (C), and principal sensory
associated to each structures (D). Abbreviations: Acc. olf. bu., accessory olfactory bulbs; Cer,
Cerebellum; Cer. Hem., Cerebral hemispheres; Med. obl., medulla oblongata; OIf. bu.,
Olfactory bulbs; OIf. tr., Olfactory tracts; Opt. ch., Optic chiasma; Opt. lo., Optic lobes; Opt.
tr., Optic tracts; Pin. gl., Pineal gland; Pit., Pituitary; CN I, Olfactory nerves; CN Il, Optic
nerves; CN 111, Occulomotor nerves; CN IV, Trochlear nerves; CN V, Trigeminal nerves; CN
VI, Abducens nerves; CN VII, Facial nerve; CN VIII, Vestibulocochlear nerve; CN IX,
Glossopharyngeal nerve; CN X, Vagus nerve; CN XI, Accessory nerve; CN XI1, Hypoglossal
nerve. Modified from Senn, 1966.

Diencephalon—The diencephalon is defined as “the more caudal of the two divisions of the
forebrain, between the telencephalon and the mesencephalon” (Moreno et al., 2017). It includes
several structures in vertebrates: the optic tracts, the optic nerves (CN II), the pretectum, the
posterior tuberculum, the epithalamus, the dorsal and ventral thalamus, the hypothalamus and
the hypophysis (or pituitary) (Butler and Hodos, 2005). However, as most of these structures
correspond to nuclei assemblages within the diencephalon (e.g., Butler and Northcutt, 1973),
there are not visible from the external morphology of the brain, and therefore from endocasts.
When the external morphology of the brain is considered, only the more superficial structures
can be observed (Fig. 3.4): the optic nerves (CN I1), the optic chiasm, the most dorsal part of
the epithalamus, the epiphysis (or pineal complex) and the most ventral part, the hypophysis
(or pituitary).

The retinal cells of the eyes communicate signals from the receptors (rods and/or cones)
to brain through the optic nerves that converge in an optic chiasm (Wyneken, 2007). The optic
nerve tracts primarily project to the contralateral side (i.e., opposite side) of the optic tectum
but also may have limited ipsilateral (i.e., same side) projections in turtles, snakes and lizards,
whereas Sphenodon and crocodilians lack ipsilateral nerve tract components (Repérant et al.,
1992). The binocular vision (i.e., perception of depth) has been related by various investigators
(e.g., Polyak, 1957) to the development of an ipsilateral projection. However, the absence of

such ipsilateral projections in the snapping turtle (Chelydra serpentina), for which the binocular
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vision would profit for striking its prey, leads Knapp and Kang (1968) to doubt that the
existence of ipsilateral projections is significant for depth perception.

The epiphysis (pineal complex) is composed of the pineal gland in turtles, squamates
and Sphenodon but not in crocodiles, and the parietal eye in Sphenodon and some species of
lizards (e.g., Quay, 1979; Tosini, 1997). The role of the epiphysis in the regulation of circadian
and other biological rhythms is well established (Butler and Hodos, 2005). Both pineal gland
and parietal eye are photoreceptive, in particular the parietal eye is a highly organized
photoreceptive structure, with a well-defined lens, cornea and retina (Tosini, 1997). Both
structures synthesize the melatonin hormone. The pineal complex may influence the
thermoregulation, circadian rhythms, and reproduction in reptiles affecting the animal’s
physiology and/or behavior (Butler and Hodos, 2005). The size of this organ largely differs
from non-avian reptile taxa; however, the ecological functions of such variability are still
unclear since Labra et al. (2010) have shown that the size of the structure is not related with the
habitat of taxa and show a weak association with thermal tolerances.

The hypophysis (or pituitary gland) is an endocrine gland found in all non-avian reptiles,
but its internal organization as well as its size largely vary according to taxa (Saint Girons,
1970). The hypophysis is associated to the production of several hormones acting for different
purposes, such as the reproductive cycles (e.g., Eyeson, 1971a, b: ovulatory and testicular
cycles in snakes), the growth (e.g., Edinger, 1942), the skin pigmentation (e.g., Butler and
Hodos, 2005); and controls the functions of many other glands, such as the pineal complex
(Moreno et al., 2017). However, it is unclear how the size of the hypohysis may impact its
function (Butler and Hodos, 2005).

Mesencephalon—The mesencephalon can be divided into three major regions: the tectum, the
tegmentum, and the isthmus (Butler and Hodos, 2005). However, when the external
morphology of the brain is considered, only the optic tectum (part of the tectum) can be
visualized because its more superficial position, the other structures being more internal. The
optic tectum forms two lobes on the dorsal surface of the brain (see Fig. 3.4) and is involved in
integrating the spatial aspects of visual and auditory inputs (Butler and Hodos, 2005). One of
the major functions of the optic lobes is to localize a stimulus in space and to cause the
involuntary reflex allowing the animal to turn its head and/or eyes in the direction of the source

of the stimulus (Knudsen and Schwarz, 2017). Such reflex is of great immediate importance for

53



animals. Their survival depending upon the speed and accuracy with which appropriate
behaviors are executed in case of feeding or escape from a predator. In addition, the optic lobes
should contribute to the control of spatial attention by signaling which stimulus, among all
current stimuli, is of greatest immediate importance (Knudsen and Schwarz, 2017). In non-
avian reptiles, the size and shape of the optic tectum differs among species (Ulinski et al., 1992).
There is some correlation between the size of the tectum, the size of the eyes and the visual
abilities; within snakes the tectum is relatively largest in diurnal and arboreal taxa and smallest
in burrowing forms with reduced eyes (Masai, 1973).

In addition to the optic tectum, the mesencephalon encompasses the oculomotor nerves
(CN 1), and trochlear nerves (CN 1V) (see Fig. 3.4). Both are related to movements of the
eyeballs. The oculomotor nerves go from the brain to the extraocular muscles of the eyes, as
well as the levator muscle of the upper eyelid and the trochlear nerves control the dorsal oblique

eye muscle.

Metencephalon—The metencephalon is composed of the cerebellum (dorsally) and several
cranial nerves: trigeminal nerve (CN V), abducens nerve (CN VI), facial nerve (CN VII), and
vestibulocochlear nerve (CN VIII) (Butler and Hodos, 2005). The functions of the cerebellum
are very complex. It does not only coordinate movement and positioning, but also controls
muscle tone (Pearson, 1972; Breazile and Hartwig, 1989) and "has a close relationship with the
vestibular, somatosensory, visual, and auditory systems" according to Butler and Hodos (2005:
p.262). In addition, the cerebellum plays a role in motor learning and is a major sensory organ.
Among non-avian reptiles, the shape of the cerebellum varies between taxa, from the flat one
in turtles to the posteriorly curved one in crocodiles and anteriorly curved one in lizards (see
Butler and Hodos, 2005: p.244). The size of the cerebellum also greatly varies within non-avian
reptiles and particularly with locomotor behavior (Wyneken, 2007). It tends to be smaller in
ground-dwelling species and larger in aquatic and climbing species.

Among the cranial nerves located on the metencephalon, the trigeminal nerve (CN V)
is both a sensory and a motor nerve (Butler and Hodos, 2005). It is composed of three main
branches: the ophthalmic (V1) branch, the maxillary (V2) branch, and the mandibular (V3)
branch. All three branches emanate from the trigeminal ganglion. The ophthalmic branch (V1)
is the principal sensory nerve of the orbit and nasal cavity. The maxillary branch innervates the

eyelids, the skin of the dorsal orbital and infraorbital regions, the palate, and the nasal cavity.
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The mandibular branch innervates jaw adductor muscles, lower eyelid muscles, salivary glands,
and the skin of the intranasal region. The facial nerve (CN VII), like the trigeminal nerve, is
both motor and sensory, and has several branches. This nerve innervates the skin and muscles
around the ear, upper jaw, and pharynx; and controls the superficial neck muscles and
mandibular depressor (Wyneken, 2007). Finally, the vestibulocochlear nerve deals with the
hearing and balance of the animal (Butler and Hodos, 2005). It is composed of two vestibular
branches; both enter the osseous labyrinth and innervate the ampullae of the semicircular canals,
utricular macula and sacculus, and one cochlear branch that innervates the basilar membrane
and the macula of the lagena.
Myelencephalon—The myelencephalon consists in the medulla oblongata and several cranial
nerves: glossopharyngeal nerve (CN 1X), vagus nerve (CN X), accessory nerve (CN XI), and
hypoglossal nerve (CN XII) (Butler and Hodos, 2005). The medulla oblongata in non-avian
reptiles is fairly conservative and appears to function as in other vertebrates (Wyneken, 2007).
It houses the visceral, auditory, proprioceptive, and respiratory centers; controls basic heart rate;
and regulates gastrointestinal mobility and secretion (Butler and Hodos, 2005; Wyneken, 2007).
The glossopharyngeal nerve (CN 1X) is related to the taste and sensation in the pharynx;
and controls the tongue muscles. The vagus nerve (CN X) provides general viscero-sensory
functions for the thorax and digestive tract (Butler and Hodos, 2005). It also provides
visceromotor control for the heart, lungs, and digestive tract, usually via peripheral ganglia
(Jerison, 1973). The accessory nerve (CN XI) is motor and innervates portions of the neck and
upper body (Jerison, 1973). Finally, the hypoglossal nerve (CN XII) is a motor that controls
portions of the tongue, pharynx, larynx and trachea.

3.2.3.2. Does size matter ?

In vertebrates, the relative sizes of the brain and brain regions vary in a fairly consistent pattern
with behavior and sensory abilities (Iwaniuk, 2017). However, several studies have recognized
the complex functional and structural organization of the brain. There is indeed significant
evidence that specific interconnected neural systems, rather than isolated localized structures,
share a given function and that they tend to evolve as an integrated unit (Barton et al., 1995;

Barton and Harvey, 2000; De Winter and Oxnard, 2001). Analyzing the relative size and
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morphology of different functional divisions within the brain revealed correlations with
numerous behavioral and ecological traits. For example, studies on olfactory bulb size of birds
revealed a correlation between olfactory ratios (i.e., the ratio of the greatest diameter of the
olfactory bulb to the greatest diameter of the cerebral hemisphere) and foraging method, diet,
nesting and breeding habits (e.g., Bang 1971; Bang and Wenzel, 1985). In addition, species
with convergent skeletal morphology and ecology may possess convergent brain proportions
(e.g., mammals: De Winter and Oxnard, 2001). Thus, it is important to understand which
specific interconnected neural systems within the brain differ between taxa that possess
different behaviors, sensorial abilities and ecologies (Barton and Harvey, 2000) in order to
clearly associate functions and brain regions.

Recent studies have suggested to use the numbers of neurons to provide a more accurate
proxy to infer behavior and sensory abilities of taxa (e.g., Herculano-Houzel, 2011: mammals;
Ngwenya et al., 2016: crocodiles; Olkowicz et al., 2016: birds). In fact, both neuron size and
connectivity between neurons could be considered because they both can impact the behavior
and sensory abilities of taxa (Iwaniuk, 2017). However, these methods may appear difficult to
realize because are more time consuming than measuring volumes and are dependent on
appropriate fixation of brains (lwaniuk, 2017). Finally, the most inconvenient point, especially
in the case of this PhD work, is that neurons do not fossilize and there is no mean of determining
the number or size of neurons in an endocast. To understand how the brain of extinct species
evolved and how endocast morphology relates to behavior and sensory abilities, it is necessary
to establish first the link between behavior and sensory abilities and brain region sizes in extant
species (e.g., Zelenitsky et al., 2011; Walsh and Knoll, 2011).

Notably because of one specific brain region is not necessarily associated to a unique
function, the understanding of the relationships between brain regions, behavior and sensory
abilities is complicated. This is even truer when we consider endocasts instead of brains for
inferring behavior and sensory abilities in fossil taxa. However, despite the difficulties and
limits related to the use of endocasts, the information gleaned from the structure appears as a
relevant opening of new pathways for constructing and testing evolutionary and functional

hypotheses that must not be neglected but rather developed.
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Chapter 4

Material and Methods
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The reconstruction of an endocast is dependent on the state of preservation of the specimen.
Although it is possible to rebuild in its original organization a disarticulated skull thanks to
different software of 3D imaging, skulls preserved in three dimensions give a better chance to
avoid any possible “reconstruction” bias about the endocranial morphology. In the case of
mosasauroids and plesiosaurians, this parameter strongly restricts the number of specimens
used. Indeed, because mosasauroids exhibit a kinetic skull where elements of the dorsal skull
roof and palate move relative to the braincase (Russell, 1967), the skull remains are often
preserved disarticulated and are difficult to use for an endocranial reconstruction. Similarly,
although the plesiosaurian skull is more rigid than that of mosasauroids, it appears more fragile
and is often badly crushed (e.g., Kear, 2005; Vincent et al., 2011), preventing the access of the
endocranial anatomy.

The exceptional three-dimension preserved marine reptile specimens of the Turonian
marine deposits of Goulmima permit such endocranial study. This section introduces the
specimens sampled for this work and the methods used to access the endocranial anatomy. In
addition to these fossil specimens, several squamate taxa (snakes, varans and amphisbaenes)
have been used as comparative data to interpret fossil endocasts in order to test the existence of
phylogenetic and / or ecological signals and to provide palaebiological and behavioral

inferences (cf. Chapter Introduction for details of the aims of this work).

4.1. Material

The list of the material analysed is presented in Table 4.1 and Table 4.2.

4.1.1. Fossil taxa

Mosasauroidea - Tethysaurus nopcsai Bardet et al., 2003b
In Goulmima, mosasauroids are represented by only one species, Tethysaurus nopcsai. This

species was originally considered as a basal mosasauroid, sister-group of the Mosasauridae

(Bardet et al., 2003b). However, its phylogenetic position varies according to authors and it has
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been also reported as a basal mosasaurid forming a clade with Yaguarasaurus and
Russellosaurus, being inferred sister-group of either the russellosaurines (Bell and Polcyn,
2005) or the halisaurines (Caldwell and Palci, 2007).

In the collections of the Muséum National d’Histoire Naturelle (Paris, France), this
species is known through five specimens (MNHN GOU1-5: Bardet et al., 2003b; Houssaye and
Bardet, 2013). The holotype MNHN GOUL is a complete slightly crushed skull with the
mandible in occlusion and the atlas-axis complex. The skull measures 30 cm long, up to 9 cm
wide and 7 cm high.

The other specimens are preserved in the collections of the Southern Methodist
University of Dallas (USA) and data provided by prof. Michael Polcyn with which
collaborations are made. Among the five specimens, GM1, GM2 and GM3 specimens consist

only in braincase whereas SMU 76335 and SMU 75 486 correspond to complete skulls.

Fig. 4.1. Tethysaurus nopcsai, MNHN GOU 1, holotype, Early Turonian, Goulmima region,
Morocco. Articulated skull, mandible and associated first cervical vertebrae in left dorsolateral
and right ventrolateral views (modified from Bardet et al., 2003b).
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Plesiosauria

Plesiosaurians in Goulmima are known through eight specimens belonging to three major
Cretaceous families (see Chapter 2). During this PhD, it has been possible to study one
published specimens but also unpublished ones for which both osteological and endocranial

anatomy are described here for the first time.

Elasmosauridae - Libonectes morgani (Carpenter, 1997) - SMNS 81783

This specimen was referred to the elasmosaurid Libonectes atlasense by Buchy (2005) but not
described. SMNS 81783 is currently housed in the collections of the Stuttgart Museum
(SMNS). It is preserved in a nodule about 40 cm long, up to 11 cm wide and 13 cm high (Fig.
4.2), which encompasses a skull with the mandible in occlusion and the atlas-axis complex. The
specimen is incompletely prepared. Its anterior half shows bones incompletely dissolved and
exposed, surrounded by a light beige matrix (Fig. 2.3 A, B). The posterior half of the fossil is
still embedded in the matrix and thus not observable. This specimen has been reviewed and re-

assigned to Libonectes morgani (Allemand et al., 2017a; see Chapter 8).

Fig. 4.2. Libonectes morgani, specimen SMNS 81783 in dorsal (A) and left lateral (B) views,

Early Turonian, Goulmima region, , Morocco. Scale bar equals 10 cm.
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Elasmosauridae - Libonectes morgani - D1-8213

This undescribed specimen is housed in the collections of the Rhinopolis Museum (Gannat,
France). It is preserved in a nodule in two pieces that fit perfectly. The complete nodule
enclosing D1-8213 measures 41 cm long, up to 15 cm wide and 12 cm high (Fig. 4.3). D1-8213
is incompletely prepared, the anterior half of the nodule shows bones incompletely dissolved
and/or exposed, surrounded by a light beige matrix. The posterior half of the fossil is still
embedded in the matrix and not observable. This specimen has been described in this PhD

Thesis (see Chapter 8) and attributed to Libonectes morgani (Allemand et al., in press)

Fig. 4.3. Libonectes morgani, specimen D1-8213 in dorsal (A) and left lateral (B) views, Early
Turonian, Goulmima region, , Morocco. Scale bar equals 10 cm.

Polycotylidae indet - MNHN F-GOU14

MNHN F-GOU 14 is an undescribed specimen housed in the paleontological collections of the
Muséum National d’Histoire Naturelle (Paris, France). It has been collected several years ago
by N. Bardet during fieldwork in the Goulmima region. The specimen is preserved in a nodule
in two pieces that fit perfectly. The complete nodule measures 36 cm long, up to 12 cm wide
and 11 cm high (Fig. 4.4). MNHN F-GOU 14 is still mostly embedded in the matrix, only the
dorsal part of the anterior part of the skull is visible. This specimen has been described in this
PhD Thesis (see Chapter 8) and assigned to an indeterminate Polycotylidae (Allemand et al., in

press)
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Fig. 4.4. Polycotylidae indet., specimen MNHN F-GOU14 in dorsal (A) and left lateral (B)

views, Early Turonian, Goulmima region, , Morocco. Scale bar equals 10 cm.

Table 4.1. List of fossil specimens analyzed and scan parameters.

Collection Voxel size
Taxon .
reference (in pm)
MNHN GOU1 81.3
GM1 97.5
GM2 85.3
Mosasauroidea Tethysaurus nopcsai
GM3 85.3
SMU75486 77.8
SMU76335 81
SMNS 81783 134
Libonectes morgani
Plesiosauria D1-8213 115
Polycotylidae indet. MNHN F-GOU14 93.4
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4.1.2. Extant taxa

The sample includes uCT scans of 52 squamate specimens (45 snakes, 4 monitor lizards and 3
amphisbaenians; see Table 4.2). Snake specimens have been selected in order to represent a
wide diversity in terms of phylogeny and ecology (i.e., habitats: fossorial, terrestrial, arboreal,
semi-aquatic and marine; see Chapter 5). The dataset is divided into six fossorial, seven
arboreal, thirteen terrestrial, nine semi-aquatic and ten marine species (Heatwole, 1999;
Houssaye et al., 2013; A. Herrel personnal communication). The semi-aquatic group
encompasses species that spend most of their time in freshwater without contact with the sea.
Three specimens of a single species, Python regius, were analyzed in order to evaluate the
intraspecific variation.
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Table 4.2. List of the material of extant squamates analyzed. Abbreviations: Personal collections of AH, Anthony Herrel; GD, Gheylen Daghfous;

RB, Renaud Boistel. Ha represents the categories based on habitat: A, arboreal; G, Generalist; F, fossorial; M, marine; T, terrestrial; SA, semi-

aquatic.
Family Taxon Collection reference | VOX€! S1Z€ | Ab. | Ha
(in pm)

Boidae Rhinotyphlops schlegelii Roux-Estéve, 1974 AH Unnumb 13.3 Rs | F
Anomalepididae Typhlophis squamosus Schlegel, 1839 MNHN 1997.2042 5.1 Ts | F
Uropeltidae Uropeltis pulneyensis Beddome, 1863 MNHN 1994.0753 5.0 Up | F
Cylindrophiidae Cylindrophis ruffus Laurenti, 1968 MNHN 1998.0201 20.1 Cy | F
Aniliidae Anilius scytale Linnaeus, 1758 MNHN 1997.2106 10.1 An | F

AH Unnumb 33.3 P3| T

Pythonidae Python regius Shaw, 1802 AH Unnumb 28.9 P2 | T

] AH MS 37 216 | PL| T
<Z': Boa constrictor Linnaeus, 1758 MNHN 1989.0177 7.6 Bc | A
@ Boidae Candoia sp. Gray, 1842 AH Unnumb 33.3 Cd | T
Corallus hortulanus Linnaeus, 1758 AH MS 62 32 Ch | A

Eunectes murinus Linnaeus, 1758 MNHN 1996.7898 7.6 Em | SA

Acrochordidae Acrochordus granulatus Schneider, 1799 ZRC 2.2334 24.2 Ag | SA
Pareatidae Pareas margaritophorus Jan, 1866 MNHN 1974.1469 7.5 Pm | A

Viperidae Crotalus atrox Baird and Girard, 1853 AH MS 31 28.5 Cr

Agkistrodon contortrix Linnaeus, 1766 AH MS 56 23.4 Ac | T
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SNAKES

Enhydris enhydris Schneider, 1799 ZRC 2.5507b 24.2 Ee | SA
Enhydris punctata Gray, 1849 ZRC 2.3554 24.2 Ep | SA
Cerberus rynchops Schneider, 1799 MNHN-RA-1998.8583 35.3 Ce | SA
Homalopsidae Homalopsis buccata Linnaeus, 1758 ZRC 2.6411 24.2 Hb | SA
Erpeton tentaculatum Lacépede, 1800 GD Unnumb 7.5 Et | SA
Bitia hydroides Gray, 1842 ZRC 2.4374 20.9 Bh | M
Fordonia leucobalia Schlegel, 1837 MNHN-RA-1912.26 33.2 FI | SA
Cantoria violacea Girard, 1857 ZRC 2.3672 20.8 Cv | SA
Lamprophiida Mimophis mahfalensis Grandidier, 1867 MRSN R3171 24.7 Mm | T
Atractaspis irregularis Reinhardt, 1843 MNHN 1999.9129 7.6 Ai | F
Micrurus lemniscatus Linnaeus, 1758 MNHN 1997.2353 7.6 M| T
Naja nivea Linnaeus, 1758 AH MS 68 28.5 Nn | T
Hydrophis elegans Gray, 1842 MNHN-RA-0.1879 30.7 He | M
Enhydrina schistosa Daudin, 1803 ZRC 2.2043 20.8 Es | M
Astrotia stokesii Gray, 1846 ZRC 2.2032 20.8 As | M
Elapidae Hydrophis major Kharin, 1984 MNHN 1990 4557 44.8 Hm | M
Hydrophis ornatus Gray, 1842 MNHN-RA-1994.6997 36 Ho | M
Pelamis platurus Linnaeus, 1766 AH MS 64 31.9 Pp | M
Aipysurus duboisii Bavay, 1869 MNHN-RA-1990.4519 41 Ad | M
Aipysurus eydouxii Gray, 1849 MNHN-RA-0.7704 40.2 Ae | M
Microcephalophis gracilis Shaw, 1802 ZRC 2.2155 20.8 Mg | M
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Natricidae Thamnophis sirtalis Linnaeus, 1758 GD Unnumb 7.5 Ta | T

Chrysopelea ornate Shaw, 1802 MCZ R-177291 14.9 Co | A

Hierophis gemonensis Laurenti, 1768 AH Unnumb 23.4 Hg | T

% Hierophis viridiflavus Lacépede, 1789 AH Unnumb 19.2 Hv | T

%1: Colubridae Dispholidus typus Smith, 1829 AH Unnumb 32 Dt | A

5 Boiga dendrophila Boie, 1827 AH MS 102 18.2 Bd | A

Dasypeltis sp. Wagler, 1830 MCZ 71877 14.9 Ds | A

Coronella austriaca Laurenti, 1768 AH MS 51 21.6 Ca | T

Varanus prasinus Schlegel, 1839 AH Unnumb 48.08 Vp | A

e i Varanus salvator Laurenti, 1768 AH Unnumb 39.9 Vs | SA
T | Varanidae - _

N Varnus niloticus Linnaeus, 1758 AH Unnumb 14.8 Vn | G

- Varanus exanthematicus Bosc, 1792 AH Unnumb 45 Ve | G

» < Amphisbaena gonavensis Gans and Alexander, 1962 | AH Unnumb 7.46 / F

L Z| Amphisbaenidae Amphisbaena kingii Bell, 1833 AH Unnumb 12.64 / F

<§( é Amphisbaena vanzolini Gans, 1963 MNHN 1998.02.02 7.46 / F
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4.2. Methods

4.2.1. Computed Microtomography scan

During this PhD Thesis, computed microtomography was performed in order to non-
destructively digitize the endocranial anatomy of the specimens.

The holotype of Tethysaurus nopcsai (MNHN GOU1: complete skull, Fig. 4.1) has been
scanned at the AST-RX platform of the MNHN (Paris) using a GEphoenix|Xray|v|tome|x L240.
In addition, scans of five other unpublished T. nopcsai specimens (GM 1; GM 2; GM 3; SMU
75486; SMU 76335), performed at the University of Texas High-Resolution X-ray CT Facility,
have been loaned by Michael J. Polcyn (Southern Methodist University, Dallas, Texas) were
scanned at the University of Texas High-Resolution X-ray CT Facility by Matthew Colbert in
2010.

As far as extant squamates are concerned, the digitized data have been obtained from
different sources: (1) at the University of Poitiers (France), Institut de Chimie des Milieux et
Matériaux of Poitiers (IC2MP, Poitiers, France) using a X8050-16 Viscom model (resolution
between 16.7 and 32.3 um; reconstructions performed using Feldkamp algorithm with DigiCT
software, version 1.15 [Digisens SA, France]); (2) at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) using third generation synchrotron microtomography
(Tafforeau et al. 2006), on beamlines ID 19 and BM5 (resolution between 5.0 and 14.9 um).
reconstructions performed using filtered back-projection algorithm with the ESRF PyHST
software), and have been loaned by A. Herrel (MNHN), A. Houssaye (MNHN), R. Boistel
(IPHEP) and G.Daghfous (UQAM).

4.2.2. Morphometric approaches

In order to compared quantitatively the snake endocasts, three different approaches were
performed from descriptive characters, linear measurements and the outline curves (see Chapter

5 for detail explanations).
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4.2.3. Data processing

Image segmentation and visualization were performed using VGStudioMax 2.2
(Volume Graphics Inc., Heidelberg, Germany) and MIMICS (Materialise Interactive Medical
Image Control System) Innovation Suite software (Materialise®, release 18) at the
Palaeontology Imaging Unit of the MNHN/UMR 7207 CR2P; and Avizo 7.0 (VSG, Burlington
MA, USA) at the MNHN/UMR 7179 MECADEV. The segmentation tools of these software

packages were utilized to reconstruct the skull and the endocast.
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Chapter 5

Comparative morphology of snake (Squamata)
endocasts: evidence of phylogenetic and ecologic
signals
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The present contribution proposes the first endocast comparative study in squamates. It will
focus on snakes that are of particular interest since they show a great diversity in morphology,
and occupy a wide range of ecologies with e.g., fossorial, aquatic, and arboreal species (e.g.,
Heatwole, 1999; Greene et al., 2000). Here, we propose to provide a quantitative anatomical
description of the endocast of a wide sample of snake species using different morphometric
approaches in order to: 1) bring new information about this structure, its general traits within
snakes and the variation occurring; 2) test if, as in mammals and birds, the endocast of snakes

reflects a phylogenetic and/or ecologic signal.

This chapter has been published in Journal of Anatomy:
Allemand, R., R. Boistel, Z. Blanchet, R. Cornette, N. Bardet, P. Vincent, and A.
Houssaye. 2017b. Comparative morphology of snake (Squamata) endocasts: evidence of

phylogenetical and ecological signals. Journal of Anatomy 2017:doi: 10.1111/joa.12692.

5.1. Material and Methods

5.1.1. Material

The material consists of the skull of 45 snake specimens (38 genera and 43 species; see Chapter
4 Material and Methods); illustrating the diversity of snakes in both phylogenetic and ecological

(i.e., habitat) perspectives (see Fig. 5.1).
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Scolecophidia E Typhlophis squamosus (f)
Rhinotyphlops schlegelii (f)

_|: Cylindrophis ruffus (f)

] Uropeltis pulneyensis (f)

Anilius scytale (f)

Alethinophidia Booidae gyﬁwn ref{uts (®
—e oa constrictor (a)
Candoia sp. (t)
Corallus hortulanus (a)
Macrostomata
—e

Eunectes murinus (sa)
Acrochordus granulatus (sa)
Pareas margaritophorus (a)
[ Crotalus atrox (1)

— Agkistrodon contortrix (1)
Enfyars enfyaris (sa)

| Enfyars purnictala (sa)
Cerberus rynchops (sa)
Homalopsrs berecala (sa)
Enpefon lentacu/unm (sa)
] Bllia hyadrordes {m)
— Fordonia leucobalia (sa)

Cantoria violacea (sa)
[ Mimophis mahfalensis (1)
— Atractaspis irregularis {f)
Micrurus lemniscatus (t)
Naja nivea (t)
[ Aipysurus duboisit (m)
Alpysurus eydouxii {m)
Microcephalophis gracilis (m)
Hydrophis elegans (m)
Enhydrina schistosa (m)
Astrotia stokesii (m)
Pelamis platurus (m)
_E Hydrophis major (m)
Hydrophis ornatus (m)
Thamnophis sirtalis (t)

Hydrophiidae

Chrysopelea ornata (a)
Hierophis gemonensis (t)
Hierophis viridiflavus (1)
Coronella austriaca (t}
Dispholidus typus (a)
Dasypeltis sp. (a)

Boiga dendrophila (a)

Colubridae

Fig. 5.1. Schematic phylogenetic relationships of snakes sampled in the study (modified from
Lee and Scanlon, 2002; Pyron et al., 2011; Hsiang et al., 2015). Principal ecology/habitat:
fossorial (f), terrestrial (t), arboreal (a), semi-aquatic (sa), marine (m).
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5.1.2. Methods

Microtomography was performed in order to non-destructively digitize the brain endocast of
the specimens (see Chapter 4 Material and Methods). Image segmentation and visualization
were performed using VGStudioMax 2.2 (Volume Graphics Inc., Heidelberg, Germany) at the
Palaeontology Imaging Unit of the MNHN/UMR 7207 CR2P and Avizo 7.0 (VSG, Burlington
MA, USA) at the UMR 7179 MECADEYV. The segmentation tools of these software packages
were used to select the endocranial space of the specimens thereby allowing separation of the
skull from the endocranial space, and to reconstruct the endocast (see Appendix 1 to visualize
all snake endocasts reconstructed).

5.1.2.1. Measurements

For each specimen, 21 measurements were defined and taken to illustrate the whole 3D shape,
volume and surface of the endocast (see Fig. 5.2B). All the measurements made on the endocast
were measured point-to-point and obtained with the digital caliper of VGStudioMax 2.2 and
the measuring tool of Avizo 7.0, both with accuracy of 0.01mm (see Appendices 2 and 3). The
print of the sutures between the different skull bones visible on the endocast surface were used
to define homologous distances. The following list introduces the measurements taken on the
endocast. The different parts of the endocast are named with the same terms as those used for
the brain itself (see Fig. 5.2A), following Butler and Hodos (2005); however the terms used
here do not have a neurological significance and are not related to neural structures.

(a) Length of the endocast (LE): distance between the anteriormost part of the olfactory
bulbs still entirely surrounded by the frontal bone and the tip of the suture left by the contact of
the supraoccipital with the two exoccipitals on the dorsal surface of the endocast;

(b) Length of the olfactory bulbs (LOB): distance between the anteriormost part of the
olfactory peduncles still entirely surrounded by the frontal bone and the fronto-parietal suture;

(c) Length of the groove between the olfactory bulbs (LG): distance between the

anteriormost end of the groove between the olfactory peduncles and the fronto-parietal suture;
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(d) Height of the main olfactory bulb (HOB): at the level of the anteriormost part of the
main olfactory bulb still entirely surrounded by the frontal bone;

(e) Height of the olfactory peduncle (HOP): at the level of the fronto-parietal suture;

(f) Width of the olfactory peduncles (WOP): at the level of the fronto-parietal suture;

(9) Length of the fissura interhemispherica (LFI): distance between the fronto-parietal
suture and the virtual limit made by the groove between the cerebral hemispheres and the optic
tectum;

(h) Maximal width of the cerebral hemispheres (WCH);

(i) Lateral expansion of the cerebral hemispheres (LCH): distance between the fronto-
parietal suture and the posterior end of the lateral margin of the cerebral hemispheres;

(1) Maximal height of the cerebral hemispheres (HCH);

(k) Maximal width of the optic tectum (WOR);

() Length of the optic tectum (LOR): distance between the virtual limit made by the
groove separating the cerebral hemispheres of the optic tectum (see Fig. 5.2B) and the tip of
the V-shaped suture between the parietal and the supraoccipital (see Fig. 5.2A);

(m) Height of the optic tectum (HOR): distance between the dorsal surface of the optic
tectum and the triple point formed by the suture between the parietal, prootic and basisphenoid
(see Fig. 5.2A);

(n) Length of the pituitary gland (LP): distance between the fronto-parietal suture and
the most posterior point of the pituitary bulb;

(o) Height of the pituitary gland (HP): distance between the most ventral point of the
pituitary gland and the triple point formed by the sutures between the parietal, prootic and
basisphenoid;

(p) Width of the inner ear region (WIE): distance between the two triple points formed
by the sutures of the supraoccipital, prootic and exoocipital,

(q) Dorsal width of the posterior end of the endocast (DWPE): distance taken at the
level of the suture between the supraoccipital and the two exoccipitals seen on the dorsal surface
of the endocast;

(r) Length of the posterior part of the endocast (LPE): distance between the tip of the
V-shaped suture between the parietal and the supraoccipital, and the tip of the VV-shaped suture

between the supraoccipital and the two exoccipitals;
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(s) Height of the posterior part of the endocast (HPE): distance between the maximum
of concavity of the inner ear region and the ventral margin of the endocast;

(t) Width of the ventral part of the endocast (WPE): distance between the two triple
points formed by the suture between the prootic, basisphenoid and basioccipital on the ventral
margin;

(u) Width in the pituitary gland region (WP): distance taken on the ventral surface of
the brain endocast, between the triple points formed by the sutures between the parietal, prootic

and basisphenoid.
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Fig. 5.2. Reconstructed endocast of Enhydris punctata (Homalopsidae) (A), lllustration of the
major structures seen in dorsal and left lateral views: telencephalon (red), diencephalon
(yellow), mesencephalon (green), rhombencephalon (purple); (B), Ilustration of the various
measurements defined in Material and Method and taken in dorsal, left lateral and ventral views.
Abbreviations: fr-p, fronto-parietal suture; lim, groove between the optic tectum and the
cerebral hemispheres; p-pr-bs, triple point formed by the sutures between the parietal, prootic
and basisphenoid; p-so, parietal-supraoccipital suture; pr-bs-bo, triple point formed by the
suture between the prootic, basisphenoid and basioccipital; so-eo, supraoccipital-exoccipital
suture; so-pr-eo, triple point formed by the sutures of the supraoccipital, prootic and
exoocipital; DWPE, Dorsal width of the posterior end of the endocast; HCH, Maximal height
of the cerebral hemisphere; HOB, Height of the main olfactory bulb; HOP, Height of the
olfactory peduncle; HOR, Height of the optic tectum; HP, Height of the pituitary bulb; HPE,
Height of the posterior part of the endocast; LCH, Lateral expansion of the cerebral
hemispheres; LE, Length of the endocast; LFI, Length of the interhemispheric fissure; LG,
Length of the groove between olfactory bulbs; LOB, Length of the olfactory bulbs; LOR,
Length of the optic tectum; LP, Length of the pituitary bulb; LPE, Length of the posterior part
of the endocast; WCH, Maximal width of the cerebral hemispheres; WIE, Width in the inner
ear region; WOP, Width of the olfactory peduncles; WOR, Maximal width of the optic tectum;
WP, Width in the pituitary gland region; WPE, Width of the ventral part of the endocast. Scale

bar equals to 2 mm.

5.1.2.2. Quantitative analyses

In order to provide complementary information, three different approaches were used to study

the endocranial variability occurring in snakes.

Descriptive character analysis

The differences observed between the various snake endocasts were listed and coded (see
Appendix 4: List of the characters and Matrix). We used the coded characters to run a principal
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coordinate analysis (PCoA) in order to evaluate the distances between the taxa and thus to
identify which taxa are similar in endocast morphology based on these coded characters: the
closest the species, the more similar are the endocast morphologies.

Measure analysis

All data (see Appendices 2 and 3) were log10-transformed prior to analysis to meet assumptions
of normality and homoscedasticity required for parametric analyses. All the analyses were
performed using the statistic software R (R Development Core Team, 2008). To analyze shape
components independently from size, the log-shape ratios (Mosimann and James, 1979) were
calculated based of the raw log10-transformed linear dimensions of the brain endocast.

In order to take into account the biases induced by measurement repeatability, three
specimens of Python regius showing the lowest shape variation were selected. According to the
data published by Aubret et al. (2005), the comparison of their jaw length seems to differentiate
a neonate specimen (P1; jaw length = 25.4 mm) from a juvenile (P3; jaw length = 31.4 mm)
and an adult (P2; jaw length = 40.3 mm) ones. Ten repetitions were performed for each measure
on these three specimens. Then, to quantify and visualize the differences between repetitions, a
Principal Component Analysis (PCA) was performed. Shape differences between specimens
were much higher than shape differences induced by repetitions.

To evaluate the phylogenetic signal in the shape of the endocast in snakes, we used a
multivariate generalization of the K statistic of Blomberg et al. (2003): the Kmult (Adams,
2014). The phylogenetic signal is based on a phylogenetic consensus tree derived from several
published phylogenies (Lee and Scanlon, 2002; Pyron et al., 2011; Hsiang et al., 2015, Fig.
5.1). Adams (2014) demonstrated that values of Kmult <1 imply that taxa resemble each other
phenotypically less than expected under Brownian motion whereas values of Kmult >1 imply
that close relatives are more similar to one another phenotypically than expected under
Brownian motion. A PCA was also performed on the data obtained from the measurements
made on the 45 snake specimens; the mean of the 10 measurements taken on each of the Python
regius specimens was used.

To test the relationships between the habitat/ecology and the morphology of the
endocast, the sampled taxa were classified into five habitat categories (see Fig. 5.1): fossorial,
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terrestrial, arboreal, semi-aquatic, and marine (Heatwole, 1999; Houssaye et al., 2013; A. Herrel
personnal communication). We performed a standard and phylogenetic MANOVA, to
respectively evaluate whether the endocast variability could reflect the ecology, taking or not

the phylogenetic relationships into consideration.

Outline curve analysis

For each brain endocast, the ventral and lateral views were selected to perform an outline curve
analysis using geometric morphometrics (Zelditch et al., 2004). We used 2D sliding semi-
landmarks (Gunz and Mitteroecker, 2013) that permit accurate description of homologous
anatomical curves devoid of anatomical landmarks. Sliding semi-landmarks are allowed to
slide, minimizing the bending energy between each specimen and the mean shape of the data
set. This step creates a geometric homology between specimens that permits all classical
geometric morphometric analyses. We performed a General Procrustes Superimposition to
work on shape (Rohlf and Slice, 1990) and PCAs for each view.

The dorsal view was not used here because of the difficulty to distinguish homologous
outline curves on the posterior part of the structure at the level of the inner ear position. In
ventral view, the 45 endocasts of our dataset were used. In lateral view, we used the posterior
crest formed by the inner ear and three homologous points as landmarks to facilitate the
placement of the curve semilandmarks. The sutures between the different skull bones visible
on the posterior part of the endocast surface were used to define homologous points. The first
point corresponds to the triple point formed by the sutures between the basioccipital, exoccipital
and prootic. The second is the triple point formed by the prootic, the basioccipital and the
basisphenoid. The last point represents the most ventral point of the suture between the
basioccipital and the basisphenoid. In lateral view, we used 38 specimens because the sutures
are not visible and did not allow the placement of the same landmarks on Aipysurus eidouxii,
Cerebrus rynchops, Corallus hortulanus, Dispholidus typus, Mimophis mahfalensis, the

smallest specimen of Python regius and Uropeltis pulneyensis.
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5.2. General description of snake endocast and variability

Here, only a description of the endocast will be provided, without considering the cranial nerves
or the inner ear (data in Boistel et al., 2011; Yi and Norell, 2015). The cast of the endocranial
space does not only reflect the brain itself: associated tissues (e.g., venous system) are also
reconstructed during segmentation and may hide some parts of the brain. The endocast
morphology resulting from the segmentation of the endocranial space is described below as a
whole. The endocast in snakes is surrounded dorsally by the frontal and parietal (anteriorly)
and the supraoccipital and exoccipital (posteriorly), laterally by the prootics, and ventrally by
the basioccipital and para-basisphenoid (Fig. 5.3). The surface of the endocast of snakes is

smooth.

(0
R N R s ' S s
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Fig. 5.3. Skull of Enhydris punctata (Homalopsidae) in dorsal (A) and left lateral (B) views
showing the bones surrounding the endocast; (C-D) with bones rendered transparent to reveal
the endocast (green) and the inner ear (red). Abbreviations: bo, basioccipital; bs, basisphenoid;

eo, exoccipitals; fr, frontal; p, parietal; pr, prootics; so, supraoccipitals. Scale bar equals 2 mm.
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5.2.1. Telencephalon

The telencephalon includes the olfactory bulbs, the olfactory peduncles and the cerebral
hemispheres (see Fig. 5.2A). The main and accessory olfactory bulbs correspond to the
anteriormost structure of the brain endocast (see Fig. 5.2A); however, from the endocast only
it is not possible to distinguish one from another. They are attached to the rostral pole of the
cerebral hemisphere by short olfactory peduncles. In dorsal view, a groove is visible running
between the two olfactory bulbs. Posteriorly, the cerebral hemispheres represent the largest part
of the endocast and gradually widen laterally. An interhemispheric fissure may be visible on
the dorsal surface of the endocast, as attested by a groove between the cerebral hemispheres.
The length of the interhemispheric fissure and the depth of the groove vary according to taxa.
Some taxa may exhibit olfactory bulbs wider than long, giving a short and stout aspect
(e.g., width/length aspect ratio superior to one in Typhlophys squamosus, see Fig. 5.4A) in
dorsal view, while most taxa have an olfactory structure longer than wide (e.g., width/length
aspect ratio inferior to one in Hierophis viridiflavus, see Fig. 5.4B). The lateral margin of this
structure may be mediolaterally convex (e.g., Acrochordus granulatus, see Fig. 5.4D),
relatively straight (e.g., Eunectes murinus, see Fig. 5.4E) or mediolaterally concave (e.g.,
Hierophis viridiflavus, see Fig. 5.4B) in dorsal view. Most species possess in dorsal view a
system composed of two parallel olfactory bulbs and peduncles (e.g., Eunectes murinus, see
Fig. 5.4E). Some others show a projection that diverges laterally from the fronto-parietal suture
(e.g., Homalopsis buccata, see Fig. 5.4F), whereas others share the two conditions with parallel
olfactory bulbs and peduncles diverging laterally at their anterior end (e.g., Hierophis
viridiflavus, see Fig. 5.4B). In lateral view, the ventral margin may be ventrodorsally concave
(e.g. Mimophis mahfalensis, see Fig. 5.5D), convex (e.g., Boiga dendrophila, see Fig. 5.5B)
forming a bulge, or straight (e.g., Homalopsis buccata, see Fig. 5.5C). Some taxa (e.g.,
Typhlophys squamosus, see Fig. 5.4A) do not show any separation over the whole length of the
olfactory peduncles in dorsal view. Most taxa have olfactory peduncles diverging only at their
anterior end (e.g., Hierophis viridiflavus, see Fig. 5.4B). Some species have a large space
between the two olfactory structures, separating them along almost their entire length (e.g.,
Acrochordus granulatus, see Fig. 5.4D). The width of the olfactory bulbs may vary antero-

posteriorly. At the level of the fronto-parietal suture and in dorsal view, some taxa possess a
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posterior part as wide (e.g., Eunectes murinus, see Fig. 5.4E) or wider (e.g., Cylindrophis ruffus,
see Fig. 5.4C) than the anterior end. However, others have olfactory bulbs with an anterior end
wider than the posterior part (e.g., Hierophis viridiflavus, see Fig. 5.4B).

Fig. 5.4. Endocasts in dorsal view of (A) Typhlophys squamosus (Typhlopidae); (B) Hierophis
viridiflavus (Colubridae); (C) Cylindrophis ruffus (Cylindrophiidae); (D) Acrochordus
granulatus (Acrochordidae); (E) Eunectes murinus (Boidae); (F) Homalopsis buccata
(Homalopsidae); (G) Chrysopelea ornata (Colubridae); (H) Anilius scytale (Aniliidae). Scale

bars equal 1mm.

The relative size of the cerebral hemispheres varies between taxa. A distinction is seen
between those that have hemispheres wider than long (e.g., width/length aspect ratio close to
1.4 in Chrysopelea ornata, see Fig. 5.4G) and those that have a structure as long as wide (e.g.,
width/length aspect ratio close to one inTyphlophys squamosus, see Fig. 5.4A). A few taxa are
exceptions with cerebral hemispheres longer than wide (e.g., width/length aspect ratio close to
0.3 in Cylindrophis ruffus, see Fig. 5.4C). The lateral extension in dorsal view generally begins
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just posterior to the fronto-parietal suture (e.g., Eunectes murinus, see Fig. 4E) but two taxa
(Cylindrophis ruffus [Fig. 5.4C] and Anilius scytale [Fig. 5.4H]) exhibit cerebral hemispheres
with an anterior part as wide as the fronto-parietal suture, the lateral extension occurring more
posteriorly. In dorsal view, the lateral margin may be rounded (e.g., Eunectes murinus, see Fig.
5.4E) or relatively straight (e.g., Chrysopelea ornata, see Fig. 5.4G), providing a square
appearance to the cerebral hemispheres. In lateral view, differences occur between taxa with
cerebral hemispheres developed only along the horizontal axis (e.g., Typhlophys squamosus,
see Fig. 5.5A), taxa with cerebral hemispheres developed in the horizontal plane but with a
posterior part directed ventrally (e.g., Homalopsis buccata, see Fig. 5.5C) and taxa with a dorso-
ventral extension at least as long as the horizontal one (e.g., Boiga dendrophila, see Fig. 5.5B).
The limit between the cerebral hemispheres and the optic tectum depends on the lateral
extension of the cerebral hemispheres. Species that do not have an important lateral extension
(e.g., Anilius scytale, see Fig. 5.4H) do not show a clear delimitation between the optic tectum
and the cerebrum, contrary to those that have a groove between the two structures and have
laterally extended cerebral hemispheres (e.g., Chrysopelea ornata, see Fig. 5.4G).

5.2.2. Diencephalon

The pituitary gland, located ventrally to the cerebral hemispheres, is the only structure of the
diencephalon seen on the endocast (see Fig. 5.2A); the pineal gland is not visible. In addition,
the external morphology of the endocast does not allow the hypothalamus and the hypophysis
to be delimited.

The pituitary gland may be marked by the presence in lateral view of a small bulge on
the ventral surface of the endocast (e.g., Anilius scytale, see Fig. 5.5E). But generally the system
shows a structure more developed ventrally, displaying (e.g., Hierophis viridiflavus, see Fig.
5.5F) or not (e.g., Eunectes murinus, see Fig. 5.5G) a posterior projection. Among those
displaying a posterior projection, a distinction is made between those presenting a tilted system
(e.g., Enhydrina schistosa, see Fig. 5.5H) and those having a posterior projection in the

horizontal plane (e.g., Hierophis viridiflavus, see Fig. 5.5F). Differences relative to the ventral
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margin of the posterior projection also occur, between a curved (e.g., Thamnophis sirtalis, see
Fig. 5.5J) and a flat (e.g., Dispholidus typus, see Fig. 5.51) shape.

A

Fig. 5.5. Endocasts in left lateral view of (A) Typhlophys squamosus (Typhlopidae); (B) Boiga
dendrophila (Colubridae); (C) Homalopsis buccata (Homalopsidae); (D) Mimophis
mahfalensis (Lamprophiidae); (E) Anilius scytale (Aniliidae); (F) Hierophis viridiflavus
(Colubridae); (G) Eunectes murinus (Boidae); (H) Enhydrina schistosa (Elapidae); (1)
Dispholidus typus (Colubridae); (J) Thamnophis sirtalis (Natricidae). Scale bars equal 1Imm.
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5.2.3. Mesencephalon

The mesencephalon lies posterior to the cerebral hemispheres. The optic tectum forms the roof
of the mesencephalon (see Fig. 5.2A). From the endocast, the distinction between the optic
tectum and the tegmentum, which is located more ventrally in the mesencephalon, is not
possible. In dorsal view, the mesencephalon is less wide than the cerebral hemispheres.

In a few taxa this structure is not distinguishable from the cerebral hemispheres (e.qg.,
Typhlophys squamosus, see Fig. 5.4A). In some others, the structure is visible in dorsal view
only thanks to its decrease in width as compared to the cerebral hemispheres (e.g., Eunectes
murinus, see Fig. 5.4E), and its surface appears smooth and flattened. However, in other
species, the optic tectum exhibits in dorsal view a pair of domes separated by a median sulcus
(e.g., Thamnophis sirtalis, see Fig. 5.6A). Some taxa show (in dorsal view) a distinct optic
tectum as wide as the rhombencephalon (e.g. Homalopsis buccata, see Fig. 5.4F). The others
have an optic tectum wider (e.g., Chrysopelea ornata, see Fig. 5.4G) or narrower (e.g.,
Acrochordus granulatus, see Fig. 5.4D) than the ventral margin of the rhombencephalon. In
lateral view, most taxa possess a dorsal margin of the optic tectum located at the same height

as the cerebral hemispheres (e.g., Eunectes murinus, see Fig. 5.5G), except Erpeton

tentaculatum, in which the margin is located more dorsally (see Fig. 5.6D).

A

Fig. 5.6. Endocasts in dorsal (upper row) and left lateral (lower row) views of (A) Thamnophis
sirtalis (Natricidae); (B) Erpeton tentaculatum (Homalopsidae); (C) Hydrophis major
(Elapidae); (D) Erpeton tentaculatum. Scale bars equal 1mm.
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5.2.4. Rhombencephalon

Posterior to the optic tectum, the cerebellum is not visible on the dorsal surface of the endocast.
According to Aurboonyawat et al. (2008), the dorsal longitudinal vein located on the mid-dorsal
surface of the endocast must cover it. On the lateral sides of the endocast, the large and round
impressions indicate the position of the inner ear (see Fig. 5.2A). The medulla oblongata is
located ventral to the inner ear region, and represents the ventral margin of the posterior part of
the endocast.

Most species exhibit a rhombencephalon in lateral view with a rounded (e.g., Boa
constrictor, see Fig. 5.7A) or straight (e.g., Erpeton tentaculatum, see Fig. 5.6D) ventral
margin, but in some taxa (e.g., Crotalus atrox, see Fig. 5.7B) the ventral margin is triangular,
pointing ventrally. The ventral extension of the rhombencephalon may correspond to the most
ventral surface of the endocast in lateral view (e.g., Boa constrictor, see Fig. 5.7A) or not (e.g.,
Dispholidus typus, see Fig. 5.51).

Fig. 5.7. Endocasts in left lateral view of (A) Boa constrictor (Boidae); (B) Crotalus atrox

(Viperidae). Scale bars equal 1mm.

5.3. Quantitative analyses

Snake endocasts show a great variability. This variability is characterized by different relative
proportions between the structures visible on the endocasts (e.g., size of the optic tectum
compared to that of the cerebral hemispheres), giving a wide range of shapes, from stout (e.g.,
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Typhlophis squamosus), to elongated and gracile (e.g., Pelamis platurus) or elongated and wide

(e.g., Boa constrictor) endocasts. Below, this variability is analyzed quantitatively.

5.3.1. Descriptive character analysis

The results obtained (Fig. 5.8) show that 50.3 % of the variance is explained by the two main
principal components (29.4 % and 20.9 % respectively). The distribution of the taxa indicates
that fossorial and marine snakes are both distinct from those with other ecologies. Among the
fossorial species, Atractaspis irregularis is quite distinct from two groups: the first one
including Uropeltis pulneyensis, Cylindrophis ruffus, and Anilius scytale, and the second one
made by Typhlophis squamosus and Rhinotyphlops schlegelii. Micrurus lemniscatus and
Acrochordus granulatus, a terrestrial and a semi-aquatic snakes, respectively, tend toward the
endocast morphology found in the fossorial taxa. Among the marine species of our dataset,
Enhydrina schistosa and Microcephalophis gracilis are close to each other and distinct from
other marine snakes. The terrestrial species show a wide distribution. The isolated position of
M. lemniscatus was already cited above. Hierophis gemonensis, Hierophis viridiflavus, and
Thamnophis sirtalis are close together and located near the two arboreal snakes Dispholidus
typus and Chrysopelea ornata. These species are distinct from Mimophis mahfalensis, Crotalus
atrox, Agkistrodon contortrix, Coronella austriaca and Naja nivea, which are close together
and possess a brain endocast morphology similar to the arboreal snakes Boiga dendrophila and
Dasypeltis sp. In addition, the three specimens of Python regius and Candoia sp., are distinct
from the other terrestrial taxa with an endocast morphology tending towards those found in
marine ones. Among the arboreal taxa not cited above, Corallus hortulanus, Boa constrictor
and Pareas margaritophorus are close to the semi-aquatic snake Cantoria violacea. The
distribution of the semi-aquatic species overlaps those of the terrestrial and arboreal snakes.
The endocast of Enhydris enhydris is similar to that of M. mahfalensis and distinct from those
of Erpeton tentaculum, Fordonia leucobalia, Homalopsis buccata, and Enhydris punctata,
which are grouped together. The two species Cerberus rynchops and Eunectes murinus are
respectively close to Candoia sp. and to the three specimens of P. regius, and tend towards the

marine taxa.
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The species distribution suggests the existence of phylogenetic and ecological signals.
Phylogenetically close species show more similarities than with other species (e.g., Typhlophis
squamosus and Rhinotyphlops schlegelii). However, an ecological signal is also perceived,
meaning that species sharing the same ecology show more endocranial similarities than species

with a different ecology.
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Fig. 5.8. Results of the principal coordinate analysis performed on the snake endocast characters
(Appendix 4). See Material and Methods (Chapter 4, p. 61) for name abbreviations.

5.3.2. Measure analysis

5.3.2.1. Intraspecific variability in Python regius

The PCA (see Fig. 5.9) shows that the two main axes explain 93 % of the variance (80 % and
13 % respectively). The repeatability test is positive as the ten iterations for each specimen are
clearly grouped and the three specimens clearly distinct, indicating that the variability caused
by the measurement acquisition is inferior to the variability between the specimens. All
variables seem to act on the distribution of the specimens (though the impact of LP (Length of

the pituitary bulb) on the second axis appears significantly more important than that of the other
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variables). The first principal component mostly separates the specimens based on size. The
variables principally acting on PCAL are the height of the olfactory bulbs (HOB), the length of
the optic tectum (LOR) and the length of the pituitary gland (LP). The smaller specimen (P1)
has the greatest height of the olfactory bulbs, the greatest length of the pituitary bulb, and the
smallest length of the optic tectum. The second principal component separates the intermediate
specimen (P3) from the two others. The main variable acting along the second axis is still the
length of the pituitary gland (LP). The intermediate specimen (P3) shows the smallest height
of the olfactory bulb, the greatest length of the optic tectum and an intermediate value for the
length of the pituitary gland. Finally, the largest specimen (P2) possesses the greatest length of
the pituitary gland, and intermediate values for the height of the olfactory bulb and for the length
of the optic tectum.
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Fig. 5.9. Results of the principal component analysis performed on the endocast variables for
three Python regius specimens, (P1) smaller specimen, (P3) intermediate specimen, (P2) largest
specimen. Scatter plot illustrating the position of the different specimens on the first two
principal components. Abbreviations: DWPE, Dorsal width of the posterior end of the
endocast; HCH, Maximal height of the cerebral hemisphere; HOB, Height of the main
olfactory bulb; HOP, Height of the olfactory peduncle; HOR, Height of the optic tectum; HP,
Height of the pituitary bulb; HPE, Height of the posterior part of the endocast; LCH, Lateral
expansion of the cerebral hemispheres; LE, Length of the endocast; LFI, Length of the
interhemispheric fissure; LG, Length of the groove between olfactory bulbs; LOB, Length of
the olfactory bulbs; LOR, Length of the optic tectum; LP, Length of the pituitary gland; LPE,
Length of the posterior part of the endocast; WCH, Maximal width of the cerebral hemispheres;
WIE, Width in the inner ear region; WOP, Width of the olfactory peduncles; WOR, Maximal
width of the optic tectum; WP, Width in the pituitary gland region; WPE, Width of the ventral
part of the endocast.

5.3.2.2. Interspecific variability

The PCA obtained with all snake specimens (see Fig. 5.10) shows that 60 % of the variance is
explained by the two first axes (44.7% and 15.3% respectively). Fossorial species are clearly
distinct from the others, with a great distribution along the first axis, contrary to the snakes with
other ecologies, that all display a more limited distribution. The PCA shows some overlap
between the snakes with arboreal, terrestrial, semi-aquatic and marine habitats, but a gradation
is clearly visible. The arboreal and terrestrial taxa appear distinct (with no overlap) from the
marine ones. All variables seem to act on the repartition of the species (see Appendix 5).
However, along the first axis, two variables mostly act on the distribution of the taxa: the width
at the optic tectum level (WOR) and the dorsal width of the posterior end of the endocast
(DWPE). The first axis seems to separate species that have an optic tectum as wide as the
posterior end of the endocast (e.g., Typhlophis squamosus) from the ones in which the optic
tectum is much wider than the posterior end of the endocast (e.g., Pelamis platurus). Along the
second axis, the width of the olfactory peduncles (WOP) and the width of the cerebral

hemispheres (WCH) explain most of the variability. These variables allow to distinguish
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species presenting a large difference between the width of the olfactory peduncles and the width
of the cerebral hemispheres (e.g., Boa constrictor), from those that have a smaller difference
between these two widths (e.g., Cylindrophis ruffus).

The MANOVA performed on the data indicates significant differences between
endocasts depending on ecology (MANOVA: Wilks A = 0.751, F2 22 = 8.75, P = 0.013). The
Kmult test indicates that endocast shape in snakes exhibits a significant phylogenetic signal
(Kmult = 0.814; P.value = 0.001), showing the importance to consider the phylogeny in studies
of snake endocasts. The phylogenetic MANOVA still indicates significant differences pending
on ecology (phylogenetic MANOVA: Wilks A =0.0074, F 2,22 = 81.748, Pphyl = 0.0087).
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Fig. 5.10. Results of the principal component analyses performed on the snake endocast
variables of the 45 specimens. Scatter plot illustrating the position of the different species on
the first and second principal components and figuring the different ecologies. See Material and

Methods (Chapter 4, p. 61) for name abbreviations.

90



5.3.3. Outline curve analysis

The results obtained by the outline curve analyses (Fig. 5.11 and 5.12) enable to comment on
the shape of snake endocasts according to the different ecologies.

The first PCA is obtained from the endocast outline curves in ventral view (Fig. 5.11)
and shows that 61.9% of total variance is explained by the two first axes (44.6% and 17.3%
respectively). The first axis separates proportionally stout endocasts, wide at the level of the
olfactory bulbs and of the cerebral hemispheres (blue dotted line, Fig. 5.11, Axis 1), from longer
and narrower endocasts (black dotted line, Fig. 5.11, Axis 1). Thus, endocasts of semi-aquatic,
arboreal and terrestrial snakes are mostly wide, whereas the fossorial and marine species have
an extended distribution along this first axis, encompassing both wide and narrow endocasts.
However, the distribution of marine taxa is mainly concentrated towards narrow endocasts and
only two species, Aipysurus duboisii and Aipysurus eydouxii, move towards wide endocasts.
Along the second axis, the shape of the forebrain (olfactory bulbs and cerebral hemispheres)
principally drives the distribution. Endocasts with wide olfactory bulbs have cerebral
hemispheres located more anteriorly (dark dotted line, Fig. 5.11, Axis 2) than those with thinner
olfactory bulbs (blue dotted line, Fig. 5.11, Axis 2). Semi-aquatic, fossorial and marine species
all exhibit an endocast with wide olfactory bulbs and anteriorly located cerebral hemispheres,
contrary to the arboreal and terrestrial snakes that are distributed all along the axis and thus

express the two conditions.
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Fig. 5.11. Results of the principal component analyses performed on the snake endocast outline
curves in ventral view. The blue and dark dotted lines indicate respectively the low and high
values along the two axes. See Material and Methods (Chapter 4, p. 61) for names

abbreviations.

The second PCA is obtained from the endocast outline curves in lateral view (Fig. 5.12)
and shows that 65.8% of total variance is explained by the two first axes (48% and 17.8%
respectively). The first axis illustrates endocasts with well dorsoventrally developed and
ventrally oriented olfactory bulbs, and a posterior part characterized by a rounded dorsal surface
more developed dorsally than the anterior part (blue dotted line in Fig. 5.12, Axis 1). These
endocasts differ from those in which the olfactory bulbs are less developed dorsoventrally and
dorsally oriented, and the posterior part presents a flat dorsal surface located at the same level
as the anterior part (dark dotted line Fig. 5.12, Axis 1). The endocast of the fossorial species
Rhinotyphlops schlegelii is well distinct from those of other taxa, with a structure very
developed dorsoventrally and the posterior region higher than the anterior one. Arboreal and
terrestrial species may show a mix between the two morphologies, with a well dorsoventrally
developed endocast but a flat posterior region located at the same level as the anterior one.
Marine snakes tend to have a flat endocast, whereas semi-aquatic and fossorial taxa show a

large distribution presenting the two endocast morphologies. The second axis separates stout
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endocasts well developed dorsoventrally, with a slight dorsal constriction at the limit between
the olfactory bulbs and the cerebral hemispheres (blue dotted line Fig. 5.12, Axis 2) from longer
but less dorsoventrally developed endocasts (dark dotted line Fig. 5.12, Axis 2), with a ventral
constriction at the limit between the olfactory bulbs and the cerebral hemispheres. The
distribution of the taxa seems to indicate that the two morphologies are variably found in all
ecologies. However, the dorsoventrally compressed endocast found in both marine (Pelamis
platurus) and terrestrial (Candoia sp.) snakes, differs from the more dorsoventrally developed

endocasts found in other taxa sharing their ecologies.
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Fig. 5.12. Results of the principal component analyses performed on the snake endocast outline
curves in lateral view. The blue and dark dotted lines indicate respectively the low and high

values along the two axes. See Material and Methods (Chapter 4, p.61) for names abbreviations.

5.4. Discussion

5.4.1. Phylogenetic signal

We detected a significant phylogenetic signal in the snake endocast variability, meaning that it
is at least partly constrained by shared ancestry. Indeed, some patterns or main trends in the

brain endocast morphology reflect snakes’ systematics. The scolecophidian snakes (R.

93



schlegelii and T. squamosus, see Fig. 5.1) are the only ones presenting an endocast where the
optic tectum is not visible (see Fig. 5.4A). Within the Booidae (see Fig. 5.1), the surface of the
optic roof is smooth (e.g., Eunectes murinus, see Fig. 5.4E), and the pituitary gland is only
developed ventrally. The Hydrophiidae (see Fig. 5.1) have cerebral hemispheres poorly
developed laterally (e.g., Enhydrina schistosa, see Fig. 5.5H), contrary to the Colubridae (see
Fig. 5.1) that possess cerebral hemispheres very developed both laterally and ventrally (e.g.,
Hierophis viridiflavus, see Fig. 5.4B, 5.5F), as well as an optic roof clearly visible with two
distinct domes, and the olfactory bulbs widening on their anterior part. As the multivariate K
was lower than one, species resemble each other less than expected under a Brownian motion
model of evolution, which shows that, though significant, the phylogenetic signal remains
weak. This suggests that other factors, such as ecology, do affect the snake endocast

morphology.

5.4.2. Ecological signal

We also detected an ecological signal in the endocast of snakes, even when the phylogenetic
relationships were taken into account. Though the different ecologies tested here are thus
associated with morphological trends of the endocast, it nevertheless appears difficult to
associate one structure with one ecology. Both standard and phylogenetic MANOVAs indicate
significant differences between the ecologies, with an impact of all variables on the distribution
of snakes. Thus, fossorial species have an endocast with a poor lateral development of the
cerebral hemispheres, and not visible or absent optic tectum and pituitary gland. Marine species
exhibit an endocast more elongated, with cerebral hemispheres poorly developed laterally and
projected only in the antero-posterior plan, but the optic tectum is clearly visible and the
pituitary gland is developed ventrally. Endocasts of terrestrial and arboreal snakes differ from
marine ones’ by the great lateral extension of the cerebral hemispheres. Finally, it appears
difficult to distinguish a common pattern for semi-aquatic snakes.

Within the same ecology, a great variability in the endocast morphology can be
observed. The results obtained from the outline curve analysis (Fig. 5.11 and 5.12) provide

some examples. The cerebral hemispheres of Aipysurus duboisii and Aipysurus eydouxii are
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wider than long and developed ventrally on their posterior part, whereas in the other marine
taxa of our dataset, the cerebral hemispheres are as long as wide and only directed in the
horizontal plane. The endocasts of Pelamis platurus and Candoia sp. appear more flattened
than those respectively found in other marine and terrestrial species. Finally, the morphology,
the proportions and the orientation of the endocast of Rhinotyphlops schlegelii appear very
distinct from those found in other fossorial snakes. It appears difficult to interpret these
differences. It has been demonstrated that constraints imposed by the environment (e.g., habitat)
and activity pattern have an impact in snake head shape, irrespective of the phylogenetic
relationships (Fabre et al., 2016; Segall et al., 2016). These ecological constraints affect the
endocranial morphology in snakes as well. However, it is difficult to determine with certainty
which ecological parameters mostly affect the endocranial morphology. The two marine
species, A. duboisii and A. eydouxii, have an endocast quite different from other marine taxa. It
is unclear if these differences are related to changes in their skull morphology due to the fish-
egg dietary specialization (Sanders et al., 2012) or if the particular morphology of their cerebral
hemispheres has a sensory meaning. Similarly, the flattened endocast of Pelamis platurus, not
found in any other marine specimen from our dataset, could be related to modifications in the
skull morphology associated with its pelagic condition, only known in this species, or to its
unique foraging strategy at the oceanic surface through labile features such as slicks or drift
lines (Brischoux and Lillywhite, 2011). It will be interesting to decompose the ecology in
different factors (e.g., locomotion, prey capture mode) to determine which parameters mostly

influence the snake brain endocast morphology.

5.4.3. Sensory inferences

Studies in mammals and birds have shown that the endocast morphology, like the brain
morphology, may give some information about species sensory abilities (Sakai et al., 2011a, b;
Corfield et al., 2012, 2015; Carril et al., 2015). Several studies on snake brain have shown a
link between structure and function (e.g., Kubie et al., 1978; Halpern and Frumin, 1979;
Halpern and Kubie, 1980; Friedman and Crews, 1985; Krohmer and Crews, 1987; Crews et al.,
1988; Miller and Gutzke, 1999; Wyneken, 2007; Krohmer et al., 2010) but the link between
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sensory abilities and endocasts has never been investigated in snakes. According to Starck
(1979) and Nieuwenhuys et al. (1998), the brain of snakes could fill the majority of the
endocranial space, and thus reflect the brain anatomy. If it is the case, endocasts could provide
information about their sensory abilities. The relationships between the brain and the endocast
is currently untested in snakes (Olori, 2010), and was not the goal of this study.

In snakes, the main olfactory bulb (MOB) is responsible for capturing smells at the level
of the olfactory epithelium, and transmitting them to the olfactory bulb; the accessory olfactory
bulb (AOB) is responsible for pheromone processing related to chemical social communication
and prey capture (Bales, 2014). The MOB projects mainly to the lateral cortex and the AOB
mainly to the nucleus sphericus (Lanuza and Halpern, 1997), two structures localized in the
cerebral hemispheres. The MOB and AOB are involved in different behavioral activities, such
as predation, mating and courtship (Bales, 2014). It is difficult to clearly identify the two
structures and their limits from the endocast. However, morphological differences are perceived
between the sampled taxa and they may imply differences in their sensory abilities. All snakes
have a very developed vomeronasal system (Kubie and Halpern, 1979; Bales, 2014); however
in hydrophiinae sea snakes the main olfactory bulbs are considered to be functionless and it
seems that they use the AOB for smelling underwater (Schwenk, 2008; Schichida et al., 2013).
Endocasts of hydrophiidae are indeed the only ones to show olfactory bulbs with a width
increasing along the antero-posterior axis (e.g., Enhydrina schistosa, see Fig. 5.5H), which
could correspond to a reduced MOB and a more developed AOB.

The cerebral hemispheres of snakes are composed of different structures (e.g., cortex,
nucleus sphericus, anterior ventricular ridge, amygdala), each being considered as a link
between the sources of sensory information and the brain structures that control and modulate
the behavior (Halpern, 1980; Bales, 2014). Different studies about the lizard brain have shown
that the medial dorsal cortices are relatively bigger in active foragers (Day et al., 1999a,b; 2001,
Ladage et al., 2009). In snakes, males, which have a larger average territory than females,
possess a significantly larger medial cortex than females (Roth et al., 2006). However, all these
internal structures are not distinguishable on endocasts. Moreover, no comparative studies on
snake endocasts have been performed to correlate size variation of these inner neural structures
with endocast morphology. It is thus difficult to evaluate whether the different morphologies

exhibited by the cerebral hemispheres of snakes involve differences in their sensory abilities.
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The optic tectum in snakes is involved in the production of natural orienting movements
in response to somatosensory, visual, and auditory stimuli (Nieuwenhuys et al., 1998;
Wyneken, 2007), and to signals from the infrared sensory system found in some snake families
(Boidae, Pythonidae, and Crotalinae) (Goris, 2011). Several authors have shown that the size
of the optic tectum is correlated to some behavioral traits and ecologies (Masai, 1973;
Nieuwenhuys et al., 1998). For instance diurnal species have a larger optic tectum than
burrowing species. From snake endocasts, it actually appears that all fossorial species have a
reduced optic tectum, (e.g., Cylidrophis ruffus, see Fig. 5.4C), contrary to terrestrial and
arboreal taxa, which have a large optic tectum (e.g., Chrysopelea ornata, see Fig. 5.4G).
According to Lillywhite (2014), vision is better developed in arboreal snakes, and poorly
developed in burrowing species and some aquatic species living in turbid waters. It seems thus
possible to connect the size of the optic tectum to the development of vision. According to
Masai (1973), the optic tectum of diurnal snakes is, as a rule, larger than that of nocturnal ones.
However, the correlation between large optic tectum and diurnal activity is not clear. Some
exceptions exist: the endocast of Boiga dendrophila (see Fig. 5.5B), a nocturnal snake (Rodda
et al., 1999; Shivik et al., 2000), also shows a large optic tectum. There seems also to be no
correlation between the occurrence of an infrared sensory system and the size of the optic
tectum on endocasts. Specimens that have infrared organs (e.g., Crotalus atrox, see Fig. 5.7B)
do not exhibit a larger optic tectum than specimens without infrared organs (e.g., Boa
constrictor, see Fig. 5.7A). There is however one exception: Erpeton tentaculatum (see Fig.
5.6B-D), the only specimen which has an endocast with the dorsal margin of the optic tectum
located more dorsally than the dorsal margin of the cerebral hemispheres. Such features can be
correlated to the special nature of E. tentaculatum, which is the only snake presenting a pair of
appendages that protrude from the face (Catania, 2011; 2012). The tentacles, useful to detect
and locate preys, are innervated by trigeminal fibers to the optic tectum and could be responsible
for its large size in E. tentaculatum.

Snake endocasts also show a great variability in the pituitary gland. This structure is
generally considered to be structurally and functionally the most complex organ of the
endocrine system (Harris and Donovan, 1966). Among vertebrates, the pituitary of snakes
possesses some unique features: an asymmetrical structure flattened dorsoventrally and a pars

tuberalis never developed (Schreibman, 1986). From the observation of endocasts only, a large
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variability is observed. However, it is not possible to determine whether this variability has a
sensory significance. For example, endocasts of fossorial specimens have a clearly reduced
pituitary gland but it is not clear whether this morphology is an adaptation reflecting the
specialization of the skull due to fossorial activity (Rieppel, 1979; Rieppel & Zaher, 2000b) or
if this morphology has a sensory implication.

It is tempting to interpret the brain endocast variability in snakes through differences in
sensory abilities between species; however, it is necessary to be very careful in the sensory
inferences brought by an endocast study, which gives only an overview of the external

morphology of the brain, and the complexity of the structure(s) must be taken into account.

5.5. Perspectives

The rapidly expanding interest in, and availability of, digital tomography data to visualize casts
of the vertebrate endocranial cavity housing the brain (endocasts) represent new opportunities
and challenges to the field of comparative neuroanatomy (Balanoff et al., 2015). In snakes, the
endocast is still poorly known and the information associated with this structure remains
untested. The different approaches used here have shown that snake endocasts contain both
phylogenetic and ecological signals. However, the degree of influence of these two signals on
the brain endocast morphology is difficult to interpret. It will be interesting to dissociate the
variability due to each signal. Moreover, to fully understand the brain endocast structure and
its variability among snakes, it appears necessary to decompose the ecology in different
parameters (e.g., locomotion, prey capture mode) in order to test whether one is particularly
associated to one endocranial structure.

Beyond the methodological approaches that we used in this study, the resort to three-
dimensional geometric morphometrics (3DGM) would be interesting to improve the amount of
shape changes taken into consideration. However, the difficulty of finding homologous
anatomical landmarks would impose the use of sliding semi landmarks on surfaces (Gunz and
Mitteroecker, 2013).

Cranial endocasts also represent a potentially large amount of unexplored phylogenetic

data. Most morphological data for phylogenetic analyses of vertebrates come from the exterior

98



shape of the skull (e.g., Gauthier et al., 2012). Internal cranial morphology is poorly represented
in phylogenetic analyses because of the difficulty in visualizing and studying this anatomy. The
advent of CT technology provides the potential to incorporate these new data into phylogenetic
analyses.

Finally, in the context of the strong debate about the phylogenetic and ecological origin
of snakes (e.g., Lee et al., 1999; Conrad, 2008; Hsiang et al., 2015; Martill et al., 2015; Reeder
et al., 2015; Yi and Norell, 2015), endocranial studies might be of strong interest. Their
application on crown snakes and lineages closely related to snakes (i.e., varanids, dibamids,

mosasauroids) would provide major complementary information.

5.6. Conclusion

We used different methods to describe the endocast of snakes: descriptive characters, outline
curve analysis, measurement series, and we observed a great variability in the brain endocast
morphology of snakes. These methods provided different complementary information but all
have shown that the shape of this structure contains, as in mammals and birds, a phylogenetic
signal but also an ecological one. The different trends observed in the endocranial morphology
distinguish the different ecologies, notably fossorial and marine snakes. The great diversity
observed in the snake endocast, even within the same ecology, appears difficult to interpret and
further analyses on the relation between endocast and ecological and sensory factors will be
required. Biological inferences based on this structure should thus be made with caution and it
is important to understand the complexity of this structure in order to avoid quick potentially

wrong assumptions.
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Chapter 6

Endocranial anatomy 1n varanids and
amphisbaenians
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The snake endocast reflects both phylogenetic and ecologic signals. This could be related to the
fact that the brain in snakes fills around 90% of the endocranial space (Starck, 1979;
Nieuwenhuys et al., 1998; Trivifio et al., in press). Thus, there is a good correlation between
the brain and the endocast in snakes. Within squamates, a wide range of brain versus
endocranial cavity proportions were found (Kim and Evans, 2014). The lowest brain—
endocranial volume ratio is found in Gecko gecko (0.35), whereas the false monitor lizard
Callopistes maculatus exhibits a brain that nearly fills the endocranial cavity (0.97). Such
variability might have an impact on the signal reflected by the endocast that could be different
according to taxa.

This chapter aims to provide information about the endocranial anatomy of varanids and
amphisbaenians. Considering the strong involvement of both taxa in the context of the still
debated phylogenetic position of mosasauroids among squamates, this chapter introduces their
endocranial anatomy through the study of a few specimens. This preliminary contribution
focuses on the description of their endocasts in order to compare them with the endocranial
anatomy found in mosasauroids and to provide the first elements to discuss if, as in snakes, the
varanid and amphisbeanian endocasts reflect phylogenetic and/or ecologic signals, as well as

possible sensory inferences associated to their endocast morphology.

6.1. Material and Methods

Four varanid and three amphisbaenian specimens belonging to different species and
representing several ecological adaptations (arboreal, fossorial, aquatic, generalist) have been
studied (see Table 6.1).

The endocranial reconstructions were performed using the MIMICS (Materialise
Interactive Medical Image Control System) Innovation Suite software (Materialise®, release
18) at the Palaeontology Imaging Unit of the CR2P UMR 7207 CNRS/MNHN/UPMC. The
segmentation tools of these software packages were used to select the endocranial space of the
specimens thereby allowing separation of the skull from the endocranial space and to

reconstruct the endocast.
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The braincase of amphisbaenians, as in snakes, is completely ossified and provides a
complete cast of the endocranial cavity. In contrast, the ventral and anterior part of the varanid
braincase is cartilaginous; however, the preservation of the soft tissues in the four varanid
specimens analyzed here provided the limits of the endocranial cavity permitting thus to have

a good idea of its size and morphology.

_ Collection Voxel size )
Family Taxon _ Habitat
reference (in pm)
Varanus prasinus AH Unnumb 48.08 Arboreal
. Varanus salvator AH Unnumb 39.9 Aquatic
Varanidae _ _
Varanus niloticus AH Unnumb 14.8 Generalist
Varanus exanthematicus AH Unnumb 45 Generalist
Amphisbaena gonavensis AH Unnumb 7.46 Fossorial
Amphisbaenidae Amphisbaena kingii AH Unnumb 12.64 Fossorial
Amphisbaena vanzolinii | MNHN 1998.02.02 7.46 Fossorial

Table 6.1. List of the varanid and amphisbaenian specimens analyzed in this chapter.

Abbreviations: AH, Anthony Herrel personal collections.

6.2. Descriptions

6.2.1. Varanids

The endocast in varanids is surrounded dorsally by, from front to back the frontal, the parietal
and the supraoccipital. Its posterior part is enclosed laterally by the prootics and the opisthotic-
exoccipitals, and ventrally by the basioccipital and basisphenoid. The anterior part of the
endocast, however, is cartilaginous. The endocranial pattern found in the four specimens is
similar. The proportions occupied by the endocast are similar and represent about two thirds of
the skull length (Fig. 6.1).
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Fig. 6.1. Skull of Varanus niloticus in left lateral (A, C) and dorsal (B, D) views with bones
rendered transparent to reveal the endocast (blue) and the inner ear (orange). Scale bar equals

5 mm.

The olfactory bulbs correspond to the anteriormost structure of the endocast (Fig. 6.2)
and are attached to the anterior part of the cerebral hemispheres through the olfactory tracts.
The distinction between the olfactory bulbs and the olfactory tracts is difficult to establish from
the endocast only. In dorsal view, the width of the olfactory structure (bulbs and tracts)
decreases laterally up to the two thirds of their anteroposterior length, where it forms a small
constriction, and then widens laterally up to the fronto-parietal suture. Varanus exanthematicus
is the only specimen that exhibits, in dorsal view, an olfactory structure made of two parallel
olfactory bulbs and tracts (Fig. 6.2A, B) with a less marked constriction. The three other taxa
(V. salvator, V. niloticus, V. prasinus) show a projection that diverges laterally from the
constriction observed on the olfactory tracts (Fig. 6.2C-H). The length of the olfactory structure
is about two third that of the endocast. In lateral view, the anterior part of the olfactory structure

is projected ventrally from the main axis of the endocast.
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Posterior to the fronto-parietal suture, the dorsal surface of the endocast appears rather
flat. Two anterior bulges observed in dorsal view, less delimited in V. prasinus (Fig. 6.2G),
correspond to the cerebral hemispheres and represent the largest part of the endocast. In lateral

view, the cerebral hemispheres seem to be developed only along the horizontal axis.
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Fig. 6.2. Digital endocasts in dorsal (left) and left lateral (right) views of Varanus
exanthematicus (A, B), Varanus salvator (C, D), Varanus niloticus (E, F) and Varanus prasinus
(G, H). Abbreviations: cb, cerebellum, ch, cerebral hemispheres; fps, fronto-parietal suture;
ier, inner ear region; ob, olfactory bulbs; ol, optic lobes; pb, pituitary bulb; rho,

rhombencephalon. Scale bars equal 5 mm.

Ventral to the cerebral hemispheres the pituitary bulb is marked by the presence in
lateral view of a projection on the ventral surface of the endocast. In V. prasinus (Fig. 6.2H) the
space between the pituitary bulb and the rhombencephalon is more extended and less concave
than in the others (Fig. 6.2B, D, and F).

Posterior to the cerebral hemispheres, the optic lobes forms the roof of the
mesencephalon and appears, in dorsal view, less wide than the cerebral hemispheres. Their
position is indicated by two bulges on the dorsal surface of the endocast.

Posterior to the optic lobes, a small bulge on the dorsal surface of the endocast may
indicate the cerebellum; however, as the venous system located on the mid-dorsal surface of
the endocast may cover it (Aurboonyawat et al., 2008) its extension is difficult to determine.

On the postero-lateral sides of the endocasts, the large and round impressions indicate
the position of the inner ear. This part corresponds to the rhombencephalon and exhibits a
convex ventral margin. In lateral view, the ventral extension of the rhombencephalon in V.
salvator and V. prasinus is vertically at the same level as the ventral projection of the pituitary
bulb (Fig. 6.2B, D, and F). In V. niloticus and V. prasinus, however, the ventral margin of the

rhombencephalon is projected more ventrally than the pituitary bulb (Fig. 6.2H)

6.2.2. Amphisbaenians

In amphisbaenians, the endocast is completely enclosed by the skull bones. Its anterior part is
surrounded dorsally by the frontal and parietal. Its posterior part is enclosed laterally and

dorsally by the occipital complex, and ventrally by the parabasisphenoid. The three specimens
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studied here exhibit a similar endocranial pattern. The endocasts in all cases represent about
two thirds of the skull length (Fig. 6.3).

Fig. 6. 3. Skull of Amphisbaena kingii in left lateral (A, C) and dorsal (B, D) views with bones

rendered transparent to reveal the endocast (blue). Scale bar equals 5 mm.

At the anteriormost part, the olfactory structures (bulbs and tracts) are ovoid,
anteroposteriorly elongated. The length of the olfactory structures is about one third that of the
whole endocast. In dorsal view, a medial groove runs between the anterior part of the olfactory
casts. In dorsal and lateral views, the olfactory region is separated from the rest of the endocast
by a small constriction forming a distinct neck. This constriction is less pronounced in
Amphisbaenia gonavensis (Fig. 6.4C). In lateral view, the olfactory bulbs and tracts are
projected horizontally, along the axis of the rest of the endocast.

The cerebral hemispheres casts are located immediately posterior to the olfactory
region. In the dorsal view, the cerebral hemispheres are anteroposteriorly elongated and smooth
(Fig. 6.4A, C, E). The posterior part of the cerebral hemispheres represents the maximal width
of the endocast, except in Amphisbaena sleveni for which the maximal width is reached more
anteriorly (Fig. 6.4E). A small ridge divides medially the posterior part of the cerebral
hemispheres and may correspond to the dorsal longitudinal vein (Aurboonyawat et al., 2008).

In lateral view, the cerebral hemisphere appears anterioposterioly elongated.
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The ventral surface of the endocast in amphisbaenians is smooth (Fig. 6.4B, D, F) and
there is no evidence of a pituitary bulb. Similarly, the optic lobes and cerebellum are not
discernible from the endocast (Fig. 6.4A, C, E). These structures may be covered by the dorsal
longitudinal vein located on the mid-dorsal surface of the endocast (Aurboonyawat et al., 2008).

On the posterior part of the endocasts, the lateral sides exhibit large and round
impressions for the position of the inner ear. The rhombencephalon is located ventral to the

inner ear region, and shows a convex ventral margin. At the posterior end of the endocast, the

spinal cord is located dorsally.
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Fig. 6. 4. Digital endocasts in dorsal (left) and left lateral (right) views of Amphisbaena kingii
(A, B), Amphisbaena gonavensis (C, D), and Amphisbaena vanzolinii (E, F). Abbreviations:
ch, cerebral hemispheres; g, medial groove separating the olfactory casts; ier, inner ear region;

ob, olfactory bulbs; rho, rhombencephalon; sp, spinal cord. Scale bars equal 2 mm.

6.3. Endocranial comparisons

Here, each structure composing the endocast of varanids, amphisbaenians and snakes is
compared individually between all taxa.

The shape of the olfactory complex (olfactory bulbs and tracts) in varanids clearly
differs from in amphisbaenians and in most snakes whose complex is short and wide (e.g.,
Amphisbaenia kingi and Python regius). Although some terrestrial snakes (e.g., Hierophis
viridiflavius) exhibit also an elongated olfactory complex, the most-anterior part is separated in
two independent structures, whereas in varanids the olfactory complex is in contact along the
entire length. Only varanids exhibit, in lateral view, an olfactory complex projected ventrally
antero-posteriorly, whereas in snakes and amphisbaenians the complex is projected
horizontally, along the axis of the rest of the endocast.

In lateral view, the cerebrum in varanids is only projected along the horizontal axis
similarly to the condition observed in amphisbaenians and in both fossorial and marine snakes.
This condition differs from that observed in terrestrial, arboreal and semi-aquatic snakes, in
which the cerebrum is also projected ventrally. In dorsal view, the width of the cerebrum in
varanids decreases gradually to the optic lobes whereas in all snakes, the transition between the
two structures is more abrupt as the width of the optic lobes is significantly narrower than that
of the cerebrum. The optic lobes in varanids are wide, similarly to what is observed in terrestrial
and arboreal snakes. However, the two bulges forming the structure are more differentiated in
snakes than in varanids.

In lateral view, the pituitary bulb in varanids forms a prominent bulge on the ventral
surface of the endocast. This structure is not visible from endocasts of amphisbaenians;

however, in snakes, most species exhibit a structure directed posteriorly, which differs from
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varanids’ condition. Only Python regius exhibits a pituitary bulb similar in shape to that of
varanids but less ventrally extended.

On the posterior part of the endocast, the rhombencephalon of varanids shows a rounded
ventral margin that differs from the slightly convex ventral margin observed in snakes and

amphisbaenians.
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Fig. 6.5. Digital endocasts in dorsal (left) and lateral (right) views of (A-B) ) the varanid
Varanus niloticus, (C-D) the amphisbaenian Amphisbaena gonavensis, and the snakes (E-F)
Python regius, (G-H) Pelamis platurus, (I-J) Typhlophis squamosus, (K-L) Hierophis

gemonensis. Scale bars equal 2 mm.

6.4. Discussion

6.4.1. Varanid endocast

Several studies have shown that varanids exhibit considerable variation in body size (e.g.,
Pianka, 1995; Clemente et al., 2011), relative limb proportions (e.g., Thompson and Withers,
1997), skull and teeth morphologies (e.g., Estes and Williams, 1984; Stayton, 2005; Openshaw
and Keogh, 2014). This diversity is also reflected by a large range of habitats and behaviors
during prey capture and processing (McCurry et al., 2015). Among the varanid species used
here, Varanus exanthematicus and V. niloticus have a high ecological plasticity and are found
in terrestrial, arboreal and aquatic environments (Pianka and King, 2004), whereas V. salvator
appears more aquatic and V. prasinus highly arboreal (Pianka and King, 2004). In addition, the
four taxa show a large range of diets, from the generalized carnivorous V. salvator and V.
niloticus, to the insectivorous V. prasinus, and V. exanthematicus that shows adaptations for
crushing hard preys, such as snails (Pianka and King, 2004).

Despite this great variability, their endocranial anatomies exhibit a globally similar
pattern. This differs completelly from the observations made on snakes, in which endocasts of
arboreal and aquatic taxa greatly differ according to these respective ecologies (Allemand et
al., 2017b; see Chapter 5). Openshaw and Keogh (2014) stated that in varanids with different
ecologies, most of the shape variation is related to changes in the snout and head width rather
than in the braincase. Our results corroborate this hypothesis as a similar endocranial pattern is
found in varanids with different ecologies. Thus, the similar endocranial pattern found in
varanids could be related to a strong phylogenetic signal and a weak ecological variability. The
absence of a clear ecologic signal in the endocranial shape of varanids could be related to their

high ecological plasticity, revealing that most of the varanids are generalist and not specialized
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to a specific habitat. Indeed, among the specimens studied here, V.exanthematicus and V.
niloticus are found in terrestrial, arboreal and aquatic environments (Pianka and King, 2004)
and show more endocranial similarities with the semi-aquatic V. salvator than with the highly
arboreal V. prasinus. Another possibility that could explain the absence of clear ecological
signal in the varanid endocast could be related to the fact that the brain in these taxa does not
fill the endocranial cavity (contrary to snakes, e.g., Trivifio et al., in press). Thus, assuming that
the brain shape may vary according to ecology (e.g., Aristide et al., 2016), the endocranial
reconstruction in varanids would reflect only the braincase shape, which is somewhat
conservative in varanids (Openshaw and Keogh, 2014). It would be interesting to determine the
relationships between the brain and the braincase (endocast) in varanids in order to determine
whether the brain reflects an ecologic signal or not, and to compare the signal differences

perceived in the brain and in the endocast.

6.4.2. Amphisbaenian endocast

Amphisbaenians are highly specialized fossorial squamates. Most amphisbaenians are believed
to be dietary generalists (e.g., Colli & Zamboni, 1999; Kearney, 2003; Bernardo-Silva et al.,
2006; Gomes et al. , 2009; Balestrin & Cappellari, 2011), although some species appear more
selective and limited to specific small-size arthropods (Lopez et al., 1991; Webb et al., , 2000;
Bernardo-Silva et al., 2006).

The endocast shape in amphibaenians shows similarities with that of fossorial snakes.
All these taxa exhibit an endocast with a poor lateral development of the cerebral hemispheres,
and both the optic tectum and the pituitary bulb are not visible. Fossorial squamates may exhibit
convergences in their skull morphology (e.g., Roscito and Rodrigues, 2010) and sensory
abilities (e.g., Foureaux et al., 2010). Thus, it is unclear whether the endocranial similarities
perceived between snakes and amphisbaenians are related to changes in their skull
morphologies due to the fossorial specialization, and thus reflect an ecological signal, or if the
particular morphology of their endocast has a phylogenetic meaning. Indeed, some
phylogenetic hypotheses obtained from the morphological data place snakes and
amphisbaenians into a sister group (e.g., Estes and Pregill, 1988; Hallermann, 1998; Kearney,
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2003; Conrad, 2008) and the endocranial similarities perceived between these taxa could

corroborate this hypothesis.

6.5. Conclusions

Though the number of specimens used in this work precludes any generalization, it seems
however that the signal associated to the endocast in squamates can vary according to the taxa
and could be dependent to the degree of ecological plasticity. Thus, endocasts of specialized
species in which ecologies are well differentiated are more likely to exhibit an ecological signal,
whereas the endocast of more generalist species reflect mainly a phylogenetic signal. The place
occupied by the brain in the endocranial cavity could also impact the perceptibility of both
ecologic and phylogenetic signals. In snakes and amphisbaenians, it is generally admitted that
the brain nearly fills the endocranial cavity (e.g., Starcks, 1979; Nieuwenhuys et al., 1998;
Trivifio et al., in press). In varanids, however, the brain-endocranial space relationships remains
untested and additional data, obtained from MRI imaging for example, could allow to test this
hypothesis.
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Chapter 7

Endocranial anatomy of the basal mosasauroid
lethysaurus nopcsai
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Little information exists about the endocast of mosasauroids. These structures are only known
through the reconstructions performed by Camp (1942) for one specimen of the russellosaurine
Platecarpus Cope, 1869 and one of the basal mosasaurine Clidastes Cope, 1868 (Turonian of
Smoky Hill, Kansas, U.S.A.) (Fig.7.1). The reconstruction for Platecarpus was made by joining
its dissociated braincase elements and filling the brain cavity “with liquid rubber backed with
sawdust” (Camp, 1942, p. 40). For Clidastes, the olfactory bulbs and tracts were supplied from
a “latex mold” of the ventral olfactory wall in the frontal (Camp, 1942 p. 40); however, these
are the only details given by Camp, and no additional information was provided about the
reconstruction of the rest of the endocast. Camp (1942) compared the endocasts of both
Platecarpus and Clidastes with the brain of a juvenile Varanus niloticus. However, as it is
generally assumed that the brain in non-avian reptiles does not fill the cranial cavity
(Nieuwenhuys et al., 1998), it should be mentioned that such comparison between brain and
endocast might introduce bias (e.g., Jirak and Janacek, 2017). From these endocasts, Camp
(1942) did not provide any sensory or behavioral inference for mosasauroids. However, as he
noticed a strong similarity between mosasauroid endocasts and the brain of a juvenile Varanus,
he suggested a close phylogenetic relationship between mosasauroids and varanids (Camp,
1942).

Camp (1942) also performed the reconstruction from latex liquid injection of the inner
ear of both specimens. Once again, the similarities noticed between the inner ears of
mosasauroids and varanids led Camp to conclude that these taxa are closely related (Camp,
1942). Although this hypothesis has been taken up by some authors (e.g., Russell, 1967), more
recent studies performed on CT images of the inner ear of Platecarpus and Tylosaurus Marsh,
1872 revealed differences in the shape of the semicircular canals between these mosasauroids
and varanids (Georgi, 2008; Georgi and Sipla, 2008), refuting the hypothesis of Camp (1942).

Finally, Cuthbertson et al. (2015) suggest from the digital reconstruction of the inner ear
in Plioplatecarpus Dollo, 1882 that this taxon was an agile predator with high locomotor

abilities that might have engaged in acrobatic, spatially complex behaviors during foraging.
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Fig. 7.1. Endocasts of (A) Platecarpus tympaniticus (UCMP 32136) in left lateral view and (B)
Clidastes tortor (UCMP 34535) in dorsal view, modified from Camp (1942) (No scale bar
available). (C) Right inner ear of Platecarpus tympaniticus (UCMP 32136) in medial, posterior
and lateral views, modified from Camp (1942) (No scale bar available). (D) Right inner ear of
Plioplatecarpus peckensis (MOR 1062) in lateral, anterior, posterior and dorsal views, modified
from Cuthbertson et al. (2015). (E) Lateral view of the incomplete inner ear of Platecarpus
tympaniticus (AMNH 1645), modified from Georgi (2008). Abbreviations: asc, anterior
semicircular canal; c, cartilage between the parietal and the supraoccipital; cc, common crus;
cer, cerebrum; ed, endolymphatic duct; fv, fenestra vestibule; ier, inner ear region; la, lagena;
Isc, lateral semicircular canal; mo, medulla oblongata; ob, olfactory bulbs; ol, optic lobes; ot,
olfactory tracts; po, pineal organ; pit, pituitary bulb; psc, posterior semicircular canal; ur,
utricular region; V, trigeminal nerve;; VII, facial nerve; X, XI, vagus and accessory nerves;

XI1, hypoglossal nerves.

In this chapter is qualitatively and quantitatively analyzed the endocranial anatomy of
several specimens belonging to the basal mosasauroid Tethysaurus nopcsai that had been
reconstructed thanks to computed tomography. The aim is to provide new anatomical
information about this poorly known region within mosasauroids. Comparisons with other
mosasauroid endocasts, and with endocasts of snakes and varanids, have been performed in
order to discuss the possible ecologic and phylogenetic signal associated to the structure.
Finally, the endocast of Tethysaurus has been used to perform sensory and behavioral
inferences for this taxon that shows intermediate adaptations between the optionally terrestrial

“aigialosaurids” (e.g., Caldwell and Palci, 2007) and the obligatory aquatic mosasauroids.

116



7.1. Material and Methods

7.1.1. Material

Among the six specimens used in this work (see Chapter 4), MNHN GOU1 (holotype
specimen), SMU 76335, SMU 75 486 correspond to complete skulls whereas GM1, GM2 and
GM3 (juvenile, M. Polcyn personal communication) specimens consist only in braincase and
encompass the basioccipital and the basisphenoid ventrally, the prootics and the exoccipitals-

opisthotics laterally, and the supraoccipital dorsally.

Specimens Voxel size
P Scans (in pm)
MNHN GOU1 AST-RX platform 813
(Holotype) (MNHN, Paris), this work '
GM1
University of Texas High- 97.5
GM?2 Resolution X-ray CT Facility
(scans lent by M. Polcyn, 85.3
GM3 Southern Methodist University,
85.3
Dallas, Texas)
SMU75486 77.8
SMU76335 81

Table 7.1. List of the Tethysaurus nopcsai specimens studied in this PhD Thesis.

7.1.2. Methods

7.1.2.1. Endocranial reconstructions

The endocranial reconstructions for the six specimens were performed using the multiple 2D
cross-sectional slices edit tool of MIMICS (Materialise Interactive Medical Image Control
System) Innovation Suite software (Materialise®, release 18) at the Palaesontology Imaging
Unit of the CR2P UMR 7207 CNRS/MNHN/UPMC (see Chapter 4 for details).

117



The reconstructions performed from GM1, GM2 and GM3 provide an overview of the
posterior part of the endocast, as well as the pathways for the cranial nerves (see Appendix 7.1).
In the holotype specimen MNHN GOUL, the segmentation allows to reconstruct the posterior
part of the endocast, the cranial nerves and the inner ears. Finally, endocasts for both SMU
76335 and SMU 75 486 specimens have been reconstructed but the resolution of the scans is

not sufficient to observe the cranial nerves and the inner ears.

7.1.2.2. Quantitative comparisons

In order to quantitatively compare the endocast of T. nopcsai to those of extant relatives, we
used the linear measurements defined from snake endocasts (see Chapter 5). These
measurements were performed on varanid endocasts and for one specimen of T. nopcsai (SMU
76335) because of the incompleteness of the other mosasauroid endocranial reconstructions
(see Appendix 6 for measures).

Due to the cartilaginous parts of the braincase of T. nopcsai that prevents the complete
reconstruction of the endocast, it was only possible to take 14 of the 21 measurements defined
for snakes and varanids (see Chapter 5): (1) length of the endocast (LE), (2) length of the
olfactory bulbs (LOB), (3) length of the groove between the olfactory bulbs (LG), (4) height of
the main olfactory bulb (HOB), (5) height of the olfactory tracts (HOP), (6) width of the
olfactory tracts (WOP), (7) maximal width of the optic lobes (WOR), (8) length of the pituitary
gland (LP), (9) height of the pituitary gland (HP), (10) width of the inner ear region (WIE), (11)
dorsal width of the posterior end of the endocast (DWPE), (12) height of the posterior part of
the endocast (HPE), (13) width of the ventral part of the endocast (WPE), (14) width in the
pituitary gland region (WP).

The data were log10-transformed and the log-shape ratios (Mosimann and James, 1979)
were calculated based on the log10-transformed raw linear dimensions of the endocast. Then a
Principal Component Analysis (PCA) was performed from the data obtained for the 45 snake
specimens, the four varanids and Tethysaurus nopcsai. The amphisbaenians were not included
in the analysis in order to prevent the loss of informative characters. Indeed, as both the pituitary
bulb and the optic tectum are not distinguishable from the endocast in these taxa, the associated

measurements cannot be “taken”.

118



7.2. Neuroanatomical description

7.2.1. Endocast

In Tethysaurus nopcsai, the posterior part of the braincase is fully surrounded by bones, which
enables an accurate reconstruction of the endocast. However, the anterior part is cartilaginous
and absence of bone prevents the ventral and lateral delimitations of the cerebrum. The
following description is based only on the reconstruction performed for SMU 76335 and SMU
75486, whose endocasts are the most complete ones (Fig. 7.2).

The endocranial pattern found in the two specimens is similar. Endocasts are elongated
and mediolaterally wide, the proportions of the skull occupied by this structure are comparable
in both specimens (about 50%). In SMU 76335 and SMU 75486, the anterior and posterior
parts of the endocast are nearly situated along the same horizontal plane (Fig. 7.2) and do not
exhibit the pronounced flexure illustrated by Camp (1942) for Platecarpus, in which the
posterior part of the endocast is clearly ventral to the anterior part (Fig. 7.1)

The olfactory bulbs are the anteriormost structures and are located on the ventral surface
of the frontal. The olfactory bulbs appear wider than the elongated olfactory tracts, which are
projected through the ventral wall of the frontal. The anteroposterior length of the olfactory
tracts is approximately 30 mm in SMU 76335 and corresponds to about half of the endocast
length (Fig. 7.2B). In SMU 75486, the anteriormost part of the olfactory bulbs is missing and
prevents its measurements (Fig. 7.2A). The olfactory tracts are mediolaterally compressed in
the middle of their length, and widen at the level of the contact with the cerebrum. There is no
separation between the olfactory tracts, except on the anteriormost part, at the level of the
olfactory bulbs (Fig. 7.2B). The olfactory the tract continues posteriorly until it meets the cast
of the cerebrum, on the ventral surface of the parietal. In lateral view, the olfactory tracts are
projected horizontally, along the axis of the rest of the endocast. The comparisons indicate that
the olfactory bulbs and tracts in T. nopcsai are similar to those exhibited by Clidastes (Fig. 7.1),
but differ from the proportionally short ones found in Platecarpus (Camp, 1942).

Posterior to the olfactory tracts, the dorsal surface of the endocast appears rather flat and
the anterior part corresponds to the cerebrum. However, due to the open condition of the

braincase anteriorly to the prootic, the reconstructions performed for SMU 76335 and SMU
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75486 provide only an overview of the dorsal surface of the cerebrum. The ventral and lateral
extensions of the cerebrum were not reconstructed in order to avoid over-interpretation (Fig.
7.2). Posteriorly to the cerebrum, a small dorsal bulge may correspond to the pineal organ. The
same structure was reported in Platecarpus and Clidastes (Camp, 1942). Both Tethysaurus and
Clidastes exhibit a relatively small pineal organ and differ from Platecarpus (Fig. 7.1), in which
the pineal organ appears relatively larger and more elongated antero-posteriorly (Camp, 1942).
This structure indicates the limit between the cerebrum and the optic lobes. However, the true
extension and the limits of the latter are difficult to determine from the endocast.

In lateral view and ventrally to the optic lobes, a ventral projection corresponds to the
pituitary bulb. This structure is expanded more ventrally than the ventral surface of the medulla
oblongata in both specimen of Tethysaurus; however, in SMU 75486, the pituitary bulb seems
to be located more posteriorly than in SMU 76335 (Fig. 7.2). The pituitary bulb in Tethysaurus
largely differs from in Platecarpus, in which the structure only forms a small bulge on the
ventral surface of the endocast (Fig. 7.1).

The position of the cerebellum is not visible from the endocast. The posterior part of the
endocast, the rhombencephalon, is thin and laterally constricted, enclosed by the prootics and
the exoccipitals. Ventrally, the surface can be reconstructed with reasonable accuracy, as it is
framed by the dorsal surfaces of the basisphenoid and basioccipital. The lateral sides exhibit
large and round impressions for the position of the inner ear. Dorsally to the inner ear region,
the cartilage between the parietal and supraoccipital covers the endocast, as in Platecarpus
(Camp, 1942).
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Fig. 7.2. Virtual endocasts of the two Tethysaurus nopcsai specimens (Early Turonian,
Goulmima, Morocco) SMU 75486 (A) and SMU 76335 (B) in dorsal (up) and left lateral
(down) views. Abbreviations: cer, cerebral hemispheres; ier, inner ear region; ob, olfactory
bulbs; ol, optic lobes; ot, olfactory tracts; po, pineal organ; pit, pituitary bulb; rho,
rhombencephalon. The dotted lines indicate unknown limits of the endocasts. Scale bars equal

20 mm.
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7.2.2. Cranial nerves

The cranial nerves were reconstructed for GM1, GM2, GM3 (see Appendix 7) and MNHN
GOUL1 (Fig. 7.3) specimens. The identification of the different cranial nerves is based on the
information given in the description of mosasauroid braincases (e.g., Russell, 1967; Rieppel
and Zaher, 2000a) and on the endocranial reconstructions performed by Camp (1942). The optic
(11), oculomotor (1), and trochlear (V) nerves could not be traced due to the cartilaginous
nature of the skull part enclosing the endocast antero-ventrally. The canal for the trigeminal
nerve (V) can be identified as it corresponds to the prootic fenestra (e.g., Russell, 1967);
however, its true extension could not be determined (Fig. 7.3). The abducens nerve (V1) is
anteriorly projected and exits by the dorsolateral foramina of the pituitary fossa (Fig. 7.3). The
facial nerve (V1) projected posteriorly exits from the foramen on the prootic and is located just
anterior to the inner ear (Fig. 7.3). The width of the facial nerve is similar to that of the abducens
nerve. Two branches located on the medial surface of the prootics correspond to the
vestibulocochlear nerve (VI1I1I) and contact the medial surface of the inner ear (Fig. 7.3B). Just
posterior to the inner ear, the glossopharyngeal nerve (1X) pierces the medial surface of the
exoccipital-opisthotic and represents the largest cranial nerve (Fig. 7.3). Posteriorly, the vagus-
accessory nerves (X + XIl) are located dorsally form the three branches of the hypoglossal nerve
(XII).

cartilage between

parietal & supraoccipital X-XI|

X-XI

\ Xl

I X-XI
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Fig. 7.3. Posterior part of the endocast of the Tethysaurus nopcsai holotype specimen MNHN
GOU 1, Early Turonian, Goulmima, Morocco, in left lateral (A) and dorsal (B) views.
Abbreviations: ic, internal carotid; V, trigeminal nerve; VI, abducens nerve; V11, facial nerve;
V111, vestibulocochlear nerve; IX, glossopharyngeal nerve; X-XI, vagus and accessory nerves,;

XI1, hypoglossal nerves. Scale bar equals 10 mm.

7.2.3. Inner ear

Left and right inner ears of MNHN GOU1 were reconstructed (Fig. 7.4). They seem complete
and slightly crushed. The otic capsule is a tripartite structure formed by the prootic, the
opisthotic portion of the exoccipital-opisthotic and the supraoccipital (Fig. 7.4A). The
endosseous labyrinth is enclosed at the confluence of these three elements. The prootic forms
the anteroventral portion of the otic capsule (Fig. 7.4B), enclosing within it most of the anterior
semicircular canal, the anterior half of the horizontal semicircular canal, and the anterior portion
of the lagenar region. On the lateral surface, the prootic forms the anterior margin of the ovoid
fenestra vestibuli. The opisthotic portion forms the posteroventral portion of the otic capsule
(Fig. 7.4D), enclosing most of the posterior semicircular canal, the posterior half of the
horizontal semicircular canal and the posterior portion of the lagenar region. The opisthotic
completes the posterior margin of the fenestra vestibuli. The supraoccipital forms the dorsal
portion of the otic capsule (Fig. 7.4C), enclosing the medial portions of the anterior and
posterior semicircular canals, as well as the common duct (common crus).

All three canals composing the endosseous labyrinth are very similar to each other in
both size and shape (Fig. 7.4E-H). They are very thin as reported for Platecarpus and
Plioplatecarpus (Georgi, 2008; Cuthbertson et al., 2015). The angles formed between the
anterior and posterior semicircular canals is approximately 88°, 66° between the anterior and
lateral semicircular canals and 71° between the posterior and lateral semicircular canals. The
anterior and posterior canals meet medially at a narrow common crus, and all three canals are

connected to the triangular utricular region (Fig. 7.4).
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Fig. 7.4. Braincase and endosseous labyrinth of the Tethysaurus nopcsai holotype specimen
MNHN GOU1, Early Turonian, Goulmima, Morocco. (A), the location of the labyrinth
revealed with the braincase rendered transparent in medial view. (B-D), the contributions of
the three elements of the braincase to enclosing the labyrinth revealed when the prootic (B),
supraoccipital (C), and exoccipital-opisthotic (D) are digitally removed in medial view. (E-H)
Right inner ear of in lateral (E), dorsal (F), posterior (G) and anterior (H) views. Abbreviations:
aa, anterior ampulla; asc, anterior semicircular canal; cc, common crus; eo-op, exoccipital-
opisthotic; fv, fenestra vestibuli; la, lagena; Isc, lateral semicircular canal; pa, posterior
ampulla; pr, prootic; psc, posterior semicircular canal; so, supraoccipital; st, stapes; ur,

utricular region. Scale bars equal 5 mm.

When the labyrinth is oriented so that the lateral semicircular canal is horizontal, the
anterior canal is taller than the posterior one. The anterior and posterior canals are ovoid and
similar to the oblong condition seen in Platecarpus and Tylosaurus (Georgi, 2008; Georgi and
Sipla, 2008) but differ from the strongly arced canals found in Plioplatecarpus (Cuthbertson et
al., 2015). In addition, only a small section of the posterior canal in Tethysaurus is ventral to
the plane of the lateral canal (Fig. 7.4G), a condition similar to Tylosaurus but differing from
Platecarpus (Georgi, 2008). All three canals lack conspicuous ampullar expansions, as in
Platecarpus, Tylosaurus and Plioplatecarpus (Georgi, 2008; Cuthbertson et al., 2015). The
conical lagena is ventrally oriented and appears shorter than the lagena reported for
Plioplatecarpus (Cuthbertson et al., 2015). The fenestra vestibuli is located near the
posterodorsal limit of the lagena.
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7.3. Comparisons with snake and varanid endocasts

7.3.1. Qualitative comparisons

Although the endocast of Tethysaurus nopcsai is incomplete, the general shape presents some
similarities with that of varanids but also with some snakes, especially some terrestrial ones
(Fig. 7.5). Here, each distinguishable structure is compared between these taxa.

The shape of the olfactory complex (olfactory bulbs and tracts) in T. nopcsai clearly
differs from most snakes in which the complex is short and wide (e.g., Python regius and
Pelamis platurus, Fig. 7.5E, G). However, some terrestrial snakes (e.g., Mimophis mahfalensis,
Fig. 7.51) exhibit an elongated and thin olfactory complex comparable to that of T. nopcsai. On
the contrary, although the olfactory complex in varanids is also elongated (Fig. 7.5C), the latter
appears wider than that observed in T. nopcsai. In addition, only varanids exhibit an olfactory
complex projected ventrally antero-posteriorly, whereas in snakes and T. nopcsai the complex
is projected horizontally, along the axis of the rest of the endocast.

The cerebrum and the optic lobes in T. nopcsai are no clearly delimited and do not allow
to discuss about each other separately. Nevertheless, the flat surface that encompasses both
structure in T. nopcsai is more similar to that of varanids and differs from all snakes. Indeed, in
T. nopcsai and varanids, the width decrease gradually from the cerebrum to the optic lobes in
dorsal view (Fig. 7.5A, C), whereas in snakes, the transition between the two structures is more
abrupt since the width of the optic lobes is significantly narrower than that of the cerebrum (Fig.
75E, G, I, K).

In lateral view, the pituitary bulb in T. nopcsai forms a prominent bulge on the ventral
surface of the endocast. In varanids, the shape of the structure is comparable to that of T. nopcsai
but the ventral extension is less developed and do not extend beyond the ventral marge of the
medulla oblongata. In snakes, most of the species exhibit a structure directed posteriorly that
differ from T. nopcsai (e.g., Pelamis platurus, Fig.7.5H). However, some taxa (e.g., Python
regius, Fig. 7.5F) have a pituitary bulb similar in shape to that of T. nopcsai but less extended
ventrally.

On the posterior part of the endocast, the rhombencephalon of T. nopcsai shows a

slightly convex ventral margin in lateral view, as in most snakes (e.g., Hierophis gemonensis,
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Fig. 7.5L), but differs from the varanid condition, in which the ventral margin of the

rhombencephalon is rounded (Fig. 7.5D)
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Fig. 7.5. Digital endocasts in dorsal (left) and lateral (right) views of (A-B) the mosasauroid
Tethysaurus nopcsai, (C-D) the varanid Varanus niloticus, and the snakes (E-F) Python regius,
(G-H) Pelamis platurus, (I1-J) Mimophis mahfalensis, (K-L) Hierophis gemonensis. Scale bars

equal 5 mm.

7.3.2. Quantitative comparisons

The PCA obtained with all specimens (see Fig. 7.6A) shows that 64% of the variance is
explained by the two first axes (44% and 20% respectively). All variables seem to act on the
repartition of the species. Along the first axis, Tethysaurus nopcsai is separated to both snakes
and varanids without being closer to one or the other. One variable mostly acts on the
distribution of the taxa along the first axis: the maximal width of the optic lobes. The first axis
seems to separate taxa according to the width of the optic lobes. Along the second axis, varanids
and Tethysaurus are close to each other and distinct from all snakes. This distribution is mainly
caused by one variable: the length of the olfactory bulbs. This variable separates taxa according
to the length of the olfactory tracts.

A second analysis has been performed by removing the two snake specimens
(Typhlophis squamosus and Rhinotyphlops schlegelii) responsible for the extended distribution
of snakes along the first axis. The second PCA obtained from the remaining specimens (see
Fig. 7.6B) shows that 57% of the variance is explained by the two first axes (35% and 22%
respectively). Along the first axis, T. nopcsai is separated from both snakes and varanids, but
closer to the latter. Two variables act on this distribution: the width of the olfactory tracts and
their length. The first axis separates taxa with short and wide olfactory tracts from those that
exhibit long and narrow olfactory tracts. Along the second axis, the height of the olfactory bulbs
acts on the taxa distribution. This variable allows to separate T. nopcsai from varanids, in which
the olfactory bulbs are developed dorso-ventrally, but not from snakes that exhibit a great

variability in size.

128



Axis 2 (20%)

Axis 2 (22%)

S |
fo]
p
(<o)
S 4
{o]
d -
|
o Vs
T Vn A
Vp T. nopcsai
0
T
T T T T T
-3 -2 -1 0 1
Axis 1 (44%)

Tp]

i

o A

= T. nopcsai

Ve
\\
w0 . Vn
= / ;
Vs Vp
T T T T T T T
-1.0 0.5 0.0 05 1.0 15 20

Axis 1 (35%)

129




Fig. 7.6. Scatter plots illustrating the position of the different specimens on the first two
principal components. Results of the principal component analyses based on the measurements
taken on the endocast of the Tethysaurus nopcsai (SMU 76335), snake (black circles), and
varanid (red squares) specimens (A) and after removing the two snake specimens Typhlophis
squamosus and Rhinotyphlops schlegelii (B). See Material and Methods (Chapter 4, p. 57) for

taxon name abbreviations.

7.4. Discussion

Similarly to in mammals and birds, the squamate endocast and inner ear seem to reflect both
phylogenetic and ecologic signals (e.g., Boistel et al., 2011a; Yi and Norell, 2015; Allemand et
al., 2017b; Palci et al., 2017; Chapters 5 and 6). In the following discussion, both signals are

considered without distinction.

7.4.1. Mosasauroid endocasts

The endocranial comparisons between Tethysaurus nopcsai, Clidastes and Platecarpus do not
reveal a common pattern for mosasauroids. Endocasts of both Tethysaurus and Clidastes have
elongated and mediolaterally compressed olfactory tracts and a small pineal organ. However,
as Camp (1942) only figured the dorsal view of the endocast of Clidastes, comparisons are
limited. Conversely, the endocranial pattern of Tethysaurus greatly differs from that of
Platecarpus. Indeed, the short olfactory tracts, the large pineal organ, the small pituitary bulb
not projected ventrally and the pronounced ventral flexure on the posterior part of the endocast
figured by Camp (1942) for Platecarpus differ from Tethysaurus and Clidastes.

Among these differences, Camp figured short olfactory tracts in dotted line; however,
as this structure is in fact unknown, comparisons with Tethysaurus and Clidastes are not
relevant. The most noticeable differences are the small pituitary bulb and the pronounced
ventral flexure observed in Platecarpus, differing from the ventrally developed pituitary bulb

and the nearly straight endocast in Tethysaurus. As Camp (1942) does not provide any clue
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about the state of preservation of Platecarpus, it is difficult to evaluate the impact of this factor
on these differences. However, a bias caused by the use of dissociate braincase elements for the
endocranial reconstruction in Platecarpus (Camp, 1942) could explain why the latter is so
different from that of Tethysaurus.

A similar ventral flexure has been reported in other groups, such as archosaurs (Giffin,
1989) and plesiosaurians (see Chapter 9). According to Giffin (1989), this characteristic could
be directly correlated to: 1) the size of the specimens, the endocast of smaller taxa have a more
pronounced flexure than those of larger taxa; 2) the ontogeny: young individuals have a more
pronounced flexure than older ones of the same species; and 3) the size of the eyes: large eyes
relative to the skull length could increase the flexure. Such hypotheses are difficult to verify as
no information about the size or the ontogenetic stage in Platecarpus were given by Camp
(1942). However, indirect evidences from another adult specimen of Platecarpus tympaniticus
(LACM 128319, Konishi et al., 2012) suggest that the body size is not correlated to the
pronounced flexure as the adult Tethysaurus (MNHN GOU1: 3m, Bardet et al., 2003b) appears
smaller than Platecarpus (LACM 128319: 5m, Konishi et al., 2012). On the contrary, the ratio
between the orbit length and the skull length estimated to 20% for Platecarpus tympaniticus
(LACM 128319, Konishi et al., 2012) and to 15% in Tethysaurus corroborate the hypothesis
that the eye size may influence the endocranial shape.

Tethysaurus nopcsai was originally considered a basal mosasauroid, sister-group of
Mosasauridae (Bardet et al., 2003b; see Fig. 7.7C). However, its phylogenetic position varies
according to authors and it has been also reported as a basal mosasaurid (forming a clade with
Yaguarasaurus and Russellosaurus) being inferred sister-group of either the Russellosaurinae
(Bell and Polcyn, 2005; see Fig. 7.7A) or of the Halisaurinae (Caldwell and Palci, 2007; see
Fig. 7.7.B); in both case, it has never been considered as close to the Mosasaurinae. Among the
two other mosasauroid taxa for which the endocast is known, Platecarpus is included in the
Russellosaurina (Polcyn and Bell, 2005) whereas Clidastes is considered a basal Mosasaurinae
(Polcyn and Bell, 2005; Caldwell and Palci, 2007).

The endocasts of Tethysaurus and Platecarpus differ significantly, whereas that of
Clidastes exhibits some endocranial structures (olfactory tracts, pineal organ) similar to those

found in Tethysaurus. Based on these preliminary comparisons, Tethysaurus could be
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considered as more closely related to Clidastes than to Platecarpus, suggesting an alternative
phylogenetical position to those already suggested (Bardet et al, 2003b; Bell and Polcyn, 2005;
Caldwell and Palci, 2007), that is a basal Mosasaurinae possibly close to Clidastes.
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Fig. 7.7. Simplified cladograms showing the variable phylogenetic position of Tethysaurus
nopcsai as (A) sister-group of Mosasauridae (Bardet et al., 2003b); (B) sister-group of the
Russellosaurinae (Bell and Polcyn, 2005); (C) sister-group of the Halisaurinae (Caldwell and
Palci, 2007); (D) as basal Mosasaurinae possibly close to Clidastes on the basis of the

endocranial morphology.

On an ecological point of view, Tethysaurus is regarded as a plesiopedal and

hydropelvic taxon (see Chapter 1). The anatomy of Tethysaurus pelvis suggests no possibility
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for a facultative quadrupedal locomotion on earth (Caldwell and Palci, 2007). This taxon is thus
considered as obligatory aquatic, adapted to an intermediate life between the shallow-water
plesiopedal-plesiopelvic mosasauroids, which have facultative terrestrial limbs and a sacrum,
and the open-sea hydropedal-hydropelvic ones that exhibit a pelvis highly modified and paddles
(e.g., Caldwell and Palci, 2007).

From an endocast perspective, the implications of such ecological grades are difficult to
discern. The hydropelvic and hydropedal conditions in Platecarpus suggests that this species
was adapted to an open-sea lifestyle (e.g., Russell, 1967; Lingham-Soliar, 1991; Konishi et al.,
2012) and may explain why its endocast greatly differs from that of Tethysaurus. Although
Clidastes is also regarded as a hydropelvic and hydropedal mosasauroid (e.g., Lindgren and
Siverson, 2004), the habitat of this species is still uncertain as several authors have noticed its
occurrence in shallow-water environments (e.g., Williston, 1897; Russell, 1967; Erlstrom and
Gabrielson, 1992) whereas Sheldon (1997) stated that its reduced bone density reflects an
adaptation to deeper-water environments (but see Houssaye and Bardet, 2012). Thus, the
similar endocranial structure between Clidastes and Tethysaurus could be, in addition to a
phylogenetic signal, also the reflect of comparable intermediate life between shallow-water and

open-sea.

7.4.2. Mosasauroid inner ear

The general shape of Tethysaurus inner ear is similar to that reported for other mosasauroids
(Georgi, 2008; Georgi and Sipla, 2008; Cuthbertson et al., 2015), with the exception of
Platecarpus (UCMP 32136) inner ear illustrated by Camp (1942) that is difficult to compare
with Tethysaurus’s as several regions are “unclear”. A qualitative comparison indicates more
similarities between Tethysaurus and Tylosaurus than with Platecarpus (MOR 1062) and
Plioplatecarpus (Georgi, 2008; Georgi and Sipla, 2008; Cuthbertson et al., 2015). The inner
ear of Clidastes remains unfortunately unknown, preventing any comparisons as those made
with the endocasts. This similarity could reflect a phylogenetic signal revealing close affinities
between Tethysaurus and russellosaurines (Platecarpus, Tylosaurus, Plioplatecarpus), as

suggested by Bell and Polcyn (2005), which in this case would differ from the data obtained
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from the endocasts. However, the lack of comparative data in both halisaurines (other possible
sister-group of Tethysaurus, Caldwell and Palci, 2007), as well as with mosasaurines prevents

any conclusion.

In vertebrates, the semicircular canals were described to perceive orientation and
balance providing accurate information on the body movement, which are transmitted to the
brain for participation in muscular reflex in order to stabilize the trunk, head, and visual field
during postural and locomotor activities (Sipla and Spoor, 2008). Based on the shape of the
semicircular canals, Cuthbertson et al. (2015) suggested that Plioplatecarpus was an agile
predator with high locomotor abilities and may have engaged in acrobatic, spatially complex
behaviors during foraging. Additionally, the authors stated that the differences observed among
the mosasauroid semicircular canals might be related to different swimming behaviors despite
sharing similar body proportions and close phylogenetic relationships (Cuthbertson et al.,
2015). Thus, the semicircular canal in Tethysaurus would reveal different locomotor abilities
than Plioplatecarpus. However, such differences are difficult to evaluate as the inner ear in both

hydropelvic and hydropedal Tylosaurus and Platecarpus show similarities with Tethysaurus.

7.4.3. Sensory inferences

More and more studies use the endocranial anatomy of extinct species as a source of sensory
information (e.g., Witmer and Ridgely, 2009; Lautenschlager et al., 2012; Holloway et al.,
2013; Pierce et al., 2017). As for mosasauroids, the shift from a terrestrial to a marine habit
should be reflected in the sense organs; however, still little information exists about their
sensory abilities.

The olfactory bulb size has been used as an indicator of olfactory acuity in archosaurs
and mammals (e.g., Gittlemen, 1991; Healy and Guildford, 1990; Zelenitsky et al., 2009).
Zelenitsky et al. (2009) proposed to quantify the olfactory acuity in extinct theropod dinosaurs
from the ratio of the greatest diameter of the olfactory bulb to the greatest diameter of the

cerebrum (Zelenitsky et al., 2009).
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Camp (1942) and Polcyn (2010) noticed that the olfactory bulbs in mosasauroids are
rather small and suggested a diminished sense of olfaction. However, as the cerebrum is
incomplete in mosasauroids, it is not possible to use the ratio previously mentioned and to
determine the olfactory acuity of Tethysaurus. However, qualitative comparisons with extant
taxa, especially with crocodiles that share a similar organization with long olfactory tracts
differentiated from large olfactory bulbs (Jirak and Janacek, 2017), suggest that the olfactory
bulbs were small in Tethysaurus and corroborate the hypothesis of a diminished sense of

olfaction.

The paired fenestrae in the palate associated with the vomers (e.g. Russell, 1967) is
indicative of the presence of vomeronasal organs and vomerolfaction in mosasauroids (Schulp
et al., 2005). Additionally, the presence of vomeronasal organs with openings on the mouth is
correlated with tongue-flicking behavior for chemical retrieval (Schulp et al. 2005). According
to Schulp et al. (2005), the endocast reconstruction illustrated by Russell (1967, text-fig. 16)
shows well-developed accessory olfactory bulbs. It is, therefore, a strong evidence that
mosasauroids used tongue-flicking and vomerolfaction in life, probably in the same way as
living squamates do during foraging and courtship (Schulp et al., 2005). Contrary to this
hypothesis, Polcyn (2010) suggested that the small size of the Jacobson organ housing the
vomeronasal system in mosasauroids indicates diminished vomerolfaction abilities. From the
endocast of Tethysaurus, it is not possible to differentiate the accessory olfactory bulbs (AOB)
associated to the vomerolfaction from the main olfactory bulbs (MOB) associated to the sense
of smell. However, the relative small size of the whole olfactory bulbs (MOB+AOB) argues for
the hypothesis suggested by Polcyn (2010), that is, diminished vomerolfaction abilities.

A relatively small pineal organ is visible on the endocasts of Tethysaurus (this work)
and Clidastes (Camp, 1942). This differs from the large one illustrated for Platecarpus by Camp
(1942). The pineal organ has important physiological functions (Holloway et al., 2013) and is
involved in the production of melatonin, which plays a role in the regulation of the circadian
rhythm and seasonal cycles (Hopson, 1979) but it has also different functions according to taxa
(see Holloway et al., 2013 for details). The exact functions of a small pineal organ in

mosasauroids is thus difficult to determine. Connolly (2016) have shown no correlation
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between the size of the pineal organ and latitudinal preferences as a large pineal organ can be
observed in individuals living through diverse latitudinal habitats. The same study suggested
that there may also be a relationship between the size of the pineal organ and the ability to dive
deeply in mosasauroids (Connolly, 2016), large pineal organ could be related for deep diving
in mosasauroids, helping to orient themselves at depth.

On the opposite way, the small pineal organ in Tethysaurus and its occurrence in
shallow-water environment could corroborate this hypothesis. This could also indicate that
Clidastes, which exhibits a similarly small pineal organ, could live in shallow-water rather than
in deeper environments (e.g., Erlstrom and Gabrielson, 1992). However, the significance of a
large versus small pineal foramen should be further tested and investigate since the opposite
condition strangely occur in Sauropterygia, for which the shallow-water Placodus gigas
exhibits a larger pineal organ (Neenan and Scheyer, 2012) than deep diving elasmosaurids (see
Chapter 9).

7.4.4. Comparisons with extant squamates

Different authors consider mosasauroids as closely related to varanids (e.g., Rieppel and Zaher,
2000a, b; Schulp et al., 2005; Liu et al., 2016), while others argue for phylogenetical
relationship between mosasauroids and snakes (e.g., Lee, 1996, 1997b; Caldwell and Lee,
1997).

Based on the endocasts reconstructed for Platecarpus and Clidastes, Camp (1942)
suggested that the endocranial configuration seen in the two mosasauroid specimens is close to
the condition found in varanids, which demonstrates their phylogenetic affinities.

In this work, quantitative and qualitative comparisons show similarities between
Tethysaurus and varanids, especially about the organization of their cerebrum, optic lobes and
pituitary bulbs. However, as some snakes may also present similar endocranial organization,
the hypothesis of close affinities between varanids and mosasauroids does not appear so clear
and has to be tested further. For this, the consideration of additional taxa, among basal
mosasauroids, varanoids, “primitive” snakes and “dolichosaurs” (possible sister-group of the

ophidian crown group: e.g., Pierce and Caldwell, 2004) appears necessary.
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The reconstruction performed on Tethysaurus shows that its inner ear has the typical
shape found in mosasauroids. According to Camp (1942) and Russell (1967) the inner ear of
mosasauroids is practically identical to that of varanids and testifies a close phylogenetic
relationship between these two clades. However, more recent studies performed on CT images
of the inner ear of Platecarpus and Tylosaurus revealed differences between mosasauroids and
varanids (Georgi, 2008; Georgi and Sipla, 2008), questioning the hypothesis of Camp (1942)
and Russell (1967). Indeed, varanids exhibit in lateral view a more triangular inner ear, with
anterior and posterior semicircular canals nearly straight, than mosasauroids, for which the
curved semicircular canal gives a more rounded aspect to the inner ear. In snakes, although they
exhibit a large range of inner ear morphologies (e.g., Boistel et al., 2011; Yi and Norell, 2015;
Palci et al., 2017), a similar to varanid triangular shape is also perceived and differs thus from
the mosasauroid condition. From these preliminary data, it seems that the morphology of the
mosasauroid inner ear differs from both snakes and varanids and does not reveal preferential
affinities with any of these taxa. Quantitative comparisons from measurements illustrating the

shape and the size of the inner ear could provide additional data to interpret this variability.

7.5. Conclusion

The interpretation of the endocranial anatomy of Tethysaurus nopcsai is difficult as the lack of
comparative data prevents to evaluate the impact of the phylogenetic and ecologic signals.
However, several hypotheses have been performed during this work. On one hand, the endocast
of Tethysaurus could suggest an alternative phylogenetical position, as a basal Mosasaurinae,
differing from those already stated (Bardet et al, 2003b; Bell and Polcyn, 2005; Caldwell and
Palci, 2007) and could reflect an ecological signal related to an intermediate life between
shallow-water and open-sea. On the other hand, the inner ear morphology of Tethysaurus could
reveal close affinities between Tethysaurus and russellosaurines, as suggested by Bell and
Polcyn (2005), which in this case would differ from the data obtained from the endocasts. The
endocranial anatomy of Tethysaurus shows some similarities with both varanids and snakes,
whereas the inner ear of Tethysaurus differs from both varanids and snakes. These preliminary

results show no indication that could suggest closer phylogenetic affinities with one or another
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group of these extant squamates. Although it has been difficult to delimit the different structures
composing the endocast of Tethysaurus the relative small size of the olfactory bulbs suggests
poor olfactory abilities and could corroborate the hypothesis that mosasauroids relied more on

visual clues than olfactory ones to interact with their environment.
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Chapter 8

Cranial anatomy of three plesiosaurian
specimens from the Late Cretaceous (Turonian)
of Goulmima, Morocco
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Fossils coming from Goulmima are included in ovoid calcareous nodules (see Chapter 4
Material and Methods) that are difficult to prepare as bones may be partially or totally dissolved,
making their study difficult. This particular preservation can often prevent a complete access to
the fossil anatomy and the use of computed microtomography represents a suitable solution to
circumvent these technical issues. In this work, the microtomography was used to reconstruct

and describe the cranial anatomy in three different specimens.

The two sections of this chapter (8.1 and 8.2) corresponds to two different articles:
Allemand, R., N. Bardet, A. Houssaye and P. Vincent. 2017a. Virtual re-examination
of a plesiosaurian specimen (Reptilia, Plesiosauria) from the Late Cretaceous (Turonian) of
Goulmima (Southern Morocco) thanks to computed tomography. Journal of Vertebrate
Paleontology 37: €1325894.
Allemand, R., P. Vincent, A. Houssaye, and N. Bardet. In press. New plesiosaurian
specimens (Reptilia, Plesiosauria) from the Late Cretaceous (Turonian) of Goulmima

(Southern Morocco). Cretaceous Research.
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8.1. Virtual reexamination of a plesiosaurian specimen (Reptilia,
Plesiosauria) from the Late Cretaceous (Turonian) of Goulmima,

Morocco, using computed tomography

8.1.1. Material and Methods

The plesiosaurian specimen (SMNS 81783), poorly preserved in an incompletely prepared
nodule (Fig. 8.1B), was previously referred to Libonectes atlasense (Buchy, 2005). The
specimen was scanned at the AST-RX platform of the MNHN (Paris) using a
GEphoenix|Xray|v|tome|x L240 with a voxel size of 134 um (see Chapter 4 Material and
Methods). A virtual three-dimensional reconstruction of the skull was then performed at the
Palaeontology Imaging Unit of the MNHN Département Histoire de la Terre/UMR 7207 CR2P
CNRS/MNHN/UPMC using the MIMICS (Materialise Interactive Medical Image Control

System) Innovation Suite software (Materialise®, release 18).

dissolved bone

C

Fig. 8.1. A, B. Photographs of SMNS 81783 in dorsal (A) and left lateral (B) views. The dotted
line indicates the location of the transverse section. C. Transverse section in the middle of the
skull of SMINS 81783 showing the general state of preservation. Scale bars equal 10 cm (A, B)
and 2 cm (C).
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During segmentation work, bony elements appeared generally with darker grayscale
values than the matrix (Fig. 8.1C) due to the different X-ray absorption coefficients. However,
no unique threshold value could accurately describe the boundary between bone and the matrix.
The shape of some bones that appeared completely dissolved at the surface of the nodule has
been reconstructed using their natural cast encased in the matrix. This was the case for the
mandible, for which only the cast of the medial margin is preserved (Fig. 8.1C) so that the
lateral margin was reconstructed by an approximate extension of its contour (see Fig. 8.5,
hatched area). The same method was performed for reconstruction of the lateral margins of the

jugal and squamosal (see Fig. 8.1, hatched area).

8.1.2. Systematic Paleontology

SAUROPTERYGIA Owen, 1860
Order PLESIOSAURIA de Blainville, 1835
Family ELASMOSAURIDAE Cope, 1869
LIBONECTES MORGANI Carpenter, 1997

Holotype—SMUSMP 69120, skull and mandible, atlas-axis complex, 48 successive
cervical vertebrae, fragmentary thoracic ribs, gastralia and associated gastroliths (Sachs and
Kear, 2015); late Cenomanian; Britton Formation, Eagle Ford Group, Near Cedar Hill, Dallas
County, Texas, U.S.A.

Referred Specimen—SMNS 81783, skull and mandible, atlas-axis complex. Middle
Turonian (Upper Cretaceous) Unit T2a (Ettachfini and Andreu, 2004) of the Cenomanian—

Turonian limestone bar, north of Goulmima, Er-Rachidia Province, Southern Morocco.
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8.1.3. Description
8.1.3.1. General Preservation

The skull of SMINS 81783 is slightly laterally crushed but most of the bones remain in their
natural arrangement and only some parts are missing, including the most dorsal part of the
parietal crest, the left lateral margin of the temporal fenestra, and both squamosal arches. The
right maxilla is almost dissolved, so that only a small part is preserved. The left part of the
palate is broken and disarticulated but much of the right side, posterior to the internal nares is
well preserved. The identification of the sutures between palatal bones is difficult and the narial
region is crushed and difficult to interpret. The mandible is almost completely preserved except
its lateral margin and the posterior part of the right dentary, and it is in occlusion with the

cranium.

8.1.3.2. Skull

We estimate that the original cranial length was about 295 mm long from the tip of the
premaxilla to the occipital condyle (see measurements and skull proportions in Table 8.1). The
beak index (percentage of the preorbital length to the entire length of the skull; Welles, 1952)
represents 42% of the skull length. In most elasmosaurids, this value is close to 40%, whereas
it is close to 55% in Polycotylidae (Buchy et al., 2005). The temporal fossae are estimated to
have occupied about 40% of the skull length. A similar ratio (35-40%) is observable in
Cretaceous Elasmosauridae (Sato et al., 2006).

Skull length 295
Preorbital length (tip of the snout/ anterior margin of the orbit) 124
Orbit length * 53.4
Temporal fenestra length ** 128
Paraoccipital process length ** 30

Mandibular symphysis length 44.5

Table 8.1. Measurements in mm of the skull and mandible of SMNS 81783. Measurements
taken on the left (*) or the right (**) side.
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Premaxillae—Each premaxilla bears five teeth and participates to the external naris
(Fig. 8.2B), constituting its anterior and medial margins. The flat dorsal surface of the
premaxilla is slightly pitted and bears a clearly visible suture between both premaxillae (Fig.
8.2A). SMNS 81783 possesses a slight transverse ‘rostral’ constriction between the premaxilla
and the maxilla (Fig. 8.2A), as observed in many large-headed plesiosaurians (e.g., Taylor,
1992; O’Keefe, 2001; Druckenmiller and Russell, 2008a; Smith and Dyke, 2008) and in some
elasmosaurids (e.g., Vincent et al., 2011). A small diastema forms a small concavity between
the last premaxillary and the first maxillary teeth (Fig. 8.2C). The premaxilla-maxilla suture
originates posterior to the fifth premaxillary alveolus and extends posterodorsally to a point just
anterodorsal to the external naris (Fig. 8.2C). The posterolateral extension of the premaxilla at
the level of the posterior narial border is unclear (Fig. 8.2A, C) and it is impossible to confirm
the presence of a prefrontal and its possible extension. In dorsal view, at the level of the
interorbital region, the posterior process of the premaxilla forms a shallow concavity separating
the frontals (Fig. 8.2A). The posterior extension of the premaxillae is long and shows a small
contact with the parietal at the level of the last third of the orbital length (Fig. 8.2A). This feature
is seen in many Late Cretaceous elasmosaurids (Sato et al., 2006), polycotylids and some
pliosaurids (Ketchum and Benson, 2010). A small isolated piece of bone, located dorsally in
the interorbital region, is preserved dorsally to the concavity of the posterior processes of the
premaxillae (Fig. 8.2A). It is tentatively interpreted as part of the premaxilla, since it matches
perfectly with the concavities of the posterior processes of the premaxillae, and covers the
sutures between the premaxillae and the frontal. In ventral view, the palatal surface of the
premaxillae exhibit an alveolar channel connecting the replacement alveoli (Fig. 8.2B).

Maxillae—The right maxilla is severely damaged; only a small piece of its preorbital
part is present (Fig. 8.2C). The left maxilla is well-preserved and shows 15 alveoli (Fig. 8.2C).
The maxilla forms the lateral, ventral and posteroventral margins of the external naris, and the
anterior corner of the orbit (Fig. 8.2A, C) as in Libonectes morgani (Carpenter, 1997). Anterior
to the orbit, the sutures between the maxilla and the frontal-prefrontal are not observable (Fig.
8.2A, C). Laterally, the maxilla extends beneath the orbit and underlaps the jugal ventrally (Fig.
8.2C). The maxilla-jugal suture is long and posteroventrally directed as in other elasmosaurids

(e.g., Futabasaurus suzukii Sato et al., 2006) and it extends posteriorly to about half the length
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of the temporal fenestra. Its suture with the squamosal is unclear (Fig. 8.2C), as is the
participation of the maxilla in the margin of the internal naris in palatal view (Fig. 8.2B).

Nares—The external nares are located above the third to fifth maxillary teeth (Fig.
8.2C), just anterior to the orbits. The anterior extension of the external nares is difficult to
determine (Fig. 8.2A, C). The internal nares (Fig. 8.2B) largely overlap the external ones but
are located slightly anteriorly to them, as in Libonectes morgani (Carpenter, 1997).
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Fig. 8.2. Digital reconstruction of the skull of SMNS 81783, Early Turonian, Goulmima,
Morocco, in dorsal (A), ventral (B), and left lateral (C) views. Abbreviations: bo, basioccipital,
boc, occipital condyle; ect, ectopterygoid; en, external naris; eo-op, exoccipital-opisthotic; fr,
frontal; in, internal nares; j, jugal; jf, jugal foramen; Ipo, lateral pterygoid opening; mx, maxilla;
olf, lateral wall of the olfactory canal; p, parietal; pa, parasphenoid; pa/bs, parabasisphenoid,;
pal, palatine; pf, pineal foramen; piv, posterior interpterygoid vacuities; pmx, premaxillae; po,
postorbital; pof, postfrontal; pp, paraoccipital process; pr, prootic; pt, pterygoid; g, quadrate;
gpt, quadrate ramus of the pterygoid; sq, squamosal; v, vomer; ?, undetermined bone. Scale

bar equals 10 cm.

Frontal—The frontal forms the roof of the orbit (Fig. 8.2A). It contacts the premaxillae
medially and the postfrontal posterolaterally (Fig. 8.2A). It does not seem to contribute to the
temporal fenestra but, because of the bad preservation of this area, it is not possible to comment
on its contact with the maxillae. The frontals are separated by the long dorsal processes of the
premaxillae along their entire length, as in most elasmosaurids (Vincent et al., 2011), but unlike
the condition of all Jurassic and a few Cretaceous taxa (Brancasaurus brancai Wegner, 1914
and Callawayasaurus colombiensis Carpenter, 1999) that exhibit frontals in contact all along
their length (Carpenter, 1997, 1999; Sato, 2003; Kear, 2005; Brown et al., 2013). Around the
posterior orbital margins, the sutural relationships between the frontal, premaxillae, parietal,
postfrontal and postorbital are difficult to interpret (Fig. 8.2A). Ventrally, the frontals form the
lateral wall of the olfactory sulcus (Fig. 8.2C).

Orbits—The maxilla forms the anterolateral corner of the orbit (Fig. 8.2A, C) but it is
not clear whether the maxilla or the prefrontal form their anteromedial corner. The frontal and
the jugal form respectively its dorsal and ventral edges (Fig. 8.2A, C), as in Libonectes morgani,
Styxosaurus snowii Williston, 1890 and Thalassomedon haningtoni Welles, 1943 (Carpenter,
1997). The ventral margin formed by the maxillae appears convex in lateral view (Fig. 8.2C),
as in many elasmosaurids (Sato et al., 2006). Similarly as in most known elasmosaurid skulls

(e.g., Terminonatator ponteixensis Sato, 2003), the sclerotic ring is not preserved.
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Postorbital Bar—The postorbital bar is partially preserved on both sides (Fig. 8.2A).
The exact of its contacts with the frontal and postfrontal, as well as its relationships with the
posterior rim of the orbits, and its possible contact with the squamosal posteriorly are unclear.

Jugal—The jugal is a plate-like, transversely thin bone that forms the most part of the
ventral margin of the orbit (Fig. 8.2C), as in Libonectes morgani and Futabasaurus suzukii
(Carpenter, 1997; Sato et al., 2006). The left jugal is rather well preserved, contrary to the right,
but the suture with the postorbital is not easily observable (Fig. 8.2A). Posterior to the orbit, a
large foramen perforates the lateral surface of the jugal (Fig. 8.2C), as in Libonectes morgani
(Welles, 1949). It is not possible to differentiate the squamosal from the posterior part of the
jugal (Fig. 8.2C).

Parietal—The closed parietals form a median dorsal roof over the endocranial cavity,
with lateral surfaces weakly concave. The exact height of the parietal crest is unknown because
of partial dissolution (Fig. 8.2C). Anteriorly, the parietal contacts the frontal at the level of the
posterior margin of the orbit (Fig. 8.2A). A small pineal foramen is present anteriorly and totally
enclosed within the parietals at the level of the postorbital bar (Fig. 8.2A). The pineal foramen
is absent in most elasmosaurids (Futabasaurus suzukii, Libonectes morgani, Styxosaurus
snowii, Terminonatator ponteixensis, Tuarangisaurus keyesi Wiffen and Moisley, 1986,
Zarafasaura oceanis Vincent et al., 2011) but present in Callawayasaurus colombiensis
(Welles, 1952). Its loss is considered as a synapomorphy of Late Cretaceous Elasmosauridae
and Polycotylidae by Carpenter (1997), but recent phylogenetic data sets suggest that the pineal
foramen was lost independently in some Cretaceous elasmosaurids (e.g., Eromangasaurus
carinognathus Kear, 2005) and some polycotylids (O’Keefe, 2001; Kear, 2005; Druckenmiller
and Russell, 2008a; Ketchum and Benson, 2010). The posterior end of the parietal overlaps the
supraoccipital.

Squamosal—Both squamosals are partially preserved (Fig. 8.2A, C); their medial
contact is not preserved. The left dorsal ramus has been lost, along with the medial dorsal
portion of the right ramus. The anterior and ventral rami are preserved on the right side and
show that the suspensorium was only slightly inclined anterodorsally (Fig. 8.2A), in contrast to
the straight suspensorium present in Terminonatator ponteixensis (Sato, 2003) or the curved
one (posterior margin is convex in lateral view) of Styxosaurus snowii and Thalassomedon

haningtoni (Carpenter, 1999). The right anterior ramus of the squamosal forms the temporal
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bar, contacting the jugal anteriorly (Fig. 8.2A). The sutural relationships of the ventral ramus
of the squamosal with the quadrate remains unclear. On the right side, medial to the quadrate,
the squamosal is overlain by the quadrate ramus of the pterygoid.
Quadrate—The right quadrate is poorly preserved but the left one is almost complete
(Fig. 8.2A, C), though its most posterior surface is dissolved. The left quadrate seems to be
mediolaterally convex in posterior view and concave in anterior view. It extends anteromedially
to contact the quadrate ramus of the pterygoid (Fig. 8.2A, B). Ventrally, the quadrate extends
well ventral to the tooth row (Fig. 8.2C), being the thickest at the articulation with the mandible
to form a large quadrate condyle. The latter is divided into two parts by an oblique,
anteroposteriorly oriented intercondylar depression. Both quadrates have a small depression on
their medial surface corresponding to the facet of the paraoccipital process (Fig. 8.2A).
Vomer—The vomer is poorly preserved; its anteriormost part is missing (Fig. 8.2B),
and the occurrence of a vomeronasal foramen cannot be determined. The vomer forms the
anterior and medial margins of the internal naris (Fig. 8.2B). Its posterior extension and its
sutural relationships with the pterygoid are unclear. The median suture between the two vomers
is clearly seen in the median sheet of bone separating the internal nares (Fig. 8.2B).
Palatine—The palatine is well-preserved on the right side of the palate (Fig. 8.2B),
though some parts are partially broken and its sutural relationships with the pterygoid are not
visible. On the left side the palatine is strongly damaged (Fig. 8.2B). The anterior extension of
the palatine, as well as its participation to the naris margin are unclear (Fig. 8.2B).
Pterygoid—The right pterygoid is well preserved, while the left one is damaged in a
similar manner to the left palatine (Fig. 8.2B). The pterygoids form the central plate-like portion
of the palate, posterior to the vomers and anterior to the posterior interpterygoid vacuities (Fig.
8.2B). Both pterygoids are broken anterior to the posterior interpterygoid vacuities, obscuring
their midline suture. Our interpretation is that there is no anterior interpterygoid vacuity and
that the pterygoids are closed along their median suture (Fig. 8.2B), as in the Jurassic
microcleidids, Microcleidus (=Occitanosaurus) tournemirensis (Sciau et al., 1990) and
Microcleidus homalospondylus (Owen, 1865) (Benson et al., 2012; Brown et al., 2013), as well
as in the Cretaceous elasmosaurids (Bardet et al., 1999; Gromann, 2007). Lateral to the narrow
and elongated posterior interpterygoid vacuities, the ventral surface of the pterygoid is slightly

concave and its lateral margin is projected ventrolaterally, forming a curved prominent flange
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that contacts posteriorly the quadrate ramus (Figs. 8.2B, 8.3). On the right side, the pterygoid
bears an anteroposteriorly extended opening located laterally to the posterior interpterygoid
vacuity (Figs. 8.2B, 8.3). Despite a poor preservation of this area on the left side, an opening
on the left pterygoid appears present as well. These openings are exactly mirrored on the left
and right pterygoids (Fig. 8.2B), which suggests that they are most likely not taphonomic
artefacts. Such openings were reported in Zarafasaura oceanis as a possible autopomorphy of
the taxon (Vincent et al., 2011). Posterior to the interpterygoid vacuities, the bones are dissolved
and it is not possible to comment on the medial contact between the pterygoids covering the
basioccipital (Fig. 8.2B).

Epipterygoid—The epipterygoid forms a thin wvertical process lateral to the
parabasisphenoid (Fig. 8.3). The epipterygoid seems to extend dorsally from the anterior dorsal
edge of the vertical pterygoid process, similarly to that observed in Libonectes morgani
(Carpenter, 1997).

Ectopterygoid—The ectopterygoid is a C-shaped bone located posterolaterally to the
palatines and laterally to the pterygoids (Fig. 8.2B, 8.3). The suture between the pterygoid and
ectopterygoid, though unclear, appears possibly located near the bump formed by the
ectopterygoid (Fig. 8.2B). A facet is visible on the lateral margin of the ectopterygoid and seems
to contact the posterior elongation of the maxillary (Fig. 8.3). At the juncture of the right
palatine with the ectopterygoid and pterygoid, a small fenestra is present and may correspond
to the suborbital fenestra (Fig. 8.2B), as seen in Libonectes morgani (Carpenter, 1997). The

poor preservation of the left pterygoid precludes observation of this fenestra on that side.
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Fig. 8.3. Digital reconstruction of the braincase and the palate of SMNS 81783, Early Turonian,
Goulmima, Morocco, in right lateral view. Abbreviations: boct, basioccipital tuber; boc,
occipital condyle; bs, basisphenoid; ep, epipterygoid; lecpt, left ectopterygoid; leo-op, left
exoccipital-opisthotic; Ipo, lateral pterygoid opening; Ipp, left paraoccipital process; pal,
palatine; pr, prootic; pt, pterygoid; recpt, right ectopterygoid; reo-op, right exoccipital-

opisthotic; rpp, right paraoccipital process; stp, stapes; v, vomer. Scale bar equals 5 cm.

8.1.3.3. Braincase

The braincase is formed by the supraoccipital, the fused exoccipital-opisthotics, the
basioccipital, the prootic, and the parabasisphenoid. The elements are slightly displaced from
their natural position. The foramen magnum is taller than wide and seems to be slightly
constricted at the level of the supraoccipital-exoccipital-opisthotic sutures.
Parabasisphenoid—The parasphenoid and the basisphenoid form the anterior floor of
the braincase and there is no trace of suture between the dorsal part of the parasphenoid and the
ventral part of the basisphenoid. Anteriorly, the cultriform process of the parasphenoid is visible
on the palatal surface (Fig. 8.4A, B, C) where it terminates between the posterior ends of the
anterior rami of the pterygoids. The parasphenoid carries a prominent ventral keel that divides
the posterior interpterygoid vacuities (Figs. 8.2B, 8.4B), as in Cretaceous elasmosaurids and in
the Jurassic forms Microcleidus (=Occitanosaurus) tournemirensis and Microcleidus
homalospondylus (Bardet et al., 1999; Brown et al., 2013). The ventral keel continues slightly
posterior to the posterior margins of the interpterygoid vacuities and tapers posteriorly along

the ventral surface of the basioccipital (Fig. 8.2B). In dorsal view, just posterior to the cultriform
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process, the sella turcica is open anteriorly (Fig. 8.4A). The pituitary fossa occupies about one-
third of the braincase floor, which is comparable to the condition in Tricleidus seeleyi Andrews,
19009 (see Sato et al., 2011). The sella turcica posteriorly terminates with the dorsum sellae (Fig.
8.4A, C). A prominent pila antotica extends anterodorsally from this region, and a pila
metoptica is present more anteriorly (Fig. 8.4A, B, C), as in Thalassiodracon hawkinsi (Owen,
1938) (Storrs and Taylor, 1996; Benson et al., 2011b). In lateral view and ventrally to the pila
antotica, a process extends from the lateral surface of the basisphenoid (Fig. 8.4B) and forms a
facet that contacts the pterygoid (basipterygoid process). The lateral surface of the
parabasisphenoid is pierced by a large foramen for the internal carotid located ventral to the
pila antotica and just posterior to the basipterygoid process of the basisphenoid (Fig. 8.4B). In
anterior view, a pair of internal carotid foramina penetrates the posterior wall of the sella turcica
(Fig. 8.4C), as in Libonectes morgani (Carpenter, 1997:fig. 5) but differs from Alexandronectes
zealandiensis Otero et al., 2016 in which there is only a single foramen in the floor of the sella
turcica (Otero et al., 2016). The dorsolateral side of the pituitary fossa bears a foramen visible
in anterior view (Fig. 8.4C) that probably carried the abducens nerve (Carpenter, 1997).
Basioccipital—The basioccipital is a stout element. Its dorsal surface bears two facets
(Fig. 8.4C) for articulation with the exoccipitals (otooccipital facets: Evans, 2012). A small
portion of the basioccipital median ridge seems to be present in dorsal view (Fig. 8.4A, C).
Ventrolaterally, the basioccipital tubers show two ovoid facets for contact with the pterygoids
(Fig. 8.4B, D). In ventral view, the basioccipital contacts the parabasisphenoid anteriorly and
the pterygoids laterally. Contrary to what is reported among pliosaurids and cryptoclidids (e.g.,
Andrews, 1913; Brown, 1993), in which the exoccipital-opisthotic forms part of the occipital
condyle, the basioccipital appears here to form the entire rounded occipital condyle (Fig. 8.4D).
A groove surrounds the occipital condyle forming a distinct neck ventrally and laterally (Fig.
8.4D) as in elasmosaurids (Brown, 1993), but differing from the condition of Thalassiodracon
hawkinsi (Benson et al., 2011b), in which the occipital condyle is a shallow dome lacking a

groove between the condyle and the body of the basioccipital.
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Fig. 8.4. Digital reconstruction of the braincase of SMNS 81783, Early Turonian, Goulmima,
Morocco, in dorsal (A), left lateral (B), anterior (C) and posterior (D) views and of the left
exoccipital-opisthotic and prootic in medial view (E). Abbreviations: amut, chamber for
ampulla and utriculus; asc, anterior semicircular canal; bo, basioccipital; boc, occipital
condyle; boct, basioccipital tuber; bomr, basioccipital median ridge; bpt, basipterygoid
process of the basisphenoid; cp, cultriform process; ds, dorsum sellae; eo-op, exoccipital-
opisthotic; fov, fenestra ovalis; hsc, horizontal semicircular canal; icf, internal carotid foramen;
IX, foramen for glossopharyngeal nerve; pa/bs, parabasisphenoid; pila, pila antotica; pilm, pila
metoptica; pp, paraoccipital process; pr, prootic; psc, posterior semicircular canal; puf,
pituitary fossa; so, supraoccipital; st, stapes; stu, sella turcica; VI, foramen for the abducens
nerve; VII, foramen for the facial cranial nerve; X+XI, foramen for the vagus and accessory

nerves. Scale bars equal 2 cm.

Exoccipital-opisthotics—Both exoccipital-opisthotics are well preserved and are fused
as in most plesiosaurians (e.g., Sato et al., 2011; Sachs et al., 2015). On the anterior surface, a
deep chamber for the ampulla and utriculus is visible (Fig. 8.4E). Dorsally and laterally to these

structures, two openings are preserved and correspond to the caudal part of the posterior and
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horizontal semicircular canals, respectively (Fig. 8.4E). Two foramina pierce the medial surface
of the exoccipital adjacent to its ventral surface (Fig. 8.4E). The more anterior foramen is larger
and might have served for passage of the glossopharyngeal nerve (1X) and possibly also for the
perilymphatic duct (Sachs et al., 2015). The smaller one may be considered as a foramen for
the vagus and accessory nerves (X + Xl) as well as the jugular vein (Sachs et al., 2015).
Anteriorly, the opisthotic forms the posterior margin of the fenestra ovalis (Fig. 8.4B). This
character differs from the hypothesis proposed by Maisch (1998) for Muraenosaurus leedsii
Seeley, 1874 in which the opisthotics did not contribute to the fenestra ovalis. The straight
paroccipital process has an anteroposteriorly oval cross section and is ventrally inclined (Fig.
8.4A, B, D). Its distal end is a little expanded but does not form a spatulate terminus as observed
in pliosaurids and basal plesiosaurians (e.g., Smith and Dyke, 2008; Benson et al., 2011D).

Prootic—The prootic occurs anteriorly to the exoccipital-opisthotic, and forms the
anterior margin of the keyhole-shaped fenestra ovalis seen in lateral view (Fig. 8.4B). The
prootic is a rectangular element, containing the anterior part of the vestibule of the inner ear
dorsomedially (Fig. 8.4E). The facet for the supraoccipital faces posterodorsally and is pierced
by an opening for the anterior semicircular canal (Druckenmiller, 2002; Sato et al., 2011). A
much larger foramen on the exoccipital-opisthotic facet (Fig. 8.4E) is the exit for the horizontal
semicircular canal (Sato et al., 2011). A foramen at the posterior part of the prootic base may
represent the exit for cranial nerve VII (Carpenter, 1997).

Supraoccipital—The supraoccipital is a small arch-shaped element lying above the
braincase (Fig. 8.4D) and below the parietal, enclosing the dorsal and dorsolateral margins of
the foramen magnum. The supraoccipital contacts the parietal dorsally. Its ventrolateral
portions are expanded anteroposteriorly to accommodate part of the semicircular canals, as in
Muraenosaurus leedsii (Maisch, 1998) and Thalassiodracon hawkinsi (Benson et al., 2011b).
It also contacts the prootic anteroventrally and the exoccipital-opisthotic posteroventrally.

Stapes—Ventrally to the exoccipital-opisthotics and prootics, two anteroposteriorly
oriented rods may correspond to the stapes (Fig. 8.4B). The two elements are 28 mm in length
but the right one is broken in the middle. Stapes are commonly preserved in Lower Jurassic
plesiosaurians (e.g., Brown et al., 2013), but rarely reported among Middle—Upper Jurassic or
Cretaceous taxa (Sato et al., 2011), and some authors hypothesized that these taxa may have

lacked stapes (e.g., Carpenter, 1997). Contrary to the stapes identified by Storrs and Taylor
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(1996) that contacts the anterior surface of the opisthotic (Benson et al., 2011b), the stapes in
SMNS 81783 does not contact any other element and its anterior end reaches the anterior
extremity of the prootic base.

8.1.3.4. Mandible

Dentary—The dentary is a long and straight bone that occupies most of the lateral
surface of the mandible. In dorsal view, the left and right dentaries unite at their anterior ends
near alveoli positions 4 (Fig. 8.5A), to form a narrow, gracile and slightly elongated mandibular
symphysis, as observed in Callawayasaurus colombiensis (bearing three to five pairs of teeth)
and Hydrotherosaurus alexandrae Welles, 1943 (bearing three pairs). The symphysis, which
represents 15% of the total skull length, is not laterally expanded and straight in lateral view
(Fig. 8.5C). The dentary seems to be the only component of the symphysis, and it seems that
the coronoid extends anteriorly up to the last third of the mandibular ramus. The suture between
the dentary and the splenial are only visible anteriorly to the coronoid (Fig. 8.5C); however, the
anterior extension of the splenial is unclear. The tooth number is difficult to define since only
the medial margin is preserved; however, we estimate the original presence of 16 teeth on the
dentary (Fig. 8.5A). Medially to these teeth, the alveoli for the replacement teeth are visible
(Fig. 8.5A).

Coronoid—The coronoid (preserved on both sides) lies in tight contact with the
dentary, on the medial surface of the mandible (Fig. 8.5A, C). It is a thin and triangular bone
with a large dorsal inflation (Fig. 8.5C), comparable to that described in Zarafasaura oceanis
(Vincent et al., 2011). It contacts the dentary anteriorly, the prearticular ventrally, and the
surangular posteriorly.

Prearticular—The prearticular is a narrow bone that contacts the coronoid dorsally and
the dentary ventrally; its anterior end is not preserved (Fig. 8.5C). Medially, the prearticular
covers the posterior part of the Meckelian canal. The cast of the Meckelian canal visible in
lateral view seems to be narrow anteriorly and to expand posteriorly (Fig. 8.5C). The
mandibular foramen is only visible medially, located between the coronoid and the prearticular

(Fig. 8.5C), where it opens largely posteriorly although the termination of the foramen cannot
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be confidently traced posterior to this region, due to the poor preservation of the bones in the

posterior part of the mandible. The glenoid fossa appears just posterior to the occipital condyle.

155



Fig. 8.5. Digital reconstruction of the mandible of SMNS 81783, Early Turonian, Goulmima,
Morocco, in dorsal (A), ventral (B) and right ventrolateral (C) views. Abbreviations: ar,
articular; c, coronoid; d, dentary; mc cast, cast of the Meckelian canal; mf, mandibular

foramen; par, prearticular; sa, surangular; sp, splenial. Scale bars equal 10 cm.

Surangular—Only the left surangular is partially preserved (Fig. 8.5C). Its anterior part
is developed dorsoventrally and forms a ridge that becomes flattened on its posterior part. In
the posterior part of the mandible and posterior to the coronoid, the surangular descends to the

glenoid cavity.

8.1.3.5. Teeth

The teeth (Fig. 8.2) are slightly flattened and oval in cross-section as in Callawayasaurus
colombiensis, Terminonatator ponteixensis, Styxosaurus snowii and Libonectes morgani (Sachs
and Kear, 2015). The two first teeth on the premaxillae are small and procumbent, as in L.
morgani and Dolychorhynchops osborni Williston, 1902 (Carpenter, 1997). The second and
fourth premaxillary teeth are the largest. Several alveoli for replacement teeth are observable
on the premaxillae and the left maxilla in palatal view. The maxillary teeth are poorly preserved,
but appear to diminish in size from anterior to posterior, in contrast to the condition in both
Aristonectes parvidens Cabrera, 1941 and Aristonectes quiriquinensis Otero et al, 2014
(Gasparini et al., 2003b; Otero et al., 2014), and Kaiwhekea katiki Cruickshank and Fordyce,
2002 (Cruickshank and Fordyce, 2002).

8.1.3.6. Atlas-Axis Complex

The conjoined atlas-axis centrum (Fig. 8.6) is cylindrical and distinctly longer than high, as
illustrated in a number of other elasmosaurids (e.g., Welles, 1943; Sachs, 2005; Kubo et al.,
2012; Otero et al., 2014; Sachs and Kear, 2015). The atlantal cotyle is circular and deeply

concave. The cotylar rim is surrounded by a thin edge that is damaged along its left lateral
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margin; a posteriorly tapering notch incises its dorsal midline. Ventrally, the atlas intercentrum
bears a prominent hypophyseal ridge similar to that reported in Elasmosaurus platyurus Cope,
1868 (Sachs, 2005), Eromangasaurus australis (Kear, 2005), Albertonectes vanderveldei Kubo
et al., 2012 (Kubo et al., 2012), Libonectes morgani (Sachs and Kear, 2015) and Vegasaurus
molyi O’Gorman et al., 2015 (O’Gorman et al., 2015). The anteroventral extremity of the
hypophyseal ridge is flattened and elliptical in outline, as recorded in A. vanderveldei (Kubo et
al., 2012) and L. morgani (Sachs and Kear, 2015). Posteriorly, the hypophyseal ridge forms a
narrow crest merging with the articular face of the axis centrum. The atlas neural spine is
oriented posteriorly, narrow on its base and flared dorsally. Only the ventral part of the neural
spine is preserved. The exact height is unknown, and the contact between the atlas and axis
neural arches seems perforated by a large intervertebral foramen, similar to that depicted in
Libonectes atlasense (Buchy, 2005), L. morgani (Sachs and Kear, 2015) but also in V. molyi
(O’Gorman et al., 2015) and Tuarangasaurus keyesi (Wiffen and Moisley, 1986). The atlas
ribs, situated at the approximate mid-section of the atlas-axis complex, are fused to the axis ribs
so that they cannot be distinguished from each other. The rib complex is projected laterally
posteroventrally (about 45° from the horizontal), beyond the articular face of the axis centrum.
The concave and rounded articular face of the axis is partially preserved. It seems surrounded

by a thickened convex rim.
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Fig. 8.6. Digital reconstruction of the atlas-axis complex of SMNS 81783, Early Turonian,
Goulmima, Morocco, in anterior (A), posterior (B), left lateral (C) and ventral (D) views.
Abbreviations: atc, atlas centrum; atna, atlas neural arch; atr, atlas rib; axc, axis centrum,
axna, axis neural arch; axr, axis rib; ivf, intervertebral foramen; hr, hypophyseal ridge. Scale

bar equals 1 cm.

8.1.4. Phylogenetic analysis

In order to infer the phylogenetic relationships of SMNS 81783 within Plesiosauria, a cladistic
analysis was performed using the datasets of Benson and Druckenmiller (2014), plus two
additional OTUs: SMNS 81783 and the type specimen of Libonectes atlasense (see Appendix
8). The scores of Libonectes morgani were modified following Sachs and Kear (2015).
Yunguisaurus liae Cheng et al., 2006 was specified as the outgroup taxon and all characters
were coded as unordered and unweighted.

A heuristic search for the most parsimonious trees was performed using TNT 1.1

(Goloboff et al., 2008). The search resulted in 100 parsimonious trees; the strict consensus is
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shown in Figure 8.7. The consensus tree has a tree length of 1345 steps, an ensemble
consistency index of 0.24, and an ensemble retention index of 0.62. Bremer indices higher than
one are indicated for each node shown in Figure 8.

The results of the phylogenetic analysis place SMNS 81783 within the Elasmosauridae
(Bremer index = 3), as sister taxon to Libonectes morgani and Libonectes atlasense. Two
synapomorphies (ACCTRAN) unite the three taxa: the posterior extent of maxillary tooth row
ventral to the postorbital bar and the heterodont maxillary dentition. SMNS 81783 presents
three autapomorphies (ACCTRAN): the presence of a transverse constriction of the rostrum at
the premaxillae-maxilla suture, the absence of a dorsomedian ridge on the premaxillae and the
short anterior extension of the parietal to the level of the temporal bar. The clade formed by L.
morgani and L. atlasense is supported by one autapomorphy (ACCTRAN): the absence of a

pineal foramen.
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Fig. 8.7. Strict consensus tree showing the relationships of the specimen SMNS 81783 among
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xenopsarians. Strict consensus of the 100 most parsimonious trees; tree length = 1345 steps; ClI

=0.24; Rl = 0.62. Bremer indices higher than one are indicated for each node.
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8.1.5. Discussion

8.1.5.1. Comparisons with other elasmosaurids

SMNS 81783 presents several elasmosaurid characters: (1) the anterior tooth with an oval cross
section (Ketchum and Benson, 2010: character 109); (2) absence of an anterior interpterygoid
vacuity (Bardet et al., 1999: character 12; Vincent et al., 2011: character 23); (3) high coronoid
eminence (Vincent et al., 2011: character 39); (4) a keyhole-shaped foramen magnum
(Druckenmiller and Russell, 2008a: character 67). In addition, SMNS 81783 displays a
combination of characters variably found in other elasmosaurids: (1) five premaxillary teeth
(Brown, 1993; Sato, 2002); (2) a dorsomedial process of the premaxilla contacting the anterior
extension of the parietal (Kear, 2005); (3) a pineal foramen present but not bordered by the
frontal (Kear, 2005); (4) a convex ventral margin of the orbit (Sachs and Kear, 2015); (5) a keel
on the ventral surface of the parabasisphenoid (Kear, 2005). Comparisons with the available
elasmosaurid skulls show that the flat dorsal surface of the premaxillae in SMNS 81783 differs
from the prominent dorsomedial bump situated anteriorly to the orbit in Futabasaurus,
Styxosaurus snowii, and Terminonatator ponteixensis (Sato, 2003; Sato et al., 2006), the
prominent dorsomedian ridge present in Eromangasaurus (Kear, 2005) or the low keel reported
dorsally along the midline of the premaxillae in Elasmosaurus carinognathus (Sachs, 2005).
Moreover, in SMNS 81783 the premaxillae bear in total 10 teeth, contrary to the conditions in
E. carinignathus (7), E. platyrus (12), T. ponteixensis (9), Kaiwhekea katiki (7) or Aristonectes
parvidens (10-13 teeth) (Carpenter, 1999; Cruickshank and Fordyce, 2002; Gasparini et al.,
2003b; Sato, 2003; Kear, 2005). In SMNS 81783, the external nares are oval and located above
the third to fifth maxillary tooth, just anterior to the orbit. This condition differs from the
circular external nares found in Thalassomedon haningtoni (Carpenter, 1999), and from the
position of the external nares located above the sixth and seventh maxillary teeth in S. snowii
or above the second and third ones in Tuarangisaurus keyesi (Carpenter, 1999). The size
variability in the maxillary dentition that incorporates teeth with an oval cross-section in SMNS
81783 contrasts with the relatively small and consistently sized dentition occurring in A.
parvidens and K. katiki (Cruickshank and Fordyce, 2002; Gasparini et al., 2003b), and the
rounded tooth cross sections of E. carinognathus (Kear, 2005) and T. ponteixensis (Sato, 2003).
The ventral margin of the orbit in SMNS 81783 is convex and mainly formed by the jugal, in
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contrast to that reported for T. haningtoni and Zarafasaura oceanis, in which the jugal forms
only one-third of the ventral margin of the orbit (Carpenter, 1999; Vincent et al., 2011), or
Hydrotherosaurus alexandrae, in which the jugal is excluded from the orbital margin (Welles,
1943) and F. suzukii that has a straight ventral margin of the orbit (Sato et al., 2006). The pineal
foramen present in SMNS 81783 is absent in F. suzukii, H. alexandrae, S. snowi, T. keyensi, T.
ponteixensis and Z. oceanis (Welles, 1943; Sato, 2003; Vincent et al., 2011). Moreover, in
SMNS 81783, the pineal foramen is totally enclosed by the parietals, contra that observed in
Callawayasaurus colombiensis where the frontal forms the anterior border of the pineal
foramen (Welles, 1952). In SMNS 81783, the anterior margin of the parietal contacts the frontal
at the level of the posterior margin of the orbit, differing from the situation in A. parvidens, in
which the parietal terminates more anteriorly between the orbits (Gasparini et al., 2003b). The
mandible of SMNS 81783 presents a Meckelian canal not open for most of its length contrary
to the conditions in C. colombiensis and T. ponteixensis (Welles, 1962; Sato, 2003), and a high
coronoid, in contrast to that observed in E. carinognathus (Kear, 2005). The mandibular
symphysis in SMNS 81783 reaches the fourth tooth pair, unlike in H. alexandrae (3 pairs), T.
ponteixensis, F. suzukii (2-3 pairs) and A. parvidens (one pair). Moreover, the mandibular
symphysis represents 15% of the total skull length, contrary to the condition in E. carinognathus
(23% of the skull length), T. keyensi (6%) and Z. oceanis (8%) (Vincent et al., 2011). The
characters presented by SMNS 81783 differentiate this specimen from most of the elasmosaurid

taxa, except the genus Libonectes, with which many similarities have been found.

8.1.5.2. Comparison with Libonectes

The diagnosis for Libonectes established by Carpenter (1997) is principally based on postcranial
characters and difficult to apply for SMNS 81783, which presents only a skull and the atlas-
axis complex. The only diagnostic cranial character proposed by Carpenter (1997) concerns the
preorbital length/skull length ratio, but according to the author, this character has a limited
taxonomic utility (Carpenter, 1997:214). The anatomical comparisons between SMNS 81783
and the other elasmosaurids allow its referal to Libonectes. Moreover, the phylogenetic result
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obtained in this study recovers a sister group relationship with the two species of Libonectes,
supporting the hypothesis proposed by Buchy (2005).

The comparison with the holotypes of Libonectes morgani and Libonectes atlasense
reveals only a few differences between the three specimens. A pineal foramen is present in
SMNS 81783 but not in L. morgani and L. atlasense. The virtual reconstruction of SMNS 81783
reveals the presence of this structure, but it appears hardly visible because of its small size
(diameter =5 mm) as well as its limited depth (4 mm). This structure is possibly not observable
in L. morgani and L. atlasense because of the poor preservation of the interorbital region (see
Carpenter, 1997; Buchy, 2005). Lateral to the posterior interpterygoid vacuities, the ventral
surface of the pterygoid in SMINS 81783 is dorsally concave and its lateral margin is projected
ventrolaterally, forming a curved prominent flange. This contrasts with the description of L.
morgani given by Carpenter (1997), in which the pterygoids are plate-like structures (Carpenter,
1997:203). However, the illustrations of Welles (1949:pl. 3) and Druckenmiller and Russell
(2008a:12, fig. 6), as well as the revised character score performed by Sachs and Kear
(2015:char. 100), show that the pterygoids of L. morgani are dorsally concave and similar to
those of SMNS 81783. The pterygoids are not visible in L. atlasense (Buchy, 2005). The
openings situated on the pterygoids lateral to the posterior interpterygoid vacuities found in
SMNS 81783 are absent in L. morgani and not observed in L. atlasense. A reasonable doubt
remains concerning the real nature of these openings that could correspond to an artefact of
preservation. The dorsomedian ridge found on the dorsal surface of the premaxillae in L.
morgani (Sachs and Kear, 2015) and L. atlasense (Buchy, 2005:fig. 2) is not present in SMINS
81783, in which the premaxillae appear flattened on their dorsal surface. The dorsomedian ridge
found in L. morgani was not reported in the description of Carpenter (1997), while Welles
(1949:8) and Sachs and Kear (2015:696) described the prominent dorsomedian ridge on the
premaxillae as a feature distinguishing L. morgani from other Elasmosauridea. The ventral
emargination between the third premaxillary and the third maxillary teeth is concave in L.
atlasense (Buchy, 2005) but straight in L. morgani (Carpenter, 1997:fig. 2) and SMNS 81783.
The mandibular symphysis comprises six teeth in L. atlasense (Buchy, 2005) but eight in L.
morgani (Carpenter, 1997:fig. 2) and SMNS 81783.

It appears difficult to state if SMNS 81783 is more related to Libonectes morgani or to

Libonectes atlasense. Buchy (2005) proposed four diagnostic cranial characters allowing to

162



differentiate L. atlasense from L. morgani: (1) the ventral emargination between the third
premaxillary and the third right (fifth on the left) maxillary teeth is concave; (2) the external
naris is situated at the level of the fourth to fifth maxillary teeth, which are the largest teeth in
the maxillary tooth row; (3) the mandibular symphysis comprises three teeth; (4) the mandibular
symphysis is flat, posteroventrally oriented and extends to the anterior end of the maxilla.
SMNS 81783 differs from L. atlasense on all these characters and is thus more similar to L.
morgani. Based on the differential diagnosis proposed by Sachs and Kear (2015), SMNS 81783
nevertheless differs from L. morgani, based on two characters: the presence of a pineal foramen
and the absence of a prominent dorsomedian ridge on the premaxillae. These differences might
however be related to different states of preservation for the specimens of these taxa, the
intraorbital region being not well preserved in L. morgani. Similarly a doubt remains about the
prominent dorsomedian ridge on the premaxillae, the absence or presence of such a structure
being possibly part of an intraspecific variability (e.g., sexual dimorphism), which is still
unknown among plesiosaurians.

The relationships among the different OTUs referred to this genus remain unresolved.
Based on the limited differences, we refer SMNS 81783 to Libonectes morgani, but the
comparison between L. morgani and L. atlasense is not clear because of the lack of comparative
data. The type specimen of L. morgani is essentially known from its cranial characters and
presents 24% of missing cranial data in the phylogenetic analysis of Benson and Druckenmiller
(2014). Conversely, L. atlasense presents 80% of missing cranial data and SMNS 81783 has an
intermediate value with 50% of missing cranial data. The use of computed tomography on the
type specimen of L. atlasense would enable to provide new information about its cranial
characters, and to clarify the relationships among the specimens referred to Libonectes.

8.1.5.3. Paleobiogeography and Paleoecological Interpretations

The assignation of SMNS 81783, from the Turonian of Morocco, to Libonectes morgani, a
North American taxon previously only known from the Late Cenomanian of Texas (Sachs and
Kear, 2015), greatly enlarges the palaeobiogeographical distribution of this species. Some
affinities between North American and North African faunas have already been noted for other

Turonian vertebrate taxa, more specifically between teleostean fishes (Cavin et al., 2010), but
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also for a pliosaurid specimen referred to Brachauchenius lucasi Williston, 1903 (Angst and
Bardet, 2015).

Thanks to the particular preservation of the fossil (nodule) and the use of computed
microtomography, some structures that are rarely preserved and difficult to observe, such as the
pineal foramen and the stapes, could be identified in SMNS 81783. The pineal foramen is
considered as lacking in many derived elasmosaurids (e.g., Wiffen and Moisley, 1986;
Carpenter, 1997; Bardet et al., 1999; Sato, 2003). Its condition (small and shallow) in SMNS
81783 raises questions relative to its true or artefactual absence in advanced elasmosaurids. In
addition, the absence of stapes was considered as a synapomorphy of Elasmosauridae
(Carpenter, 1997) but its occurrence in the elasmosaurids Tuarangisaurus keyesi (O’Gorman et
al., 2017) and SMNS 81783 challenges this hypothesis. According to Sato et al. (2011), it is
possible that some plesiosaurians lacked an ossified stapes. However, the morphology of the
thin and fragile stapes found in SMNS 81783 likely suggests that its supposed absence in most

elasmosaurid specimens is possibly due to their poor state of preservation.

8.1.6. Conclusion

The use of computed microtomography provides new anatomical information of a Moroccan
plesiosaurian specimen difficult to study by direct observation because of its particular mode
of preservation. The digital reconstruction of SMNS 81783 confirms its position within
Elasmosauridae and its assignment to Libonectes, as previously suggested by Buchy (2005).
The specimen was referred to Libonectes atlasense (Buchy, 2005), but our study indicates
greater similarity to the North American taxon Libonectes morgani. A reexamination of the
holotype of Libonectes atlasense using computed microtomography will help to clarify the

morphological disparity with L. morgani.
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8.2. New plesiosaurian specimens (Reptilia, Plesiosauria) from the

Upper Cretaceous (Turonian) of Goulmima (Southern Morocco)

8.2.1. Material and Methods

The present work examines two new plesiosaurian specimens (D1-8213 and MNHN F-GOU14,
see Fig. 8.8) from the area of Goulmima in Southern Morocco (see Chapter 4 Material and
Methods).

Fig. 8.8. Photographs of Libonectes morgani specimen D1-8213 (left) and the undetermined
Polycotylidae MNHN F-GOU14 (right) from the lower Turonian of Goulmima (Morocco) in
dorsal (A, C) and left lateral (B, D) views. Scale bars equal 10 cm.

The two specimens were scanned at the AST-RX platform of the MNHN (Paris) using
a GEphoenix|Xray|vtome|x L240 with a different voxel size, voltage and intensity for each
piece (see Chapter 4 Material and Methods). A virtual three-dimensional reconstruction of each
specimen was then performed at the Palaeontology Imaging Unit of the UMR 7207 CR2P
CNRS/MNHN/UPMC using MIMICS (Materialise Interactive Medical Image Control System)

Innovation Suite software (Materialise®, release 18).
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8.2.2. Systematic Palaeontology

SAUROPTERYGIA Owen, 1860
Order PLESIOSAURIA de Blainville, 1835
Super Family PLESIOSAUROIDEA Welles, 1943 (sensu Ketchum and Benson, 2010)
Family ELASMOSAURIDAE Cope, 1869
Genus LIBONECTES Carpenter, 1997
Type species ELASMOSAURUS MORGANI Welles, 1949

Synonym—Libonectes atlasense Buchy, 2005 (sensu Sachs and Kear, 2017).

Holotype—SMU SMP 69120, skull and mandible, atlas-axis complex, 48 successive
cervical vertebrae, fragmentary thoracic ribs, gastralia and associated gastroliths (Welles, 1949;
Sachs and Kear, 2015); upper Cenomanian; Britton Formation, Eagle Ford Group, Near Cedar
Hill, Dallas County, Texas, USA.

Referred specimens—SMNK-PAL 3978, articulated skull and postcranial skeleton
(Buchy, 2005; Sachs and Kear, 2017); SMNS 81783, skull, mandible and atlas-axis complex
(Allemand et al., 2017a); and D1-8213, skull and mandible, as well as the atlas-axis complex
(see below). Early Turonian (Upper Cretaceous) Unit T2a (Ettachfini and Andreu, 2004;
Kennedy et al., 2008) of the Cenomanian-Turonian limestone bar, north of Goulmima, Er-

Rachidia Province, Southern Morocco.

8.2.2.1. Description and comparison of D1-8213

General preservation

The skull of D1-8213 is incomplete, several elements are not preserved (e.g., jugal, squamosal,
quadrate) and others are only partially preserved (e.g., premaxillae, coronoid) because of
dissolution. The braincase is well preserved and the bones are in their natural arrangement. The
mandible is in occlusion with the cranium, but only the dentary, the coronoid and a small part
of the prearticular are preserved. The atlas-axis complex is also preserved posterior to the
basioccipital. The original cranial length is about 350 mm from the tip of the premaxilla to the

occipital condyle. The beak index (ratio of the distance from the tip of the snout to the anterior
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orbital margin, Welles, 1952) represents 45% of the skull length, and is thus similar to the values
found in most Elasmosauridae (close to 40%), whereas it is higher (close to 55%) in
Polycotylidae (Buchy et al., 2005).

Skull

Premaxillae—The dorsal surface of the premaxillae is completely dissolved (Fig.
8.9A). Its posterior extension is not preserved and its contacts with the parietal, frontal and
prefrontal are not visible. A small part of the maxillae is maybe preserved anterolaterally but it
is not possible to differentiate it from the premaxillae. On the virtual reconstruction of the skull,
only partial casts of the anterior teeth alveoli are visible (Fig. 8.9A). However, nine teeth on
each side were counted anteriorly to the orbit on the premaxillae-maxillae part visible on the
surface of the nodule. In ventral view of the virtual reconstruction, the palatal surface of the
premaxillae exhibits an alveolar channel connecting the replacement teeth alveoli (Fig. 8.9B).

Maxillae—Only a small portion of the left maxilla is preserved (Fig. 8.9A). Four teeth
alveoli are visible, however, no more details are visible.

Frontal—A small isolated piece of the frontal is preserved, and forms ventrally the
lateral wall of the olfactory canal (Fig. 8.9A, C).

Parietal—The parietal crest is not preserved (Fig. 8.9A, C). The lateral extension of the
parietal is more developed on its anterior and posterior parts, giving an hourglass shape to the
bone in dorsal view (Fig. 8.9A). The anterior end of the parietal is dissolved. The posterior end
of the parietal overlaps the supraoccipital.

Vomer— The anteriomost part of the vomer is missing (Fig. 8.9B), and the occurrence
of a vomeronasal foramen cannot be evidenced. The vomer constitutes the medial margins of
the internal nares (Fig. 8.9A, B). At the level and posterior to the internal nares, its dorsal
surface forms a gutter with its lateral margin that is dorsally directed (Fig. 8.9A). Its posterior
extension and its sutural relationships with the pterygoid are undetermined. The median suture
between the two vomers is visible in ventral view (Fig. 8.9B), forming a low ridge at the level
of the internal nares.

Palatine—Only a small part of the right palatine is preserved. Its dorsal surface appears

slightly concave (Fig. 8.9A, B), as in Libonectes morgani (Sachs and Kear, 2017). It forms a
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large, subrectangular sheet of bone as in Libonectes morgani (Carpenter, 1997). Posteriorly, at
the conjuncture of the palatine, ectopterygoid and pterygoid, the bone is partially dissolved and
it is not possible to observe the suborbital fenestra.

ect
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Fig. 8.9. Digital reconstruction of the skull of the Libonectes morgani specimen D1-8213 from
the lower Turonian of Goulmima (Morocco) in dorsal (A), ventral (B), and left lateral (C)
views. Abbreviations: bo, basioccipital; boc, occipital condyle; ect, ectopterygoid; ep,
epipterygoid; eo-op, exoccipital-opisthotic; fr, frontal; in, internal nares; Ipo, lateral pterygoid
opening; mx, maxilla; p, parietal; pa/bs, parabasisphenoid; pal, palatine; piv, posterior
interpterygoid vacuities; pmx, premaxillae; pp, paraoccipital process; pr, prootic; pt,
pterygoid; qpt, quadrate ramus of the pterygoid; so, supraoccipital; v, vomer. Scale bar equals
10 cm.

Pterygoid— The anterior extension of the pterygoids is partially preserved and its
contact with the vomer is undetermined (Fig. 8.9A, B). Anterior to the posterior interpterygoid
vacuity, the median suture of the pterygoids is damaged but it seems that they contacted each
other along the midline (Fig. 8.9B), as in the Jurassic microcleidids, Microcleidus (=
Occitanosaurus) tournemirensis and Microcleidus homalospondylus (Benson et al., 2012;
Brown et al., 2013), as well as in the Cretaceous elasmosaurids (Bardet et al., 1999; Gromann,
2007). Lateral to the narrow and elongated posterior interpterygoid vacuity, the ventral surface
of the pterygoid is slightly concave and its lateral margin projects latero-ventrally (Fig. 8.9B),
forming a curved flange less prominent than that found in SMNS 81783 (Allemand et al.,
2017a). Posterior to the epipterygoid, the pterygoid forms a dorsal blade extending along the
sides of the basisphenoid and basioccipital (Fig. 8.9C), as in Libonectes morgani (Carpenter,
1997). A large opening, leaving only a thin rod of bone at the level of the contact between the
prootic and the exoccipital-opisthotics, perforates this dorsal blade. On the right pterygoid and
ventrally, an anteroposteriorly extended opening is visible and situated lateral to the anterior
part of the posterior interpterygoid vacuity (Fig. 8.9B). This large opening is not found on the
left pterygoid, and only a small pit occurs at the same level. The opening and the pit are exactly
mirrored on the left and right pterygoids as in Zarafasaura oceanis (Vincent et al., 2011).
Posterior to the posterior interpterygoid vacuity, the pterygoids are partially dissolved and cover
the basioccipital ventrally (Fig. 8.9B); however, it seems that there is no medial contact between
them, as in SMNS 81783 (Allemand et al., 2017a), but differing from the condition in
Libonectes morgani (Carpenter, 1997; Sachs and Kear, 2015).
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Epipterygoid—Lateral to the parabasisphenoid, a vertical process of the pterygoid, the
epipterygoid, rises dorsally (Fig. 8.9C). The epipterygoid seems to extend dorsally from the
anterior dorsal edge of the vertical pterygoid process, as in Libonectes morgani (Carpenter,
1997).

Ectopterygoid—The ectopterygoid is a C-shaped bone located posterolaterally to the
palatines and lateral to the anterior end of the posterior interpterygoid vacuity (Fig. 8.9A, B, C).
The suture between the pterygoid and ectopterygoid is located posteriorly to the small bulge
formed by the ectopterygoid on the right side. The same bulge is visible on the left side but the
suture between the pterygoid and ectopterygoid is not visible. On both sides, the symmetrical

dissolution seems to follow the suture line between the pterygoid and ectopterygoid.

Braincase

The occiput is formed by the supraoccipital, the fused exoccipital-opisthotics, the basioccipital,
the prootic, and the parabasisphenoid. The elements are in their natural position. The foramen
magnum is taller than wide and is constricted at the level of the supraoccipital-exoccipital-
opisthotic suture (Fig. 8.10C).

Parabasisphenoid—The parasphenoid and the basisphenoid form the anterior floor of
the braincase and contact the basioccipital posteriorly. There is no trace of a suture between the
dorsal part of the parasphenoid and the ventral part of the basisphenoid. Anteriorly, the clinoid
process of the parasphenoid is visible on the palatal surface but not preserved on its entire length
(Fig. 8.10A, B, D). The parasphenoid carries a prominent ventral keel that divides the posterior
interpterygoid vacuity, as in Cretaceous Elasmosauridae and the Jurassic forms Microcleidus
(= Occitanosaurus) tournemirensis and Microcleidus homalospondylus (Bardet et al., 1999;
Brown et al., 2013). The ventral keel that is wider anteriorly than posteriorly, continues slightly
posterior to the posterior margin of the interpterygoid vacuity (Fig. 8.9B) and tapers along the
ventral surface of the basioccipital (Fig. 8.9B). In dorsal view, just posterior to the clinoid
process, the sella turcica opens anteriorly and houses the pituitary gland (Fig. 8.10A, D). The
sella turcica in D1-8213 is longer than that of L. morgani SMNS 81783 specimen (Allemand et
al., 2017a). The sella turcica posteriorly terminates with the dorsum sellae (Fig. 4A, D). A
prominent pila antotica extends anterodorsally from this region, and a pila metoptica is present
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more anteriorly (Fig. 8.10A, B, C), as in Thalassiodracon hawkinsii (Benson et al., 2011) and
SMNS 81783 (Allemand et al., 2017a). In lateral view and ventrally to the pila antotica, a
process extends from the lateral surface of the basisphenoid (Fig. 8.10B) and forms a facet that
contacts the pterygoid (basipterygoid process). In anterior view, the pair of internal carotid
foramina penetrates the posterior wall of the sella turcica (Fig. 8.10D), as in Libonectes morgani
holotype (Carpenter, 1997: Fig. 5) but differently from in the elasmosaurid specimen SGU
251/1 (Zverkov et al., 2017) and in Alexandronectes zealandiensis, in which only a single
foramen on the floor of the sella turcica is observed (Otero et al., 2016; Zverkov et al., 2017).
On the lateral surface of the parabasisphenoid, the large carotid foramina exit ventrally to the
pila antotica and just posterior to the basipterygoid process of the basisphenoid (Fig. 8.10B).
The dorsolateral side of the pituitary fossa bears bilateral foramina. These are visible in anterior

view (Fig. 8.10D) and carried the abducens nerves (Carpenter, 1997).

171



Fig. 8.10. Digital reconstruction of the braincase of Libonectes morgani specimen D1-8213
from the lower Turonian of Goulmima (Morocco) in dorsal (A), left lateral (B), posterior (C)
and anterior (D) views and of the left exoccipital-opisthotic and prootic in lateral (E) and medial
(F) views. Abbreviations: amut, chamber for ampulla and utriculus; asc, anterior semicircular
canal; bo, basioccipital; boc, occipital condyle; boct, basioccipital tuber; bpt, basipterygoid
process of the basisphenoid; cp, clinoid process; ds, dorsum sellae; eo-op, exoccipital-
opisthotic; fov, fenestra ovalis; icf, internal carotid foramen; pa/bs, parabasisphenoid; pila, pila
antotica; pilm, pila metoptica; pp, paraoccipital process; pr, prootic; psc, posterior semicircular
canal; so, supraoccipital; stu, sella turcica; V1, foramen for the abducens nerve; V11, foramen

for the facial cranial nerve; IX, foramen for glossopharyngeal nerve; X+XI, foramen for the

vagus and accessory nerves; XI1?, foramina for the hypoglossal nerves. Scale bars equal 2 cm.

Basioccipital—The basioccipital is a stout element. Two large facets for the
exoccipital-opisthotics occupy its dorsal surface (otooccipital facets: Evans, 2012). The
basioccipital contacts anteriorly the parabasisphenoid and has a pair of distinct basioccipital
processes that contact the pterygoid at the posterior edge of the braincase. These processes are
projected ventrolaterally and show two ovoid facets for contact with the pterygoids (Fig. 8.10B,
D). Contrary to what is reported among pliosaurids and cryptoclidids in which the exoccipital-
opisthotic forms part of the occipital condyle (e.g., Andrews, 1913; Brown, 1993), the
basioccipital appears here to form the entire rounded occipital condyle (Fig. 8.10C). A groove
surrounds the occipital condyle forming a distinct neck ventrally and laterally as in
elasmosaurids (Brown, 1993), but differing from the condition in Thalassiodracon hawkinsii
(Benson etal., 2011b), in which the occipital condyle is a shallow dome with no groove between
the condyle and the body of the basioccipital.

Exoccipital-opisthotics—Both exoccipital-opisthotics are well preserved and are
fused, as in most plesiosaurians (e.g. Sato et al., 2011; Sachs et al., 2015). On the anterior
surface, a deep chamber for the ampulla and utriculus is visible (Fig. 8.10F). Dorsal and lateral
to these structures, the preserved opening corresponds to the caudal part of the posterior
semicircular canals. Four foramina pierce the medial surface of the exoccipital-opisthotics

adjacent to its ventral surface. The more anterior foramen is larger and might have served for
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the glossopharyngeal nerve (IX) and possibly also for the perilymphatic duct (Sachs et al.,
2015). The smaller one may be considered as a foramen for the vagus and accessory nerves
(X+XI) as well as the jugular vein (Sachs et al., 2015). Both exit at the base of the paraoccipital
process, as in Libonectes morgani (Sachs et al., 2015). The smallest foramina, located close to
one another, served for branches of the hypoglossal nerve (XII). Anteriorly, the exoccipital-
opisthotic forms the dorsal and posterior margins of the fenestra ovalis. This character differs
from the hypothesis proposed by Maisch (1998) for Muraenosaurus leedsii in which the
opisthotics did not contribute to the fenestra ovalis. The straight paroccipital process has an
anteroposteriorly oval cross-section and is ventrally inclined. Its distal end is more expanded
than in SMINS 81783 (Allemand et al., 2017a) but does not form a spatulate terminus as in
pliosaurids and basal plesiosaurians (e.g., Smith and Dyke, 2008; Benson et al., 2011b).
Prootic—The prootic occurs anterior to the exoccipital-opisthotic, and forms the
anterior margin of the keyhole shaped fenestra ovalis seen in lateral view (Fig. 8.10B). The
prootic is a rectangular element, containing the anterior part of the vestibule of the inner ear
dorsomedially. The facet for the supraoccipital faces posterodorsally and is pierced by an
opening for the anterior semicircular canal (Fig. 8.10A). A foramen at the posterior part of the
prootic base may represent the exit for cranial nerve VII (Carpenter, 1997).
Supraoccipital—The supraoccipital is a small arch-shaped element forming the dorsal
roof of the braincase (Fig. 8.10C) and ventral to the parietal, enclosing the dorsal and
dorsolateral margins of the keyhole-shaped foramen magnum. The supraoccipital contacts the
parietal dorsally; the suture between the two bones is visible ventrally through a difference of
thickness. The ventrolateral portions of the supraoccipital are expanded anteroposteriorly to
accommodate part of the semicircular canals, as in Muraenosaurus leedsii (Maisch, 1998) and
Thalassiodracon hawkinsii (Benson et al., 2011b). It contacts the prootic anteroventrally and
the exoccipital-opisthotic posteroventrally. In posterior view, the supraoccipital presents a
median process projecting ventrally into the midline of the foramen magnum, similarly to in
Libonectes morgani (Welles, 1949; Carpenter, 1997) and Thalassiodracon hawkinsii (Storrs
and Taylors, 1996), giving a heart shape to the dorsal part of the foramen magnum. According

to Carpenter (1997), this projection served for the nuchal ligament.
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Mandible
Dentary—In dorsal view, the left and right dentaries unite at their anterior ends at the

level of the fourth alveoli teeth (Fig. 8.11A), as in Libonectes morgani (Carpenter, 1997;
Allemand et al., 2017a), to form a narrow, gracile and slightly elongated mandibular symphysis.
The dentaries seem to be the only component of the symphysis. The left dentary bears 18 teeth
but is incomplete (Fig. 8.11A). Medially to these teeth, the alveoli for the replacement teeth are

visible (Fig. 8.11A).
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Fig. 8.11. Digital reconstruction of the mandible of Libonectes morgani specimen D1-8213
from the lower Turonian of Goulmima (Morocco) in dorsal (A), ventral (B) and right
ventrolateral (C) views. Abbreviations: ¢, coronoid; d, dentary; par, prearticular. Scale bars

equal 10 cm.

Coronoid—The coronoid (preserved on both sides) is pressed against the dentary, on
the medial surface of the mandible (Fig. 8.11). It is a roughly thin triangular bone with a large
dorsal inflation (Fig. 5C), comparable to that described in Zarafasaura oceanis (Vincent et al.,
2011), and Libonectes morgani (Sachs and Kear, 2015; Allemand et al., 2017a). It contacts the
dentary anteriorly but its extension is unknown.

Prearticular—A small part of the prearticular is preserved on both sides (Fig. 8.11C).

It contacts the coronoid dorsally but its anterior and posterior ends are not preserved.

Teeth

The teeth are slightly flattened and oval in cross-section as in Callawayasaurus colombiensis,
Terminonatator ponteixensis, Styxosaurus snowii and Libonectes morgani (Williston, 1890;
Welles, 1962; Sato, 2003; Sachs and Kear, 2015; Allemand et al., 2017a). Preservation
precludes any observation of an eventual ornamentation. The maxillary teeth are not
reconstructed but appear to diminish in size anteroposteriorly, contrary to the condition in
Aristonectes specimens (Gasparini et al., 2003b; Otero et al., 2014) and Kaiwhekea katiki
(Cruickshank and Fordyce, 2002). Similarly, the teeth on the dentary are larger on the
symphysis than posteriorly.

Atlas-axis complex

The conjoined atlas and axis form the atlas-axis complex with no suture visible between the
two elements (Fig. 8.12). The atlas-axis complex is cylindrical and distinctly longer than high
as illustrated in a number of other Elasmosauridae (e.g., Welles, 1943; Sachs, 2005; Kubo et

al., 2012; Otero et al. 2014; Sachs and Kear, 2015). The atlantal cotyle is circular and deeply

175



concave (Fig. 8.12A). The cotylar rim is surrounded by a thin edge and its dorsal midline is
incised by a tapered notch. Ventrally, the atlas intercentrum bears a prominent hypophyseal
ridge (Fig. 8.12C, D) similar to that reported in Elasmosaurus platyurus (Sachs, 2005),
Eromangasaurus australis (Kear, 2005), Albertonectes vanderveldei (Kubo et al., 2012),
Libonectes morgani (Sachs and Kear, 2015), Thalassomedon haningtoni (Sachs et al., 2016a)
and Vegasaurus molyi (O’Gorman et al., 2015). The anteroventral extremity of the
hypapophyseal ridge is flattened and elliptical in outline (Fig. 8.12D), as recorded in
Albertonectes vanderveldei (Kubo et al., 2012) and Libonectes morgani (Sachs and Kear, 2015).
Posteriorly, the hypophyseal ridge forms a narrow crest merging with the articular face of the
axis centrum. The atlas neural arch is narrow on its basis, flared dorsally and posteriorly
oriented. The axis neural arch is wider on its ventral part than on its dorsal one (Fig. 8.12B). Its
exact height is unknown, and the contact between the atlas and axis neural arch is perforated
by a large foramen (Fig. 8.12C), typical to the elasmosaurid condition (Sachs and Kear, 2017).
The atlas ribs, situated at the approximate mid-section of the atlas-axis complex, are separated
from the axis ribs (contrary to what is observed on the SMNS 81783 specimen of L. morgani,
see Allemand et al., 2017a) but in contact with their posterior ends (Fig. 8.12C). The rib
complex is projected laterally posteroventrally (about 45° from the horizontal), beyond the
border of the cotyle of the axis centrum. A thickened rim (Fig. 8.12B) surrounds the slightly
concave and rounded articular face of the axis.
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Fig. 8.12. Digital reconstruction of the atlas-axis complex of Libonectes morgani, specimen
D1-8213 from the lower Turonian of Goulmima (Morocco) in anterior (A), posterior (B), left
lateral (C) and ventral (D) views. Abbreviations: atc, atlas centrum; atna, atlas neural arch;
atr, atlas rib; axc, axis centrum, axna, axis neural arch; axr, axis rib; ivf, intervertebral

foramen; hr, hypophyseal ridge. Scale bar equals 10mm.

8.2.2.2. Systematic attribution of D1-8213

D1-8213 presents two characters allowing to assign it to the Elasmosauridae: a high coronoid
eminence on the mandible (Vincent et al., 2011: character 39); a keyhole-shaped foramen
magnum (Druckenmiller and Russell, 2008b: character 67). In addition, D1-8213 displays
features that are variably found in other elasmosaurids (O’Keefe, 2001; Kear, 2005; Kubo et
al., 2012): a keel on the ventral surface of the parabasisphenoid, a ventral keel (hypophysis) on
the atlas-axis complex, an occipital condyle formed exclusively by the basioccipital (shared
with polycotylids), an absence of anterior interpterygoid vacuity, and a maxillary tooth count
similar to most of the elasmosaurids (except aristonectines).

Only a few comparisons are possible between D1-8213 and other Elasmosauridae since
the braincase is poorly known among this clade despite several relatively complete and well-
studied specimens. Detailed descriptions and/or illustrations of the braincase are only available
for a limited number of taxa: Libonectes morgani, Tuarangisaurus keyesi, Alexandronectes
zealandiensis, (Carpenter, 1997; Sachs et al., 2015; Otero et al., 2016; Allemand et al., 2017a)
and some undetermined Elasmosauridae (Sachs et al., 2015; Zverkov et al., 2017). In D1-8213,
the ectopterygoid is directed laterally and the parabasisphenoid covers only one third of the
basioccipital body contrary to the condition of T. keyesi, in which the ectopterygoid is directed
posteriorly and the parabasisphenoid covers all the ventral surface of the basioccipital body
(Otero et al., 2016). Lateral to the posterior interpterygoid vacuity, the ventral surface of the
pterygoid is slightly concave in D1-8213 and differs from the horizontal projection found in A.
zealandiensis (Otero et al.,, 2016). The mandible of D1-8213 bears a slightly elongated
symphysis reaching the fourth tooth pair, as in L. morgani, Callawayasaurus columbiensis, and
Zarafasaura oceanis but unlike in other Cretaceous taxa that bear less teeth: Hydrotherosaurus
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alexandrae (3 pairs), Terminonatator ponteixensis and Futabasaurus suzukii (2-3 pairs)
(Carpenter, 1997; Gasparini et al., 2003; Sato, 2003; Sato et al., 2006; Vincent et al., 2011).
The mandibular symphysis of D1-8213 represents 19% of the skull length, which is close to the
conditions in Eromangasaurus australis (23% of skull length), L. morgani and Plesiosaurus
dolichodeirus (18%), H. alexandrae (16%) and T. ponteixensis (15%) (Sato, 2003; Kear, 2005;
Vincent etal., 2011) but different from in Z. oceanis (approximately 8% of the total skull length)
and T. keyesi (6%) (Kear, 2005; Vincent et al., 2011).

D1-8213 differs from all Elasmosauridae for which the braincase is known except L.
morgani. The comparison shows many similarities, especially with specimen SMNS 81783 that
comes from the same deposit of Goulmima (Allemand et al., 2017a), and allows to assign D1-
8213 to L. morgani. The unique difference between the two specimens concerns the absence of
stapes in D1-8213. In SMNS 81783, two rods located lateroventrally to the exoccipital-
opisthotics and oriented anteroposteriorly, were interpreted as stapes (Allemand et al., 2017a).
Similarly, in D1-8213 two rod-like bones were also identified in the same position as those in
SMNS 81783. However, they appear to be part of a dorsal blade of the pterygoids. It seems that
the dissolution of the dorsal wall creates a hole on its surface, leaving only a thin rod-like bone
at the level of the contact between the prootic and the exoccipital. Thus, due to an advanced
dissolution, the stapes found in SMNS 81783 could be a misinterpretation of the rest of the
dorsal wall formed by the pterygoid, laterally to the posterior interpterygoid vacuity.
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SAUROPTERYGIA Owen, 1860
Order PLESIOSAURIA de Blainville, 1835
Super Family PLESIOSAUROIDEA Welles, 1943 (sensu Ketchum and Benson, 2010)
Family POLYCOTYLIDAE Williston, 1908
Polycotylidae indet.

Material—MNHN F-GOU14, skull and mandible. Early Turonian (Upper Cretaceous)
Unit T2a (Ettachfini and Andreu, 2004) of the Cenomanian-Turonian limestone bar, north of

Goulmima, Er-Rachidia Province, Southern Morocco.

8.2.2.3. Description and comparison of MNHN F-GOU14

General Preservation

The skull seems to be slightly compressed laterally. In dorsal aspect, it is narrowly triangular
in outline. Its snout is similarly thin and elongated to that of Polycotylidae and Leptocleididae
(e.g., Bardet et al., 2003a; Buchy et al., 2005; Ronander, 2007; Druckenmiller and Russell,
2008a), but differs from the ovoid skull shape found in the Elasmosauridae, in which the
preorbital segment is broad and short (e.g., Carpenter, 1997). The anterior tip of the snout is not

preserved and it is difficult to evaluate the length of the missing part.

Skull

Premaxillae— The anterior extension of the premaxillae is not preserved. It is difficult to
assess the length of the missing part. The dorsal surface of the premaxillae is completely dissolved
(Fig. 8.13), making it impossible to determine the presence of a dorsomedian ridge. The
posterior extension of the premaxillae is badly preserved and the sutures with the maxillae,
frontal, and prefrontal are not visible. On the ventral surface of the premaxillae/maxillae, six
alveoli are present on the right side and five on the left one (Fig. 8.13B). Anterior alveoli are

broadly spaced (8 mm) with respect to posterior alveoli (separated by 6 mm) (Fig. 8.13B).
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Maxillae—The sutural relationships of the maxillae with the premaxillae are
undetermined. The relationships between the maxilla, the prefrontal and the frontal are not
visible. The maxilla extends posteriorly as a narrow, tapering edge bordered dorsally by the
jugal (Fig. 8.13C). It is unclear whether the maxilla participates to the orbital margin. Ventrally,
the posterior part of the maxilla bears seven alveoli (Fig. 8.13B).

Frontal—In the interorbital region, the badly preserved frontal forms the prominent
lateral wall of the olfactory sulcus (Fig. 8.13C).

Parietal—The parietal is poorly preserved and crushed ventrally. Its contacts with the
frontal and prefrontal are not clear because of the bad preservation of this region. A large ovoid
pineal foramen is visible (Fig. 8.13A). The state of preservation does not allow determining the
presence of a parietal table just posterior to the pineal foramen. Posteriorly, the parietal contacts
the supraoccipital but it not possible to determine the level of potential recovery.

Jugal—The jugal, bounded ventrally along its entire length by the maxilla, forms the
concave posterolateral margin of the orbit (Fig. 8.13C). Its posterior extension, as well as its
contact with the squamosal and prefrontal are not preserved.

Vomer—Only the anterior portion of the vomer is preserved. However, its sutural
relationships with the premaxillae, maxillae and pterygoid are undetermined. On the right side,
a small alveolus is visible and may correspond to the anterior margin of the primary alveolus
(Fig. 8.13B), found also in Nichollsaura borealis Druckenmiller and Russell, 2008a anteriorly
to the internal nares (Druckenmiller and Russell, 2008a). The dorsal margins of the dorsal
surface of the vomers project dorsally for most of their length.

Palatine—Only a small part of the right palatine is preserved. Posteriorly, at the
conjuncture of the palatine, ectopterygoid and pterygoid, the bone is dissolved and it is not

possible to observe the suborbital fenestra.
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Fig. 8.13. Digital reconstruction of the skull of the Polycotylidae indet. MNHN F-GOU14 from
the Turonian of Goulmima (Morocco) in dorsal (A), ventral (B), and right lateral (C) views.
Abbreviations: aiv, anterior interpterygoid vacuity; bo, basioccipital; boc, occipital condyle;
ect, ectopterygoid; ep, epipterygoid; eo-op, exoccipital-opisthotic; fr?, frontal; j, jugal; mx,
maxilla; olf, olfactory wall; p, parietal; pa/bs, parabasisphenoid; pal, palatine; pf, pineal
foramen; piv, posterior interpterygoid vacuities; pmx, premaxillae; pp, paraoccipital process;
pr, prootic; prim.a, primary alveolus; pt, pterygoid; gpt, quadrate ramus of the pterygoid; so,

supraoccipital; v, vomer. Scale bar equals 10 cm.

Pterygoid—The sutural relationships between the pterygoid, the vomer and the palatine
are undetermined (Fig. 8.13B). In front of the posterior interpterygoid vacuity, the pterygoids
appeared united together (Fig. 8.13B). However, this seems to be due to the medial
displacement of the left pterygoid. Indeed, transversal slides in this region show a thickening
that seems to be the result of the stack between the palatine and pterygoid. However, due to the
poor contrast, it is not possible to distinguish the two elements. This could imply the presence
of an anterior interpterygoid vacuity just anterior of the clinoid process (Fig. 8.13B); however,
it is difficult to observe because of its obstruction by the pterygoid displacement. The presence
of the anterior interpterygoid vacuity and its posteriorly displaced position would be similar to
the condition seen in polycotylids (e.g., Williston, 1908; Druckenmiller, 2002) and differs from
elasmosaurids which lack such trait (e.g., Carpenter, 1997). It also differs from leptocleidids
that possess an anterior interpterygoid vacuity anteriorly shifted compared to that of
polycotylids (e.g., Druckenmiller and Russell, 2008a). Lateral to the triangular and elongated
openings of the posterior interpterygoid vacuity (Fig. 8.13B), the ventral surface of the
pterygoid is concave, a feature regarded as a synapomorphy for polycotylids (O’Keefe, 2004)
but also found in the leptocleidids Umoonasaurus demoscyllus Kear et al., 2006 and
Nichollsaura borealis (Kear and Barrett, 2011), and in the elasmosaurid Libonectes morgani
(Allemand et al., 2017a; Sachs and Kear, 2017). At the level of the posterior interpterygoid
vacuity, the lateral margin of the pterygoid in MNHN F-GOU14 appears straight, as in the
polycotilids Trinacromerum bentonianum Cragin, 1888 and Edgarosaurus muddi
Druckenmiller, 2002 (Williston, 1908; Druckenmiller, 2002). In addition, posterior to the
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posterior interpterygoid vacuity, the pterygoids are partially dissolved; however, a midline
contact between both pterygoids, covering the entire body of the basioccipital is possible (Fig.
8.13B).

Epipterygoid—In lateral view, the right epipterygoid is better preserved than the left
one, and rises dorsally, having a triangular outline (Fig. 8.13C). Its ventral part contacts the
parabasisphenoid laterally to the sella turcica.

Ectopterygoid—The ectopterygoid is a triangular bone in ventral view, located
posterolateral to the palatine and laterally to the pterygoid. Its lateral end is dorsally recurved.
The incomplete right ectopterygoid is in its original anatomical position (Fig. 8.13B, C),
whereas the left one is not preserved. The sutures between the right ectopterygoid, pterygoid
and palatine are not visible.

Braincase

Parabasisphenoid— Anteriorly, the clinoid process of the parabasisphenoid is visible
on the palatal surface but not really differentiable from the pterygoids (Fig. 8.14A, B). Its entire
length is unknown. The ventral surface of the parabasisphenoid forms a median keel along its
entire length (Fig. 8.13B), as in Nichollsaura borealis, Edgarosaurus muddi and Libonectes
morgani (Carpenter, 1997; Druckenmiller, 2002; Druckenmiller and Russell, 2008a) but
contrary to in Leptocleidus capensis Andrews, 1911 (Cruickshank, 1997). However, the
parabasisphenoid keel does not contact the basioccipital body in MNHN F-GOU14 unlike in
elasmosaurids (e.g., Carpenter, 1997; Kear, 2005; Allemand et al., 2017a). In dorsal view, just
posterior to the clinoid process, the sella turcica is open anteriorly (Fig. 8.13A). The sella turcica
posteriorly terminates with the dorsum sellae (Fig. 8.13A, B). A prominent pila antotica extends
anterodorsally from this region, and a pila metoptica is present more anteriorly (Fig. 8.13A, B).
The posterior wall of the anteriorly opened sella turcica is pierced by a pair of internal carotid
foramens (Fig. 8.13A, B), which arise posteriorly through the lateral surface of the
parabasisphenoid. The two foramina for nerve VI are located on the dorsolateral side of the

pituitary fossa.
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Fig. 813. Digital reconstruction of the parabasisphenoid and basioccipital of the Polycotylidae
indet. MNHN F-GOU14 from the Turonian of Goulmima (Morocco) in anterior (A), left lateral
(B) views; basioccipital in posterior view (C); left exoccipital-opisthotic in medial (D) and
antero-lateral (E) views; prootic in medial view (F) and supraoccipital in dorsal view (G).
Abbreviations: amut, chamber for ampulla and utriculus; asc, anterior semicircular canal; bo,
basioccipital; boc, occipital condyle; boct, basioccipital tuber; bof, basioccipital facet for the
exoccipital-opisthotic; bpt, basipterygoid process of the basisphenoid; cp, clinoid process; ds,
dorsum sellae; hsc, horizontal semicircular canal; icf, internal carotid foramen; pa/bs,
parabasisphenoid; pila, pila antotica; pilm, pila metoptica; pp, paraoccipital process; psc,
posterior semicircular canal; so.pr, median process of the supraoccipital; VI, foramen for the
abducens nerve; VII, foramen for the facial cranial nerve; 1X, foramen for glossopharyngeal
nerve; X+XI, foramen for the vagus and accessory nerves; XII, foramina for the hypoglossal

nerves. Scale bars equal 2 cm.
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Basioccipital—The basioccipital forms the ventral margin of the foramen magnum and
bears large facets, inclined laterally for the exoccipital-opisthotic along most of its dorsolateral
surface (Fig. 8.13A, B). A dorsomedian ridge is visible between the two facets (Fig. 8.13A).
The basioccipital forms the entire rounded occipital condyle, contrary to what is reported among
pliosaurids and cryptoclidids in which the exoccipital-opisthotic forms part of the occipital
condyle (e.g., Andrews, 1913; Brown, 1993). The occipital condyle lacks a notochordal pit (Fig.
8.13C). A slight constriction forms a neck surrounding the occipital condyle but it is less
pronounced than in elasmosaurids (Carpenter, 1997; Allemand et al., 2017a). The basioccipital
tubers in MNHN F-GOU14 are oriented more ventrally (Fig. 8.13C) than in elasmosaurids
(Allemand et al., 2017a).

Exoccipital-opisthotics—Only the left exoccipital-opisthotic is preserved in MNHN F-
GOU14 (Fig. 8.13D, E). A deep chamber for the ampulla and utriculus is visible on the anterior
surface and two openings, corresponding to the caudal parts of the posterior and horizontal
semicircular canals, respectively, are located dorsally and laterally to the chamber. Four
foramina pierce the medial surface of the exoccipital-opisthotics. The large more anterior
foramen (Fig. 8.13D) might have served for the glossopharyngeal nerve (1X) and possibly for
the perilymphatic duct (Sachs et al., 2015). The smallest foramina (Fig. 8.13D), located
ventrally and close to one another, served for branches of the hypoglossal nerve (XI1). The more
posterior foramen (Fig. 8.13D) corresponds to the vagus and accessory nerves (X+XI) as well
as the jugular vein (Sachs et al., 2015). The paraoccipital process of MNHN F-GOU14 is
ventrally inclined (Fig. 8.13E) as in most xenopsarians (e.g., Carpenter, 1997; Druckenmiller,
2002; Allemand et al., 2017a). Its distal end is expanded and thin, forming a spatulate terminus,
similar to the condition observed in the leptocleidids and polycotylids (e.g., Smith and Dyke,
2008; Benson et al., 2011), as well as in the elasmosaurids Callawayasaurus colombiensis and
Alexandronectes zealandiensis (Welles, 1962; Otero et al., 2016).

Prootic—Only the right prootic is preserved in MNHN F-GOU14, and it is not in its
anatomic position. The prootic contains the anterior part of the vestibule of the inner ear (Fig.
8.13F), with the ventrolateral edge forming the rim of the fenestra ovalis. The two foramen on
the supraoccipital and exoccipital-opithotic facets represent the exits for the anterior and

horizontal semicircular canals, respectively (Fig. 8.13F). The foramen at the posterior part of
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the prootic base represents the exit for the cranial nerve VII (Carpenter, 1997). The dorsal
edge of the process is wide and smoothly notched for the trigeminal nerve (V).

Supraoccipital—The supraoccipital in MNHN F-GOU14 encloses the dorsal and
dorsolateral margins of the keyhole-shaped foramen magnum and contacts the parietal dorsally,
the prootic anteroventrally, and the exoccipital-opisthotic posteroventrally. The supraoccipital
in MNHN F-GOU14 has a midline process (Fig. 8.13G) projecting ventrally into the foramen
magnum, giving to the supraoccipital an M-shape in dorsal view, as in D1-8213, Nichollsaura
borealis (Druckenmiller and Russell, 2008a), Thalassiodracon hawkinsi (Benson et al., 2011),
Dolichorhynchops osborni (Carpenter, 1997), Muraenosaurus leedsi (Maisch, 1998) and
Plesiopterys wildi (O’Keefe, 2004).

Mandible

The anterior part of the mandible is missing. The right mandibular ramus is straight along its
entire length (Fig. 8.14), its posterior end as well as the posterior part of the left ramus are not
preserved. No visible sutures differentiate the components of the mandible. There is no
longitudinal groove occurring anteriorly on the lateral surface of the dentary (Fig. 8.14C),
unlike in Nichollsaura (Druckenmiller and Russell, 2008a). In dorsal view, the left and right
dentaries unite to form a long mandibular symphysis (about 10 cm, see Fig. 8.14A), which is
straight in lateral view, with no keel along its ventral surface. The alveoli are more spaced and
larger on the symphyseal part of the mandible, than posteriorly (Fig. 8.14A). The mandibular

symphysis bears at least five teeth.
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Fig 8.14. Digital reconstruction of the dentary of the Polycotylidae indet. MNHN F-GOU14
from the Turonian of Goulmima (Morocco) in dorsal (A), ventral (B) and right ventrolateral

(C) views. Scale bars equal 10 cm.

8.2.2.4. Systematic attribution of MNHN F-GOU14

Among Cretaceous plesiosaurians in general, the thin and elongated rostrum of MNHN F-
GOU14 allows to distinguish it from the elasmosaurids and from the Jurassic plesiosaurids, in
which the snout is wider and relatively shorter (Carpenter, 1997; Bardet et al., 1999; Gasparini
et al., 2003; Sato, 2003; Benson et al., 2011, 2013; Vincent et al., 2011; Brown et al., 2013).
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Among taxa presenting a similar long snout, MNHN F-GOU14 differs from the
pliosaurids in the absence of a prominent ridge on the ventral surface of the pterygoid. This
ridge follows the perimeter of the subtemporal fenestra anteromedially, then extends
posteromedially towards the midline at the base of the posterior ramus of the pterygoid. The
posterior contact of these ridges forms the posterior wall of a midline fossa at the posterior end
of the interpterygoid vacuity (Ketchum and Benson, 2011). This structure is present in all
pliosaurids (e.g., Williston, 1903; Andrews, 1913; Taylor and Cruickshank, 1993; Albright et
al., 2007; Schumacher et al.,, 2013) and is considered a synapomorphy of the clade
(Druckenmiller and Russell, 2008b; Ketchum and Benson, 2010).

Among the Leptocleidia, clade that unites leptocleidids and polycotylids (Ketchum and
Druckenmiller, 2010), the skull of MNHN F-GOU14 measures 350 mm and differs from the
lengths found in the leptocleidids Nichollsaura borealis (285 mm, Druckenmiller and Russell,
2008a), Leptocleidus superstes Andrews, 1922 (242.8 mm but incomplete, Kear and Barrett,
2011), Umoonasaurus demoscyllus (222 mm, Kear et al., 2006) and Brancasaurus brancai (237
mm, Sachs et al., 2016b). In addition, the anterior interpterygoid vacuity in MNHN F-GOU14,
located just anterior to the clinoid process of the parabasisphenoid, differs from the condition
observed in leptocleidids, in which the anterior interpterygoid vacuity is located more anteriorly
on the palate, and contacts the vomer (Druckenmiller and Russell, 2008a; Kear and Barrett,
2011). Among polycotylids, the straight lateral margins of the pterygoids at the level of the
posterior interpterygoid vacuity in MNHN F-GOU14 contrasts with the curved lateral margins
(kidney-shaped) found in Dolichorynchops specimens (Druckenmiller, 2002; O’Keefe, 2004;
Sato et al., 2011). The straight lateral margin of the pterygoids in MNHN F-GOU14 is very
similar to those of basal polycotylids such as Edgarosaurus muddi and Trinacromerum
bentonianum (Williston, 1908; Druckenmiller, 2002). However, MNHN F-GOU14 presents a
pineal foramen and thus differs from T. bentonianum that does not (Morgan, 2016).
Comparisons among the polycotylids known from Goulmima, Thililua longicollis Bardet et al.,
2003a, Manemergus anguirostris Buchy et al., 2005 and the undetermined specimen PMO
201.956 (Bardet et al., 2003a; Buchy et al., 2005; Ronander, 2007) are difficult because of the
lack of overlapping preserved elements. Only the posterior portion of the posterior
interpterygoid vacuity is preserved in M. anguirostris. According to Morgan (2016), the

pterygoids in M. anguirostris resemble the condition seen in E. muddi, rather than in
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Dolychorhynchops, with straight and narrow pterygoids, and hence are similar to those of
MNHN F-GOU14. However, in the absence of comparative data for the palate of T. longicollis
and for the undetermined specimen PMO 201.956, we decided to assign MNHN F-GOU14 to
an undetermined Polycotylidae, waiting to the re-evaluation of Moroccan polycotylids.

The description of the new polycotylid specimen MNHN F-GOU14 emphasizes the
importance to have access and to consider the braincase in order to identify plesiosaurian taxa
and to confirm their affinities. Indeed, Thililua longicollis was first assumed to be a polycotylid
(Bardet et al., 2003a; O’Keefe, 2008) but this affiliation is controversial (O’Keefe 2001;
Druckenmiller and Russell 2008a; Ketchum and Benson 2010; Kear and Barrett 2011) and the

results obtained by Ketchum and Benson (2010) reported T. longicollis as a leptocleidid.

8.2.3. Discussion
8.2.3.1. Diagnostic features and paleobiological implications

According to Sato et al. (2011), it is usually difficult in plesiosaurians to determine whether a
particular feature of the braincase is diagnostic to a species or shared within a higher taxonomic
rank because of the difficulties to access this region. Here, the description of two plesiosaurian
specimens provides additional knowledge about their braincases. We considered their
variability and, as in the study performed by Sato et al. (2011), to focus on their potential
phylogenetic signal and possible functional meaning.

Vincent et al. (2011) considered the openings located on the ventral surface of the
pterygoids of Zarafasaura oceanis as a possible autapomorphy. Their presence in D1-8213 and
SMNS 81783 (Allemand et al., 2017a) suggests that these openings are not specific to Z.
oceanis but also found in Libonectes morgani and could be a synapomorphy of both taxa or a
feature that could change during the elasmosaurid ontogeny. However, a doubt remains about
the possible taphonomic reason to these openings. Indeed, the difference in size observed
between each side in D1-8213, could indicate that this structure corresponds to a delicate zone
of the pterygoids, more affected by the dissolution.

The absence of a stapes in many plesiosaurians has often been attributed to postmortem
loss, primarily due to taphonomic causes (Druckenmiller and Russell, 2008a). However, this
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structure has been described in Rhomaleosaurus zetlandicus Seeley, 1874 (Taylor, 1992),
Thalassiodracon hawkinsii (Storrs and Taylor, 1996), Plesiosaurus dolichodeirus (Storrs,
1997), Microcleidus homalospondylus (Brown et al., 2013), Alexandronectes zealandiensis
(Otero et al., 2016) and Tuarangisaurus keyesi (O’Gorman et al., 2017). Here, the stapes are
missing in both specimens. In addition, the reconstruction of D1-8213 reveals that the stapes
observed in SMNS 81783 (Allemand et al., 2017a) is a misinterpretation and corresponds rather
to the rest of the dorsal wall formed by the pterygoid. Although the stapes are absent in
Libonectes morgani, their description in several plesiosaurian taxa contradict the Taylor’s
hypothesis (1992) about the non-tympanic nature of the plesiosaurian ear. However, as the
dorsal wall of the pterygoid may prevent the stapes from direct communication between the
outer ear and the fenestra ovalis (Druckenmiller and Russell, 2008a), especially if the stapes
are attached to the quadrate as in Rhomaleosaurus zetlandicus and Thalassiodracon hawkinsii
(Taylor, 1992; Storrs and Taylor, 1996), it thus questions the position of the stapes and the
hearing mechanisms associated to them. The exact method of sound transmission to the inner
ear in plesiosaurians is unclear and the range of variation in the morphology of the ear region
(Sato et al., 2011) warns against an easy generalization on the morphology and function of the
structure.

Sato et al. (2011) noted variation in the longitudinal length of the sella turcica relative
to the rest of the braincase in all plesiosaurians and suggested that a short sella turcica would
be a derived condition in polycotylids, cryptoclidids and elasmosaurids. In Triassic
sauropterygians, the sella turcica constitutes 25% of the braincase floor, 20% in the lower
Jurassic plesiosaurian specimen NHMUK 39514 and 36% in the pliosauroid Thalassiodracon
hawkinsii (Zverkov et al., 2017). Although its absolute size is not equal in the elasmosaurids
SMNS 81783 (14mm) and D1-8213 (18mm), the sella turcica occupies about 25% of the
braincase floor in both specimens of Libonectes morgani. In addition, the sella turcica in the
undetermined polycotylid MNHN F-GOU14 represents 20% of the braincase floor. These
proportions are similar to those reported by Zverkov et al. (2017, see supplementary data) for
several elasmosaurids, polycotylids and cryptoclidids. However, contrary to the hypothesis of
Sato et al. (2011), these values indicate a great variability in the proportions of the sella turcica,
even within the same family, and no general evolutional trend can be noticed about the size of

the sella turcica in sauropterygians. Thus, scoring the length of the sella turcica as character
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calls for caution because of its variability among plesiosaurian taxa. To avoid misinterpretation,

the examination of additional taxa is required to better constrain its range of variation.

8.2.3.2. Palaeobiogeographical conclusions

Goulmima represents the richest plesiosaurian site known from Africa with a high taxonomic
diversity. As far as plesiosaurians are concerned, these deposits have already yielded specimens
referred to Elasmosauridae, Polycotylidae and Pliosauridae (Angst and Bardet, 2015).

Here the description of a new specimen of Libonectes morgani, a species previously
known from the Late Cenomanian of North-America (Carpenter, 1997) and recently reported
in Goulmima (Sachs and Kear, 2017; Allemand et al., 2017a), reinforces the idea of a trans-
Atlantic faunal connectivity, already revealed by the coeval occurrence of the pliosaurid
Brachauchenius lucasis (Angst and Bardet, 2015) and teleostean fishes (the araripichthyid
Araripichthys corytophorus and the pachyrhizodontid Goulmimichthys arambourgi, see Cavin
et al., 2010), between Goulmima and the Western Interior Seaway of North America (as
discussed by Sachs and Kear, 2017). In addition, the distribution of Libonectes morgani agrees
that elasmosaurids were able to exploit open marine habitats, through different modes of

dispersion (i.e., seasonal migration), similarly to pliosauroids (Kear, 2004).

8.2.4. Conclusion

The plesiosaurian braincase is a part of the skull poorly known due to either poor preservation
and/or insufficient preparation. Here, the use of computed microtomography provides new
anatomical information about the braincase and the palate of two Moroccan plesiosaurian
specimens difficult to study by direct observation because of their particular mode of
preservation. This contribution emphasizes the importance to have access and consider these
regions in order to identify plesiosaurian taxa, particularly in Moroccan polycotylids, for which

this part of the skull is still unknown.
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Chapter 9

Endocranial anatomy of plesiosaurian specimens
(Reptilia, Plesiosauria) from the Late Cretaceous
(Turonian) of Goulmima (Southern Morocco)

192



The current understanding of the plesiosaurian paleoneurology is poor. Partial endocasts were
described and illustrated only for Brancasaurus brancai (Edinger, 1921; see Hopson, 1979) and
Libonectes morgani (Carpenter, 1997) (Fig. 9.1), and the inner ear morphology for
Muraenosaurus leedsii (Evans, 1999); however, no inference about their sensorial abilities were

provided.

Fig. 9. 1. Endocasts of Brancasaurus brancai (A) and Libonectes morgani SMUMP 69120 (B)
in lateral view (from Carpenter, 1997). Abbreviations: cb, cerebellum; cer, cerebral
hemispheres; iam, internal auditory meatus; ic, internal carotid; ot, olfactory tracts; pd, pineal
organ; pit, pituitary bulb; scc, semicircular canal; V, trigeminal nerve; VI, abducens nerve; VI,
facial nerve; IX, glossopharyngeal nerve; X-XI, vagus and accessory nerves; XII, hypoglossal

nerves.

In this chapter, the endocranial anatomy of three plesiosaurian specimens has been
reconstructed thanks to computed tomography in order to provide new anatomical information
about this region poorly known within plesiosaurians. Such reconstructions provide the

opportunity to discuss about the possible difference of sensorial capabilities between the two
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plesiosaurians bauplans and about the link between the shape of the endocast regions and the

biology of these organisms.

9.1. Material and Methods

The two specimens SMNS 81783 and D1-8213 were referred to Libonectes morgani (Allemand
etal., 2017; Allemand et al., in press) and the third one, MNHN F-GOU14, was referred to as

an undetermined Polycotylidae (Allemand et al., in press) (Table 9.1).

Taxon Collection Voxel size Voltage Intensity
reference (in pm) (in kV) (in pA)
SMNS 81783 134 230 500
Libonectes morgani
D1-8213 115 240 400
Polycotylidae indet. MNHN F-GOU14 934 220 400

Table 9.1. Scan parameters for the plesiosaurian specimens analyzed in this chapter.

All specimens were scanned at the AST-RX platform of the MNHN (Paris) (see Chapter
4, Material and Methods). A virtual three-dimensional reconstruction of endocasts, cranial
nerves and inner ears was then performed at the Palaeontology Imaging Unit of the CR2P UMR
7207 CNRS/MNHN/UPMC using the MIMICS (Materialise Interactive Medical Image Control
System) Innovation Suite software (Materialise®, release 18). The isolation of the endocranial
cavity was performed thanks to the difference of contrast between the bones, which appear with

darker grayscale values, and the matrix.
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9.2. Description

An almost complete cranial endocast for D1-8213 was reconstructed, together with the cranial
nerves and the inner ear (Fig. 9.2A). The olfactory bulbs located at the anteriormost part of the
endocast and the ventral extent of the brain cast, anterior to the pituitary bulb, were not
reconstructed due the absence of bony limit. The dorsal surface of the brain cast in SMNS 81783
was reconstructed from the olfactory bulbs to the cerebellum; however, the ventral part anterior
to the pituitary bulb, as well as the inner ears, are missing (Fig. 9.2B). The brain cast of MNHN
F-GOU14 is the less complete and the more crushed one (Fig. 9.2C). Only its dorsal surface
could be partially reconstructed; and both the anteriormost and posteriormost parts, as well as
the inner ears, are missing.

The posterior part of the endocast is surrounded dorsally by the supraoccipital, laterally
by the prootics (anteriorly) and the exoccipital-opisthotic (posteriorly), and ventrally by the
basioccipital and parabasisphenoid. Anterior to the prootic and ventral to the parietal, the
absence of bones in this region prevent the delimitation of the endocast (Fig. 9.2). Thus, in this
region, the ventral extension of the endocast was unknown and not reconstructed in order to
avoid over-interpretation.

The endocranial pattern found in the three plesiosaurian specimens is similar. Although
endocasts are incomplete, proportions of the skull occupied by this structure seem to be similar
for the three specimens (50%). Endocasts are elongated and mediolaterally narrow. The three
specimens exhibit a slight ventral flexure in lateral view at the level of the contact between the
olfactory tracts and the cerebrum (Fig. 9.2A, B, C). The flexure found in the Libonectes morgani
specimens examined here (D1-8213 and SMNS 81783) is less pronounced than the flexure
illustrated in another specimen of L. morgani (SMUSMP 69120) by Carpenter (1997) (see Fig.
9.1B).
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Fig 9.2. Virtual plesiosaurian endocasts of the Libonectes morgani specimens D1-8213 (A)
and SMNS 81783 (B); and the undetermined Polycotylidae MNHN F-GOU14 (C), both Early
Turonian, Goulmima, Morocco, in dorsal (up) and left lateral (down) views. Abbreviations:
cb, cerebellum; cer, cerebral hemispheres; ic, internal carotid; mo, medulla oblongata; ob,
olfactory bulbs; ol, optic lobes; ot, olfactory tracts; po, pineal organ; pit, pituitary bulb; V,
trigeminal nerve; VI, abducens nerve; VII, facial nerve; IX, glossopharyngeal nerve; X-XI,
vagus and accessory nerves; XI11, hypoglossal nerves. Scale bars equal 20 mm. The dotted-lines

indicate the missing parts.

9.2.1. Endocast

The digital reconstructions performed for the three plesiosaurian specimens allow to discern
the different structures composing their brain (Butler and Hodos, 2005). The most anterior part
of the brain cast corresponds to the olfactory bulbs. They have been reconstructed only in
SMNS 81783 (Fig. 9.2B), in which the ventral surface of the dorsomedian ridge of the
premaxilla and the anterior part of the frontal show impressions of them. Despite a partial
reconstruction that does not allow to observe their ventral surface, the olfactory bulbs appear
wider than the olfactory tracts (Fig. 9.2B). These are projected through the ventral wall of the
frontal and appear anteroposteriorly elongated. The olfactory tracts become more
mediolaterally compressed at their mid-length, and widen at the level of the contact with the
cerebrum (Fig. 9.2B). The anteroposterior length of the olfactory tracts is approximately 76 mm
in SMNS 81783, which corresponds to about half of the brain cast length. No separation
between the olfactory tracts is visible (Fig. 9.2A, B, C). The cast of the tracts continues
posteriorly until it meets the cast of the cerebrum, visible on the ventral surface of the parietal.
The cerebrum extends anteroposteriorly; however, due to the open condition of the braincase
anteriorly to the prootic, its lateral and ventral extensions are not preserved and difficult to
determine. The dorsal surface of the cerebrum appears dorsoventrally concave just posterior to
the contact with the olfactory tracts. The concavity is more marked in both Libonectes morgani
specimens (Fig. 9.2A, B) than in the undetermined polycotylid (Fig. 9.2C), and appears more
extended antero-posteriorly in D1-8213 than in SMNS 81783. Posteriorly to the concavity
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observed on the dorsal surface of the cerebrum, a bulge may correspond to the pineal organ
(Fig. 9.2A, B, C). Posteriorly to the possible pineal organ, a more pronounced bulge on the
dorsal surface of the brain cast indicates the position of the optic lobes (Fig. 9.2A, B, C), which
are enclosed dorsally by the parietal. Ventrally to the optic lobes, the pituitary bulb is projected
more ventrally than the ventral surface of the posterior part of the brain cast (Fig. 9.2A, B). Its
ventral surface is horizontal and a pair of internal carotid foramen is visible at the posterior end
of the pituitary bulb. The posterior part of the brain cast, the rhombencephalon, consists of the
cerebellum and the medulla oblongata (Fig. 9.2A, B). The cerebellum is incomplete in SMNS
81783 and MNHN F-GOU14 but, in the three specimens it forms an anteroposteriorly
developed bulge on the dorsal surface of the endocast (Fig. 9.2A, B). Its dorsal surface slopes
posterodorsally and constitutes the main structure of the plesiosaurian brain cast. The medulla
oblongata visible in D1-8213 is thin and laterally constricted (Fig. 9.2A), enclosed by the
prootics and the exoccipitals. Ventrally, the surface can be reconstructed with reasonable

accuracy, as it is framed by the dorsal surfaces of the basisphenoid and basioccipital.

9.2.2. Cranial nerves

The identification of the different cranial nerves has been performed from the information given
in the description of plesiosaurian braincases (e.g., Carpenter, 1997; Sato et al., 2011; Sachs et
al., 2015). The optic (11), oculomotor (111), and trochlear (1) nerves could not be traced due to
the cartilaginous nature of the skull part enclosing the endocast antero-ventraly. The canal for
the trigeminal nerve (V) can be identified as it corresponds to the prootic fenestra (Carpenter,
1997); however, its true extension cannot be determined (Fig. 9.2A). The abducens nerve (V1)
is anteriorly projected and exits by the dorsolateral foramen of the pituitary fossa (Fig. 9.2A, B
and Fig. 9.3A). The canal for the facial nerve (VII) exits from the foramen on the prootic,
posterioriorly to the abducens nerve and just anterior to the inner ear (Fig. 9.2A and Fig. 9.3A).
The width of the facial nerve is similar to that of the abducens nerve. The vestibulocochlear
nerve (VII1) is not visible on the endocast reconstructions. Just posterior to the inner ear, two
foramina pierce the medial surface of the exoccipital adjacent to its ventral surface. The most
anterior one is for the exit of the glossopharyngeal nerve (1X), which represents the largest
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cranial nerve (Fig. 9.2A, B and Fig. 9.3A), and the dorso-posteriorly foramen is for the vagus-
accessory nerves (X + XIl). Branches of the hypoglossal nerve (XII) pass through the three
foramina in each of the exoccipitals, ventrally to the vagus-accessory nerves. The branches of

the hypoglossal nerve are thin and arranged in a triangular pattern on each side of the medulla

oblongata.

Fig. 9.3. (A) Endocast of the more complete Libonectes morgani specimen D1-8213, Early
Turonian, Goulmima, Morocco, in ventroposterior view. (B), Left inner ear of D1-8213 in
lateral and dorsal views. Abbreviations: aa, anterior ampulla; asc, anterior semicircular canal,
cc, common crus; ic, internal carotid; lag, lagena; Isc, lateral semicircular canal; pa, posterior
ampulla; psc, posterior semicircular canal; vest, vestibule; VI, abducens nerve; VII, facial
nerve; IX, glossopharyngeal nerve; X-XI, vagus and accessory nerves; XII, hypoglossal nerves.

Scale bars equal 20 mm.

9.2.3. Inner ear

Left and right inner ears of D1-8213 are preserved, except the most ventral part of the lagena

(Fig. 9.3B). The inner ear is positioned ventrally to the cerebellum and its general aspect is

199



similar to the inner ear of the cryptoclidid Muraenosaurus leedsii (Evans, 1999), the only
plesiosaurian specimen for which the inner ear is known. The vestibule is rounded and the
semicircular canals are square-shaped in lateral view, robust and low (Fig. 9.3B). Even if the
true ventral extent of the lagena is unknown, it seems to be relatively short, robust and uncoiled.
The inner ear is approximately 24 mm tall and has a maximum width of 20 mm at the level of
the semi-circular canals. The anterior semicircular canal (asc) is longer than the two other ones,
which seem to be similar in length. The comparison of the diameters shows that the posterior
semicircular canal (psc) is the thickest (psc>asc>Isc). The dorsal margins of both anterior and
posterior semicircular canals are at the same level (Fig. 9.3B), unlike the condition in
Muraenosaurus leedsii (Evans, 1999) in which the anterior semicircular canal is more dorsally
extended than the posterior one. The angles formed between the anterior and posterior
semicircular canals is approximately 113°; 96° between the anterior and lateral semicircular
canals and 84° between the posterior and lateral semicircular canals. The anterior and posterior
canals meet at the common crus (Fig. 9.3B), which is approximately of similar diameter as the

canals themselves.

9.3. Discussion

9.3.1. Endocranial comparisons with extinct and extant marine
reptiles

The reconstructions of the endocranial morphologies of extant reptilian taxa that live in marine
ecosystems are scarce. The endocast of several aquatic snakes, among which the only extant
pelagic snake, Pelamis platurus, have been studied recently (Allemand et al., 2017b). Within
sea-turtles, only endocast of Dermochelys (Dermochelyidae) has been examined (Wyneken,
2001) and Georgi (2008) gave some elements of its inner ear morphology.

Among extinct reptilian taxa, those considered as marine inhabitants are numerous but
the data availables concerning their endocasts that could be used for comparisons are scarce.
The endocranial information in ichthyosaurs is limited to the latex casts made by McGowan
(1973) for an Ichthyosaurus sp., a digital brain cast of an indeterminate juvenile specimen

(Marek et al., 2015) and the endocranial reconstruction for Platypterygius longmanni Wade,
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1990 (Abele, 2017). The neuroanatomy of thalattosuchians appears the most studied and is
known for at least seven species that are Metriorhynchus superciliosus de Blainville, 1853
(Wenz, 1968), Cricosaurus (=Geosaurus) araucanensis Gasparini and Dellapé, 1976 (Herrera
et al., 2013; Herrera, 2015), Dakosaurus cf. D. andiniensis Vignaud and Gasparini, 1996
(Herrera, 2015), Teleosaurus eucephalus (Seely, 1880), Steneosaurus pictaviensis Vignaud,
1998 (Wharton, 2000), Steneosaurus cf. gracilirostric Westphal, 1961 (Brusatte et al., 2016),
Pelagosaurus typus Bronn, 1841 (Pierce et al., 2017). Among squamates, Camp (1942) figured
the endocasts of the two mosasauroids, Platecarpus sp. and Clidastes sp., and during this PhD
thesis the endocast of Tethysaurus nopcsai has been studied (see Chapter 7). As for the inner
ear morphology, it is also known in mosasauroids for Plioplatecarpus peckensis (Cuthbertson
et al., 2015), Platecarpus coryphaleus, Platecarpus tympaniticus, Tylosaurus neopaeolicus
(Georgi, 2008; Georgi and Sipla, 2008) and Tethysaurus nopcsai (see Chapter 7).

Comparisons with these marine reptiles show that plesiosaurians exhibit an unique
combination of endocranial characteristics. The plesiosaurian olfactory tracts are elongated
anteroposteriorly and not separated along their length, as in the mosasauroid Tethysaurus
nopcsai (Fig. 9.4F). This condition differs from the short olfactory tracts observed in turtles
(Fig. 9.4D) and the more or less separated olfactory tracts found in snakes (Fig. 9.4C), the
thalattosuchian Pelagosaurus typus (Fig. 9.4E) and the indeterminate ichthyosaur (Fig. 9.4G).
In addition, plesiosaurians exhibit a large cerebellum. Indeed, for the other marine reptiles, this
structure is not always distinguishable from endocasts (e.g., the snake Pelamis platurus, Fig.
9.4C) or, when visible, it is not as developed as in plesiosaurians (e.g., the thalattosuchian
Pelagosaurus typus, Fig. 9.4E). At last, the plesiosaurian pituitary projected horizontally differs
from the tilted one seen in Pelamis platurus (Fig. 9.4C) and Pelagosaurus typus (Fig. 9.4E),
and also from the bulge exhibited by Tethysaurus nopcsai (Fig. 9.4F)
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Fig 9.4. Virtual endocasts of the Libonectes morgani specimens (A) D1-8213 and (B) SMNS
81783, Early Turonian, Goulmima, Morocco, compared to (C) the extant snake Pelamis
platurus (Allemand et al., 2017b; see Chapter 5); (D) the extinct marine turtle Plesiochelys
etalloni (modified from Carabajal et al., 2013); (E) the thalattosuchian Pelagosaurus typus
(modified from Pierce et al., 2017); (F) the mosasauroid Tethysaurus nopcsai, Early Turonian,
Goulmima, Morocco (see Chapter 7); and (G) an indeterminate juvenile ichthyosaur (modified
from Marek et al., 2015) in dorsal (up) and left lateral (down) views. Abbreviations: cb,
cerebellum; cer, cerebrum; mo, medulla oblongata; ob, olfactory bulbs; ol, optic lobes; ot,

olfactory tracts; po, pineal organ; pit, pituitary bulb. Scale bars equal 10 mm.

9.3.2. Endocranial comparisons with other sauropterygians

Endocranial studies among Triassic Sauropterygia are still limited; however, information exists
for Nothosaurus mirabilis Mdunster, 1834 (Edinger, 1921; figured by Hopson, 1979),
Nothosaurus marchicus Koken, 1893 (Voeten et al., 2014) and Placodus gigas Agassiz, 1833
(Neenan and Scheyer, 2012).

The most complete endocast of Placodus gigas known shows only the hindbrain cavity
posterior to the pineal foramen (specimen UMO BT13; Neenan and Scheyer, 2012). The
structure appears strongly anteroposteriorly inclined by about 70° from the skull roof table and
is very sigmoidal (Neenan and Scheyer, 2012). This condition clearly differs from the
horizontal orientation of the posterior part of the endocast observed in the specimens of
Libonectes and polycotilid examined here. This difference could be linked to the size of the
braincase of Placodus that is shorter than those of other sauropterygians (Neenan and Scheyer,
2012). The short and solid skull of Placodus could correspond to a functional adaptation that
helps to dissipate the strains when the animal crushes its hard-shelled food (Neenan and Scheyer
2012). When the cranial cavity is restricted, the brain could present a more or less flexured
shape, with an anterior part higher than the posterior part (Hopson, 1979). The difference in
endocast flexure observed between Placodus and the plesiosaurians examined here could thus

correspond to a morphological adaptation to different ecological constraints.
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The endocasts of both species of Nothosaurus are straight with long olfactory tracts
(Hopson, 1979; Voeten et al., 2014), similar to the plesiosaurian endocasts described in this
study and contra that observed in Placodus. In Nothosaurus, the skull is more elongated than
that of Placodus in a similar way than that observed in Plesiosauria, giving more place for the
accommodation of the brain.

Although it is impossible to evaluate the phylogenetic signal of the sauropterygian
endocast morphology in the current state of the art, the similarity between the endocasts of
Nothosaurus and plesiosaurians could be assessed as a reflection of their close phylogenetic
relationships (e.g., Neenan et al., 2013). However, as the phylogenetic relationships within
sauropterygian groups are still debated (Neenan et al., 2013), additional endocranial
information could be useful in order to include endocranial characters in phylogenetic studies

and hopefully better resolve the phylogenetic relationships in this clade.

VIV VI Fv Xl IX-XI

Fig. 9. 5. Endocasts of (A, B) Nothosaurus mirabilis (modified from the redrawn of Hopson,
1979) and (C, D) Placodus gigas (modified from Neenan and Scheyer, 2012) in dorsal (A, C)
and lateral views (B, D). Abbreviations: cer, cerebral hemispheres; fv, fenestra vestibule; ot,
olfactory tracts; po, pineal organ; vest; I, optic nerve; V, trigeminal nerve; VI, abducens nerve;
V11, facial nerve; IX, glossopharyngeal nerve; X, vagus nerve; XI, accessory nerves; XII,

hypoglossal nerves.
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9.3.3. Endocranial comparisons with other plesiosaurians

Both elasmosaurid and polycotylid specimens seem to share a similar pattern: the nearly straight
endocasts are characterized by long olfactory tracts, a reduced pineal organ, a pituitary bulb
projected horizontally, developed optic lobes and a large cerebellum that represents the main
endocranial structure in relative size.

The endocast of the holotype of Libonectes morgani, SMUMP 69120 (Carpenter, 1997)
shows a similar pattern to that of the two other specimens of L. morgani studied here. Although
the endocranial proportions are similar, there is, however, one noticeable difference in the
ventral flexure of the endocast. The reconstruction of Carpenter (1997) shows that the
cerebellum in SMUMP 69120 is located more ventrally than the plane defined by the olfactory
tracts in lateral view, whereas in D1-8213 and SMNS 81783, both olfactory tracts and the
cerebellum are in the same plane, resulting in a nearly horizontal endocast. Thus, among the
three specimens of Libonectes morgani examined here, SMUMP 69120 shows the more
pronounced flexure of its endocast, whereas the skull of SMNS 81783 and D1-8213 show a
more horizontal development of their brain cavities. This difference seems not to correspond to
artefacts of preservation, as the specimens do not show taphonomical deformations. Both of
them (SMNS 81783 and D1-8213) are preserved in nodules that probably formed fast after the
death of the individuals. The third one was not observed directly but the author who described
it (Carpenter in 1997) does not mention any deformation for this fossil. Examination of the
endocast flexure of additional specimens exhibiting different skull size is necessary to confirm
that this character is not specific to this individual. Some additional specimen are available for
such a study (e.g., Libonectes morgani specimen SMNK-PAL 3978). According to Giffin
(1989), the main causes of the endocranial flexures are the absolute size of the skull and the
relative size of the eyes. Smaller taxa tend to show an endocast with a more pronounced flexure
than large ones, the same pattern is observed in young individuals compared to older ones of
the same species (Giffin, 1989). The loss of the flexures is thus, within individuals, a
consequence of the increase in skull size, the skull growing at a higher speed than the brain, the
latter has thus relatively more space in the larger individuals and “unfolds” (Hopson, 1979). On
the contrary, when the cranial cavity is restricted, the brain presents a more or less pronounced

“S” shape, with an anterior part higher than the posterior part (Hopson, 1979). In addition, large
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eyes, that could be related to a juvenile trait within a same species or an ecologic adaptation to
a particular lifestyle (e.g., nocturnal, see Konishi et al., 2016), compress the occipital region as
well as the brain could increase the flexures (Starck, 1979). Surprisingly, the specimen of
Libonectes that presents the longest skull (SMUMP 69120: about 500 mm in length, see
Carpenter, 1997) shows the more pronounced flexure. The two other specimens (SMNS 81783
and D1-8213) are smaller (they measure respectively 295 and 350 mm long) but show no
flexure of the endocast. Size being usually correlated with the age of individuals, this
observation thus questions the assumption of Giffin (1989). This difference in endocast flexures
does probably not correspond to an ontogenetical variation within the species. It could however
possibly correspond to sexual dimorphism. Total brain size is reported to differ between males
and females of different mammalian taxa, including human (e.g., Nopoulos et al., 2000;
Iwaniuk, 2001). Similarly, the size of structures composing the brain in lizards may differ
between male and females (e.g., size of the olfactory bulbs; Sampedro et al., 2008). Thus, the
gender of plesiosaur having the largest brain could also present a more pronounced flexure of
its endocast than the other one.

9.3.4. Plesiosaurian pineal foramen

The endocranial reconstructions show that a small pineal organ is visible on the endocast of the
three plesiosaurian specimens. However, the pineal foramen is considered as absent in most of
the elasmosaurid and polycotylid species. Indeed, the loss of the pineal foramen has long been
considered as a synapomorphy of Late Cretaceous Elasmosauridae and Polycotylidae by
Carpenter (1997), but recent phylogenetic data have suggested that this structure had been lost
independently in some taxa of both families (O’Keefe, 2001; Kear, 2005; Druckenmiller and
Russell, 2008a; Ketchum and Benson, 2010). In the skull reconstructions of Libonectes morgani
specimen D1-8213 and the undetermined polycotylid MNHN F-GOU14 performed here, the
pineal foramen was not observed (Allemand et al., in press), but the examination of the
endocasts reveals its presence. Such observation suggests that the non-visible pineal foramen
in some elasmosaurids and polycotylids specimens could be due to the weakness of their skull,
as most elamosaurid and polycotylid skulls are often preserved crushed (e.g., Kear, 2006;

206



Vincent et al., 2011); the small pineal foramen could thus be hidden or closed by the
displacement of the skull roof bone elements. The possibility of an evolutionary tendency to a
loss of a pineal organ beginning with the closure of the pineal foramen should however not be
excluded,

The pineal organ has important physiological functions (Holloway et al., 2013) and is
involved in the production of melatonin, which plays a role in the regulation of the circadian
rhythm and seasonal cycles (Hopson, 1979) but has also different functions according to taxa
(see Holloway et al., 2013 for details). The exact functions of a pineal organ in plesiosaurians
are difficult to determine. Nevertheless, this organ is possibly present in the entire clade of
Sauropterygia (a pineal foramen at least is easily observable in almost all the species of
sauropterygians) and has thus certainly an important biological function. Comparisons with
other sauropterygians show that Placodus gigas and Nothosaurus mirabilis both exhibit a large
pineal organ (Hopson, 1979; Neenan and Scheyer, 2012), whereas, in the tree specimens of
plesiosaurians examined here, the pineal organ is reduced. Elasmosaurids and polycotylids
being considered as more derived taxa than placodont and nothosaurs, the functional benefit of
pineal organ reduction is questionable. The same trends of reductions in pineal organ size
appear independently in other clades of reptiles and have been observed in pseudosuchians,
theropods, and sauropods (Holloway et al., 2013). However, this trend does not seems
associated to the size of the animal, as the contrary has been reported in mosasauroids (see
Chapter 7), in which larger species exhibit larger pineal organ than smaller ones. Thus, the
functional implications for the reduction are difficult to understand and it is not possible to

determine whether it occurred for the same or different reasons in each of these clades.

9.3.5. Plesiosaurian inner ear

The inner ear reconstructed here for the elasmosaurid Libonectes morgani specimen (D1-8213)
is similar to that of the cryptoclidid Muraenosaurus leedsii illustrated by Evan (1999). Both
exhibit a square appearance in lateral view with short semicircular canals, a well-developed
common crus and a rounded vestibule. However, one difference is noticed in the configuration

of the semicircular canals. In Libonectes morgani, the dorsal margins of both anterior and
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posterior semicircular canals are at the same level (Fig. 9.3B), unlike the condition in
Muraenosaurus leedsii (Evans, 1999) in which the anterior semicircular canal is more dorsally
extended than the posterior one. It is important to notice that morphological differences exist
between the inner ear of Muraenosaurus and Libonectes thus indicating that the inner ear
morphology is not homogenous among this clade. These differences could be related to
phyologenetical or ecological traits and the study of the inner ear morphology of plesiosaurians
is thus a crucial issue to better characterise their life history or ecological evolution.

Among sauropterygians, only another inner ear, that of Placodus gigas, has been
described (Fig. 9.5C, D modified from Neenan and Scheyer, 2012). Placodus gigas exhibits a
dorsoventrally flattened labyrinth extended anteroposteriorly, with gracile semicircular canals
that form a “M”-shaped morphology at the crus communis (Neenan and Scheyer, 2012). This
morphology differs from the compact and bulbous labyrinth found in Libonectes morgani, in
which the short and thick semicircular canals appear more elliptical and rounded, with a
horizontal junction between the anterior and posterior canals (Fig. 9.3B). The differences
between Libonectes and Placodus are more important than between Libonectes and
Muraenosaurus. Although the inner ear in Muraenosaurus appears more robust aspect than that
of Placodus, both exhibit an anterior semicircular canal more dorsally extended than the
posterior one. Such features could reflect an ecological adaptation and reveal an adaptation to
nearshore to open-sea lifestyle transition.

The plesiosaurian inner ear differs from most extinct and extant non-avian reptiles for
which the labyrinth may show a triangular shape (e.g., snakes, lizards: Yi and Norell, 2015;
Palci et al., 2017), an oblong shape (e.g., mosasauroids: Cuthbertson et al., 2015; see Chapter
7) or a “M”-shape (e.g., crocodilians, thalattosuchians, rhynchocephalians: Walsh et al., 2009;
Pierce et al., 2017). However, strong similarities are perceived when the plesiosaurian inner ear
is compared to that of turtles. Both exhibit low and short semicircular canals, as well as a short
and robust common crus and a horizontal junction between the anterior and posterior canals
(e.g., Carabajal et al., 2013, Carabajal et al., in press). Such similarities could be the reflect of
phylogenetic affinities between plesiosaurians and turtles. Indeed, several studies have shown
the stong imprint of phylogenetic history on the shape of the bony labyrinth in mammals (e.g.,
Billet et al., 2015; Grohé et al., 2015; Mennecart and Costeur, 2016), but also within squamates
(e.g., Boistel et al., 2011). However, if such phylogenetic signal is expressed, it is surprising
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that Placodus gigas, the most closely related species to plesiosaurians, exhibits this difference
in inner ear morphology. Boistel et al. (2011) revealed that the dimensions of the vestibular
system show clear differences among animals with different lifestyles. This could explain the
differences perceived between the inner ear of the nearshore Placodus gigas (Neenan and
Scheyer, 2012) and the offshore plesiosaurians, and the similarity between the latter and turtles
could be related to the fact that they share a similar mode of locomotion, both swim without
using an axial undulatory locomotion and rely completely on paraxial propulsion (e.g.,
O’Keefe, 2001).

9.3.6. Sensory inferences

Several studies have suggested that plesiosaurians were visual hunters, with a more or less
developed binocular vision (e.g., Shuler, 1950; Forrest, 2000; Cruickshank and Fordyce, 2002),
and possibly adapted to the vomerolfaction (e.g., Cruickshank et al., 1991; but see Buchy et al.,
2006). In this contribution, the lack of endocranial data in plesiosaurians prevents any
generalization to the clade; however, it is possible to discuss about some functional inferences
from endocranial features availables.

The olfactory bulb size has been used as an indicator of olfactory acuity in archosaurs
and mammals (e.g., Gittlemen, 1991; Healy and Guildford, 1990; Zelenitsky et al., 2009).
Zelenitsky et al. (2009) proposed the first quantitative evaluation of the olfactory acuity in
extinct theropod dinosaurs based on an olfactory ratio between the greatest diameter of the
olfactory bulb to the greatest diameter of the cerebral hemispheres. However, considering data
available for plesiosaurians, the endocranial reconstructions do not provide information about
the cerebral hemispheres; it is thus not possible to calculate this ratio, preventing inferences
about the olfactory acuity of these taxa. Nevertheless, qualitative comparisons with extant taxa,
especially with crocodiles that share a similar organization with long olfactory tracts
differentiated from large olfactory bulbs (Jirak and Janacek, 2017), suggest plesiosaurian
olfactory bulbs are small and corroborate the hypothesis of diminished sense of olfaction. Same
inferences have been performed from the Nothosaurus endocast in which the restricted
olfactory bulges suggest limited in vivo olfactory performances (Voeten et al., 2014).
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Endocranial reconstructions for the three plesiosaurian specimens indicate that both the
optic lobes and the cerebellum are developed. However, there is still no measurement allowing
to quantify their development. The optic lobes receive both visual and auditory input (Wyneken,
2007) and their size is correlated with the importance of visual stimuli (Butler and Hodos,
2005). The cerebellum integrates touch, proprioception, vision, hearing, and motor input and
has a role in maintaining postural equilibrium (Wyneken, 2007). Although it is important to
take into account that these structures may be covered dorsally by the venous system
(Aurboonyawat et al., 2008) and have a strong impact on the size of these structures, the
prominent optic lobes could indicate an important role of the vision in these taxa. In addition,
the large cerebellum in plesiosurians, which differs from all non-avian reptiles, including turtles
that share a similar mode of locomotion (e.g., Carabajal et al., 2013; in press), or other highly
aquatic extinct taxa such as ichthyosaurs (e.g., Marek et al., 2015), could be related to the
particular mode of locomotion, using asynchronous movements (e.g., Carpenter et al., 2010;
Liu et al., 2015) with their anterior and posterior limbs. Thus, the large cerebellum could be
related to limb coordination requirements for more efficient swimming, however, such
enlargement could be also related to the length of the neck and its role in maintaining postural
equilibrium and consideration of the endocast of short-necked taxa should allow to consider

this hypothesis.

9.4. Conclusions

Despite the open condition of the plesiosaurian braincase, it is possible to reconstruct their
endocasts and the different structures appear well differentiated. Plesiosaurians exhibit unique
endocranial morphology with an organisation that clearly differ from that of all the extant and
extinct known taxa. The interpretation of this unique morphology is difficult as the lack of
comparative data prevents to evaluate the impact of the phylogenetic and ecologic signals.
However, several hypotheses have been performed during this work. The plesiosaurian
endocast has been considered as a reflect of a morphological adaptation to different ecological
constraints (see comparison with Placodus gigas). The differences perceived in the

plesiosaurians inner ear could reflect adaptation to life in open-sea. Indeed, some features, such
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as the dorsal margins of both anterior and posterior semicircular canals in the same level, could
be related to diving habits and the study of the inner ear morphology in plesiosaurians appears
necessary to better characterise their life history or ecological evolution. Sensory inferences
from the plesiosaurian endocast suggest that they might rely more on vision than olfaction to
interact with their environment. The study of additional taxa among sauropterygians could
provide an evolutive aspect to this first work in order to consider the sensory evolution that had

accompanied the secondary adaptation to life in marine environments.
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Chapter 10

Paleoecological reconstruction of the Early
Turonian (Late Cretaceous) marine reptile
assemblage of Goulmima, Southern Morocco
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In Morocco, the Turonian deposits of Goulmima have yielded a diverse marine fauna (see
Chapter 2) among which large marine reptiles constitute an important component, in terms of
both diversity and number of taxa. Although the coeval and abundant fauna of bony fishes and
invertebrates also found in this area (see Chapter 2) could explain such a rich marine reptile
assemblage, the presence of numerous large predators in a same place, including marine reptiles
but also sharks, questions their cohabitation, interactions and niche partitioning.

As species’ lifestyle is reflected by the central nervous system (Nieuwenhuys et al.,
1998), endocasts in extinct taxa may be used as additional information to reconstruct their
paleobiology and paleoecology. By adding the new endocast data to informations already
available in the literature concerning the general morphology (e.g., Massare, 1987, 1988; Noé
et al., 2017) of the marine reptiles found here as well as the associated faunas and
paleoenvironnement (e.g., Cavin et al., 2010; Lebedel et al., 2013), this work aims to depict the
ecological options available for each marine reptile taxon and to discuss the marine vertebrate

trophic structure characterizing the marine environment of Goulmima.

Among the marine reptile assemblage of Goulmima, the elasmosaurid Libonectes
morgani exhibits a large size that may reach 7-8 meters (Buchy, 2005), whereas polycotylids
and the basal mosasauroid Tethysaurus nopcsai appear smaller with a size-estimate of 5-6
meters (e.g., Thililua longicollis: Bardet et al., 2003a) and of 3-4 meters respectively (Bardet et
al., 2003b). Besides, although the pliosaurid Brachauchenius lucasi is only known through the
description of its mandible, its length (1500 mm, see Angst and Bardet, 2015) suggests, from
comparisons with more complete specimens (McHenry, 2009), a large animal with a body size
of about 5-6 meters. If such size diversity may suggest primarily that ingested preys were
different in size and that possible prey-predator relationships may occur however, it does not
provide any information about how these taxa may have coexisted.

It is possible that, in order to avoid direct competition, marine reptiles in Goulmima
have occupied different positions in the water column. The avascular necrosis observed on
plesiosaurian limbs led Rothschild and Storrs (2003) to suggest that elasmosaurids, pliosaurids
and polycotylids were able to perform deep or repetitive diving (but see Farke, 2007). In
addition, the large quantities of gastroliths mainly associated to elasmosaurid remains

(Cicimurri and Everhart, 2001) and the probable function of these stomach stones as a buoyancy
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compensation mechanism (Storrs, 1993), may suggest that elasmosaurids occupied a deeper
position in the water column than polycotylids and pliosaurids. However, as no avascular
necrosis or gastroliths have been reported in taxa of Goulmima, such hypothesis cannot be
refuted or confirmed here.

It is highly probable that Goulmima marine reptiles were prey-specialized and might
have exhibited different foraging behaviors in order to coexist. To find food in their natural
habitat, the organisms have to orient towards potential food sources, detect and localize possible
prey items, analyze the nature of these items to classify them as edible, and finally move toward
these preys to ingest them (Von Der Emde and Bleckmann, 1998). Such processes are directly
related to the abilities of each taxon and can be considered through different structures which

are analyzed below.

10.1. Prey preferences via skull and tooth morphoguilds

The most commonly used skeletal components to define diet and prey preferences are teeth
(Bardet et al., 2015). Massare (1987) used contrasting dental morphologies in Mesozoic marine
amniotes to define seven feeding guilds based on analogies with modern marine mammals. The
resulting morphospaces - now an interpretive standard (Bardet et al., 2015) — is materialized by
a triangular diagram showing gradational and/or overlapping guilds distributed along axes
connecting three apex categories (Fig. 10.1): 1) the “Pierce” guild, corresponding to predators
feeding on small, soft-bodied preys such as small fishes and invertebrates; 2) the “Crush” guild,
feeding on medium sized, hard-shelled invertebrates; 3) and the “Cut” guild, which includes
opportunistic top-predators feeding on bony vertebrates. The “Pierce” guild corresponds to the
most restricted prey item diversity, whereas the “Cut” guild includes predators able to feed on
the broadest range of organisms. In the following section, the size and shape of both teeth and
skull of each marine reptile taxon from Goulmima are discussed and put together with the

coeval marine faunas, in order to consider their possible prey preferences.
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Fig. 10.1. Triangular diagram illustrating the tooth morphoguilds (based on Bardet et al., 2015)
of the marine reptile assemblage of Goulmima. A, Pierce I: the mosasauroid Tethysaurus
nopcsai (MNHN GOU 1; from Bardet et al., 2003b); B, Smash-Pierce Il : the elasmosaurid
Libonectes morgani (SMNS 81783; from Allemand et al, 2017a); C, Smash-Pierce Il : the
polycotylid Thililua longicollis (MHNGr.PA.11710; from Bardet et al., 2003a); D, Smash-
Pierce 1l : the pliosaurid Brachauchenius lucasi (MNHN GOU 11; from Angst and Bardet,
2015). Scale bars equal 10 cm.

Tethysaurus nopcsai teeth are small and slender (Fig. 10.1A), strongly posteromedially
recurved and slightly laterally compressed (Bardet et al., 2003b). This morphology ranges into
the “Pierce I” guild (Massare, 1987). Although Gale et al. (2017) suggested that T. nopcsai
would be capable of biting through an ammonite test, this dentary morphology, associated to
the small and gracile skull morphology (about 30 cm long), indicates rather a diet of soft-bodied
small preys (Massare, 1987). In Goulmima, Tethysaurus may have been specialized in the

capture of soft-bodied invertebrates and small bony fishes located at the basis of the trophic
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chain, such as Enchodus and Pycnodont sp. (total length estimated to about 100 mm; Cavin and
Dutheil, 1999), although the flexible, kinetic skull characterizing the mosasauroids (Russell,

1967) could allow it to swallow larger preys.

Among the plesiosaurians, the teeth of both elasmosaurids and polycotylids are simple
long and slender cones slightly recurved posteriorly (Fig.10.1B, C). This generalist morphology
ranges into the “Smash and Pierce II”” guilds of Massare (1987) and is adapted to catch bony
fishes and invertebrates, however, both groups would have been relatively harmless to larger
fish and other marine reptiles (Everhart, 2004). The main difference, however, is perceived on
the morphology and size of their skull.

The brevirostrine skull in L. morgani (about 40 cm long) and the teeth may suggest
specialization for filter- or sieve-feeding niche on a large range of mesoscopic prey from the
water column, the interface between the water and the sediments, or within the sediments,
which are trapped behind the teeth and then shallowed in their entirety (Noe et al., 2017).
Indeed, the simple open-and-shut jaws of elasmosaurids (Noé et al., 2017), associated to the
dentition, suggest that these taxa were unable of complex oral processing and preys had to be
swallowed in their entirety because of the inability of elasmosaurids to reduce large prey items
into smaller pieces (Noé et al., 2017). The tooth spacing suggests an approximate minimum
prey width in the order of 10-20 mm for most adult elasmosaurids and the space between the
jaw articulations indicates an approximate maximum width close to 200 mm (Brown, 1981;
Cicimurri and Everhart, 2001). In Goulmima, as Tethysaurus, Libonectes may have been also
specialized in the capture of soft-bodied invertebrates and small bony fishes located at the basis
of the trophic chain, such as Enchodus and Pycnodont sp.

Contrary to L. morgani, the polycotylid skull appears longer (e.g., Thililua longicollis:
66 cm, Buchy et al., 2005) with a longirostrine condition, the snout representing 60% of the
total skull length in T. longicollis (Buchy et al., 2005) contra 40% in L. morgani. Such
difference may involve different preys. Indeed the longirostrine condition could indicate a more
pronounced adaptation for piscivory in polycotylids, which might have “sacrificed” skull
strength for high velocity in jaw closure, similarly to some crocodilians (Pierce et al., 2008), in
order to successfully feed on fast and agile preys. However, according to Testin (2011), the

thick and structured enamel on teeth of polycotylids would suggest also that shell was an
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important part of their diet. In Goulmima, the elongated and large skull of the polycotylids
found may suggest these taxa fed on the ammonites present in this area but also on medium-
sized bony fishes, such as Goulmimichthys arambourgi and/or Osmeroides sp. (body length
estimated to about 300 mm; Cavin, 2001).

Finally, the large caniniform teeth exhibited by the pliosaurid Brachauchenius lucasi
(Fig. 10.1D) also range into the “Smash and Pierce” guild of Massare (1987), however, their
size associated to the large skull would indicate a more macrophagous diet, including large
bony fishes (Hampe, 2005), and probably other marine reptiles or sharks (Massare, 1987).
Brachauchenius was probably the apex predator of the Goulmima area, and might feed on the
largest bony fishes, such as Ichthyodectidae sp. (body length estimated to 800 mm, Cavin,

1996), but also on other marine reptiles.

To sum up, although some overlaps are perceived (e.g., L. morgani and Tethysaurus),
the skull and tooth morphoguilds reflect distinct prey preferences in the Goulmima marine
reptile assemblage. However, such morphological evidences provide information about how
taxa may catch their prey just before to ingest them and which kind of prey preferences they
could had, without considering the first steps of the foraging behavior, that are to detect and to
move forward the prey. These steps, detailed below, may differ according to taxa and their
sensorial and locomotory abilities, which can be apprehended in part through endocranial

studies.

10.2. Prey detection via endocranial studies

The first step of the foraging behavior consists in the detection of possible preys. For this, it is
generally admitted that animals mainly use their chemical senses and/or vision (e.g., Atema,
1980). Several studies have suggested that both mosasauroids and plesiosaurians were visual
hunters, with a more or less developed binocular vision (e.g., Shuler, 1950; Lingham-Soliar,
1995; Forrest, 2000; Cruickshank and Fordyce, 2002; Yamashita et al., 2015; Konishi et al.,
2016), and possibly adapted to the vomerolfaction (mosasauroids: Schulp et al., 2005;
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plesiosaurians: Cruickshank et al., 1991; but see Buchy et al., 2006). These hypotheses will be
hereafter discussed in the light of the endocranial reconstructions performed in this work.

10.2.1 Chemical senses (olfaction, vomerolfaction, gustation)

In vertebrates, the chemical senses include the olfaction, the vomerolfaction and the gustation
(Hemild and Reuter, 2008). In vertebrates, the olfactory system is involved in detecting
chemicals emanating from distant sources, whereas the vomeronasal system and the gustation
are involved in close-range detection (Eisthen and Schwenk, 2008). Olfaction is associated to
the nasal capsules whereas the vomerolfaction is related to the vomeronasal organ (Jacobson’s
organ). Sensory epithelia of both systems are innervated by different branches of the olfactory
nerve (1) to the main and accessory olfactory bulbs located at the anteriormost part of the brain
(Schwenk, 2008). Gustation is mediated by taste buds located within the oral and pharyngeal
cavities, and innervated by the facial (V1I), glossopharyngeal (1X) and vagus (X) nerves to the
hindbrain (Reiss and Eisthen, 2008).

From endocasts, such distinction between the main and accessory olfactory bulbs
(olfaction/vomerolfaction) is not possible as only the external morphology is perceived. Thus,
only the size and shape of the whole structure is available in extinct taxa. The size of the
olfactory bulbs in vertebrates has been used as an indicator of olfactory acuity (i.e., ability to
discriminate between different odors, Zelenitsky et al., 2009). Among non-avian reptiles, both
crocodylians and turtles are known to have relative large olfactory bulbs (e.g., Parson, 1959;
Starck, 1979; Carabajal et al., in press) that can be associated to their developed sense of smell
(e.g., Pooley and Gans, 1976; Rogers, 1999; Hays et al., 2003). From snhake endocasts, the size
of the olfactory bulbs greatly vary between taxa (Allemand et al., 2017b; see Chapter 5) and
may indicate variable olfactory abilities according to their ecology. However, as the olfaction
is involved in different activities, such as predation, mating and courtship (Bales, 2014), it is
difficult to determine behavioral inferences from the size of the olfactory bulbs.

In order to measure the olfactory abilities in non-avian dinosaurs, Zelenitsky et al.
(2009) used the ratio of the greatest diameter of the olfactory bulb to the greatest diameter of
the cerebrum. Unfortunately, this measurement is not applicable from the endocasts of
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plesiosaurians and Tethysaurus because the lateral and ventral limits of the cerebrum are not
preserved. However, qualitative comparisons with crocodiles that share a similar olfactory
organization (long olfactory tracts with well-differentiated olfactory bulbs: Jirak and Janacek,
2017) show that both Tethysaurus and Libonectes have rather small olfactory bulbs compared
to the rest of the endocast, that may suggest that these taxa no rely heavily on olfactory cues to
detect their prey.

In fossil taxa, the gustation cannot be evaluated from taste buds, as they are not
preserved (Schulp et al., 2005). However, because of a correlation between the size of the
cranial nerves in vertebrates and their sensory development (Buttler and Hodos, 2005), the size
of the cranial nerves associated to the gustation (V1I, IX and X) could provide some clues about
this sense in mosasauroids and plesiosaurians. Thus, the relative larger sizes of both facial (V1)
and vagus (X) nerves in the mosasauroid Tethysaurus may suggest that gustation is more
developed in this latter than in Libonestes. As gustation in reptiles is involved in the
discrimination of palatable from unpalatable food once mouth or tongue contact occurs
(Schwenk, 2008), such hypothesis could involve that Tethysaurus was a more specialist feeder

than the supposed non-selective Libonectes (Noé et al., 2017).

10.2.2. Vision

It is generally admitted that optic lobes reconstructions offer the opportunity to consider the
vision acuity in vertebrates (e.g., Nieuwenhuys et al., 1998; Wyneken, 2007). Indeed, as these
structures receive mainly visual inputs from the retina through the optic (1) nerves (Butler and
Hodos, 2005), the optic lobe size has been correlated to the importance of vision in different
taxa (e.g., Pearson, 1972; Jerison, 1973; Butler and Hodos 2005; Franzosa, 2004).

From snake endocasts, it appears that all fossorial species have reduced optic lobes
contrary to terrestrial and arboreal specimens (Allemand et al., 2017b, see Chapter 5). Since
vision is better developed in arboreal snakes, and poorly developed in burrowing species as
well as some aquatic species living in turbid waters (Lillywhite, 2014), the new snake data tend
to confirm the link between the size of the optic tectum and the development of vision. In
addition, several studies suggested that only the superficial layers of the optic lobes are related
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to vision, whereas more internal layers are involved in auditory and somatosensory inputs (e.g.,
Buttler and Hodos, 2005). Thus, one of the major functions of the optic lobes is to localize a
stimulus in space and to cause the involuntary reflex allowing the animal to turn its head and/or
eyes in the direction of the source of the stimulus (Knudsen and Schwarz, 2017). Such reflex is
of great immediate importance for animals. Their survival depending upon the speed and
accuracy with which appropriate behaviors are executed in case of feeding or escape from a
predator. In addition, the optic lobes should contribute to the control of spatial attention by
signaling which stimulus, among all current stimuli, is of greatest immediate importance
(Knudsen and Schwarz, 2017).

From endocast study, it is not possible to determine which layer of the optic lobe is more
developed than another as only the external morphology of the structure is visible. The optic
lobes in the mosasauroid Tethysaurus are not clearly differentiated and it is not possible to
determine their limits and size. It seems thus difficult to discuss about any sensory inference in
this species. On the contrary, the optic lobes in the plesiosaurian taxa studied here (Libonectes
and a polycotylid) are well differentiated, forming a distinct bulge, from the rest of the endocast.
Their relative large size would suggest well-developed abilities to localize preys or predators,
from vision and/or auditory inputs.

Both Tethysaurus and Libonectes seem to rely mainly on vision to detect their prey
rather than the olfaction. This could be related to the small size of their preys, more easily
distinguishable from visual clues rather than olfactory ones. It would be interesting to
reconstruct the endocast of the pliosaurid Brachauchenius in order to determine whether this

large opportunist predator and possibly scavengers rely on the same clues to detect its prey.

The detection of food is the first step until its introduction in the mouth. Once the prey
is detected, it is necessary to catch it. This next step involves the locomotor abilities. It is highly
likely that the locomotor performance differs between plesiosaurians with their four paddle-
limbs and the plesiopedal and hydropelvic mosasauroid T. nopcsai.
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10.3. Prey approach via locomotion

10.3.1. Post-cranial skeleton evidences

In plesiosaurians, there has been a great deal of speculation about how they swam (Muscultt et
al., 2017). Early work suggested that these taxa used a single forward-and-backward antero-
posterior rowing stroke (e.g., Watson, 1924); however, it is today admitted that plesiosaurians
used a mix involving antero-posterior rowing movements for the posterior limbs while anterior
limbs performed an “underwater flight” defined by dorso-ventral movements (Carpenter et al.
2010; Muscutt et al., 2017). According to Carpenter et al. (2010), plesiosaurians swam with
synchronized or nearly synchronized movements of the anterior and posterior limbs allowing
to reach higher speed with less effort.

Although all plesiosaurians share a similar mode of locomotion based on hydrofoil-
shaped limbs, differences about swimming speed, locomotor efficiency and manoeuvrability
have been suggested between plesiosauromorph (i.e., long neck and small head) and
pliosauromorph (i.e., short neck and large head) (e.g., Massare, 1988, 1994; O’Keefe, 2001).
Thus, plesiosauromorphs have been inferred as cruising specialists rather than ambush
predators, covering long distances while hunting at low to intermediate speeds, whereas
pliosauromorphs have been presumed as pursuit predator possessing high speed, high
manoeuvrability, but relatively low efficiency (O’Keefe, 2001). However, as the “dichotomy”
between plesiosauromorph and pliosauromorph is actually a continuum (O’Keefe, 2001), and
plesiosaurians body proportions vary between the two extremes, no generalization can be made
through plesiosaurians taxa.

In Goulmima, the pliosaurid Brachauchenius reflects the pliosauromorph condition, and
was probably able to reach high speed with a high manoeuvrability in order to pursue preys that
were able to escape the attack. The elasmosaurid Libonectes illustrates the plesiosauromorph
condition and may be considered as a cruising specialist, hunting at low to intermediate speed.
This mode of locomotion might had allow to Libonectes to approach school of small bony
fishes. Finally, as polycotylids in Goulmima have also an elongated neck (e.g., 30 cervical
vertebrae in Thililua, Bardet et al., 2003a, they may have exhibited intermediate locomotor

performances between Brachauchenius and Libonectes.
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Among mosasauroids, the different morphotypes that have been recognized (see
Chapter 1) illustrate progressive steps in the mosasauroid abilities for more energy-efficient
swimming (Houssaye et al., 2013). Due to its hydropelvic and plesiopedal condition,
Tethysaurus could be considered as an undulatory (anguilliform) swimmer or an axial
subundulatory (subcarangiform) swimmer (Houssaye, 2013) and able to perform rapid

acceleration for ambushed predation (Lingham-Soliar, 1991; Massare, 1994).

10.3.2. Endocranial evidences

Endocasts, as they offer the possibility to observe the cerebellum, could provide additional and
complementary informations to the morphological study of the postcranial skeleton, about the
locomotor abilities in fossil taxa. Indeed, although the cerebellum is multisensory and plays an
important role in cognitive functions, such as integrates touch, proprioception, vision, hearing,
and has a role in maintaining postural equilibrium (e.g., Wyneken, 2007), it also has a critical
role in the locomotor behavior (e.g., Thach and Bastian, 2004; Buttler and Hodos, 2005).
Among vertebrates, the cerebellum shows a great variability in size, shape and organization
(Butler and Hodos, 2005). In non-avian reptiles, this structure generally has a modest size and
forms a flat plate just posterior to the optic lobes. However, no explanation of the variation in
relative size has been analyzed.

The cerebellum in Tethysaurus is not visible from its endocast. This characteristic is
similar to that observed in varanids and snakes, for which this structure is covered by the venous
system.

On the contrary, all plesiosaurian taxa here studied (Libonectes, polycotylid) (see
Chapter 9) show a very large cerebellum that constitutes the main component of the brain
endocast. The plesiosaurian cerebellum differs from all non-avian reptiles, including turtles that
share a similar mode of locomotion (e.g., Carabajal et al., 2013; in press), or other highly aquatic
extinct taxa such as ichthyosaurs (e.g., Marek et al., 2015). Since_plesiosaurians probably used
asynchronous movements (e.g., Carpenter et al., 2010; Liu et al., 2015) with their anterior and
posterior limbs, the large cerebellum could be related to limb coordination requirements for
more efficient swimming. However, such enlargement could be also related to the length of the
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neck and its role in maintaining postural equilibrium and consideration of the endocast of short-

necked taxa should allow to verify this hypothesis.

10.4. Trophic relationships in Goulmima

From morphological and endocranial evidences, it is possible to reconstruct the possible trophic
relationships characterizing Goulmima (Fig. 10. 2). Marine reptiles in this area were nektonic
predators and highly located in the trophic network. The pliosaurid Brachauchenius was
probably the top-level predator (Fig. 10.1) due to its ability to hunt large-sized prey items and
may have shared this place with large sharks (e.g., Squalicorax sp.). The elasmosaurid
Libonectes, polycotylids, mosasauroid Tethysaurus and small sharks (e.g., sclerorhynchid saw
sharks) were all primarily piscivores, belonging to the next level in the trophic structure, the
quaternary consumers (Fig. 10.2). In this level, marine reptiles seem to exploit a wide range of
food, including ammonites, soft-bodied invertebrates and bony fishes. The results obtained
from the skull and tooth morphoguilds, indeed, reflect differences in prey preferences according
to taxa. The mosasauroid Tethysaurus and the elasmosaurid Libonectes may have been
specialized in the capture of soft-bodied invertebrates and small bony fishes located at the basis
of the trophic chain, whereas the polycotylids may have fed on ammonites and medium-sized
bony fishes. The avoidance of competition between Libonectes and Tethysaurus for small bony
fishes could be related mainly to their different mode of locomotion and hunting techniques.
Both taxa seem to rely more on visual clues than olfactory ones to interact with their
environment (see Chapter 7 and 9). The generalist long-necked Libonectes was possibly a
cruising specialist, hunting at low to intermediate speed, and using its long neck to approach
and catch school of small bony fishes. Conversely, the more specialized mosasauroid
Tethysaurus might have been an ambush predator, able to detect preys at close-range and to
perform rapid acceleration to capture them. Integrative studies could be envisaged (e.g.,
geochemistry, Schulp et al., 2013, 2017; Martin et al., 2015) on the entire vertebrate fauna
(osteichthyans, chondrichthyans, marine reptiles) and would allow to refine our knowledge of
the trophic network of this exceptional Early Late outcrop.
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Fig. 10.2. Potential trophic relationships within the faunal assemblage of Goulmima (modified
from Cavin, 1996). The triangles and the three levels represent the supposed trophic
relationships and levels. Abbreviations: a, Brachauchenius lucasi; b, b’, sharks sp. (b,
individuals of large size; b’, individuals of middle-small size); c, Libonectes morgani; d,
Tethysaurus nopcsai; e, polycotylids; f, £, Ichthyodectidae sp. (f, individuals of large size; f,
individuals of middle size); g, Goulmimichthys arambourgi; h, Osmeroides sp.; i, Araripichthys

sp.; J, Enchodus sp.; k, Pycnodont sp.; I, indeterminate teleost.
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Conclusions and Perspectives

Thanks to computed tomography, the endocranial anatomy of both mosasauroids and
plesiosaurians, almost unknown until now, has been performed in details for the first time on
the basis of exceptionally preserved specimens coming from the Turonian outcrop of
Goulmima, Southern Morocco. These data set has been used to provide insights about their
sensory abilities and thus to understand their cohabitation, interactions and niche partitioning.
For comparative purpose, the endocranial anatomy of related extant squamates, mainly snakes
but also varanids and amphisbaenians, also almost unknown until now, has been performed for
the first time also and used to illustrate the form-function relationships associated to endocasts

and to apprehend possible phylogenetic and ecological signals.

Concerning extant squamates, different methods were used to qualitatively and
quantitatively describe the variability found in snake endocasts. Results show that, similarly as
in mammals and birds, the snake endocast exhibits both phylogenetic and ecologic signals.
Indeed, although phylogenetically related taxa share several similarities between each other in
their endocranial morphologies, the shape of the endocast reflects some notable ecological
trends: e.g., 1) fossorial species possess both reduced optic tectum and pituitary gland compared
to arboreal and terrestrial species; 2) both fossorial and marine species have cerebral
hemispheres poorly developed laterally compared to arboreal and terrestrial species; 3) cerebral
hemispheres and optic tectum are more developed in arboreal and terrestrial species than in
fossorial and marine species (Chapter 5). The amphisbaenian endocasts exhibit similar features
as fossorial snakes, which could have either a phylogenetic meaning and/or reflect similar
ecologic constraints (Chapter 6). In varanids, despite different ecologies, the endocranial
anatomies exhibit a globally similar pattern (Chapter 6). This could be related to a strong
phylogenetic signal and a weak ecological variability. The absence of a clear ecologic signal in
the endocranial shape of varanids could be associated to their high ecological plasticity, two
specimens studied here being found in terrestrial, arboreal and aquatic habitats).

Beyond the endocast shape-habitat relationships, the relative size of each structure
composing the endocast has been used in order to perform sensory inferences. The large optic

lobes observed in terrestrial and arboreal snakes were associated to the importance of vision for
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these ecologies, whereas the absence of such a structure on the endocasts of fossorial taxa
(snakes and amphisbaenians) was tentatively related to a poor development of their sight. The
small olfactory bulbs in marine snakes were associated to their reduced olfactory abilities.

The mosasauroid endocranial and inner ear anatomy was studied for several specimens
of the basal taxon Tethysaurus nopcsai (Chapter 7). The possible phylogenetic and ecologic
signals associated to the mosasauroid endocast and inner ear were discussed based on
comparisons with the little information available in the literature. The similarities observed
between the endocasts of Tethysaurus and the mosasaurine Clidastes are assumed to reflect
phylogenetic affinities between these two taxa, suggesting an alternative phylogenetic position
(as a basal Mosasaurinae) from those already hypothesized (Bardet et al, 2003b; Bell and
Polcyn, 2005; Caldwell and Palci, 2007); however, they could also reflect comparable lifestyle
associated to habitat transition between nearshore and offshore environments. Conversely, the
similarities observed in the inner ear morphology of Tethysaurus compared to that of
Platecarpus, Tylosaurus and Plioplatecarpus could indicate a different phylogenetic signal that
contradicts the results obtained from the endocast, revealing close phylogenetic affinities
between Tethysaurus and russellosaurines such as suggested by Bell and Polcyn (2005). The
growing number of studies on the vertebrate inner ear morphology (e.g., Mennecart and
Costeur, 2016) has shown that this structure is strongly phylogenetically driven. Thus, in
mosasauroids, the inner ear could reflect more a phylogenetic signal, whereas the endocast
could reflect more an ecological signal.

The debate on the phylogenetic position of mosasaurs within squamates - lizards versus
snakes - originated in the 19th century with the pioneering works of, on one hand, Camper
(1800) and Cuvier (1808) and, on the other hand, Cope (1869) that brought mosasaurs closer to
snakes and grouped them in a taxon he named Pythonomorpha. Since that time, some authors
consider mosasauroids as closely related to varanids (e.g., Rieppel and Zaher, 20003, b), while
others argue for mosasauroids and snakes being phylogenetically close (e.g., Lee, 1997;
Caldwell and Lee, 1997). In this context, quantitative and qualitative comparisons were
performed between the endocast of Tethysaurus and those of both extant snakes and varanids.
Our results show more similarities between Tethysaurus and varanids, especially on the

organization of their cerebrum, optic lobes and pituitary bulbs. However, as some snakes may
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also present a similar endocranial organization, the hypothesis of close affinities between
varanids and mosasauroids based on endocranial data, stated by Camp (1942) has to be further
tested. In addition, qualitative comparisons between the inner ear of Tethysaurus snakes and
varanids revealed a morphology in Tethysaurus as distinct from snakes as from varanids.
Finally, although it has been difficult to delimit the different structures composing the
endocast of Tethysaurus, comparisons with extant semi-aquatic crocodiles that show similar
endocranial organization but large olfactory bulbs with a good sense of smell (Jirak and
Janacek, 2017), could indicate that the relative small size of the olfactory bulbs in Tethysaurus,
is related to poor olfactory abilities. This corroborates the hypothesis that mosasauroids relied
more on visual clues (e.g., Polcyn, 2010) than on olfactory ones to interact with their

environment.

During this PhD thesis, computed tomography was used to reconstruct and describe in
detail the cranial morphology of three unpublished plesiosaurian specimens (Chapter 8). The
new anatomical characters recorded for the specimen SMNS 81783, originally referred to
Libonectes atlasense (Buchy, 2005), have allowed to re-assign it to Libonectes morgani, a North
American taxon previously only known from the Late Cenomanian of Texas (Sachs and Kear,
2015). This greatly enlarges the palaeobiogeographical distribution of this species and
reinforces the idea of the existence of a trans-Atlantic faunal connectivity between Goulmima
and the Western Interior Seaway of North America (e.g., Cavin et al., 2010; Angst and Bardet,
2015). Additionally, the cranial morphology of D1-8213 and MNHN F-GOU14, have been
reconstructed and their descriptions have allowed assigning them to Libonectes morgani and to
an undetermined Polycotylidae respectively. It provides, furthermore, additional information
about the plesiosaurian braincase, which remains generally poorly known due to either poor
preservation and/or insufficient preparation, but which offers potentially a large number of
characters to be used in phylogenetical analyses.

The plesiosauran endocranial anatomy was performed for the two elasmosaurid
specimens referred to Libonectes morgani and the indeterminate polycotylid (Chapter 9).
Plesiosaurians exhibit an endocranial morphology clearly differing from that of all other
vertebrates. The interpretation of this unique morphology is difficult due to the lack of

comparative data. Indeed, as no extant directly-related species exist for plesiosaurians and little
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information has been published on the endocranial anatomy of sauropterygians, the impact of
phylogenetic and ecologic signals cannot be considered in details. The unusual inner ear
morphology observed in Libonectes morgani differing from that of the nearshore placodont
Placodus gigas and possibly the plesiosaurian Muraenosaurus leedsii, could be associated to a
more open-sea lifestyle. This hypothesis corroborates the large palaeobiogeographical
distribution of Libonectes morgani.

Sensory inferences were deducted from the endocast of these three plesiosaurian
specimens representing two different taxa of moderate- to long-necked plesiosaurians
(elasmosaurids and polycotylids). The small size of the olfactory bulbs and the large relative
size of the optic lobes could suggest that these plesiosaurian taxa might rely more on vision
than on olfaction to interact with their environment. Their large cerebellum could be either
related to their particular mode of locomation, i.e., asynchronous movements with their anterior
and posterior limbs, or associated to the length of their neck, playing a role in maintaining

postural equilibrium.

These exceptionally preserved specimens of both mosasauroids and plesiosaurians from
the Turonian outcrops of Goulmima have provided the opportunity to discuss the marine
vertebrate trophic structure characterizing this marine environment (Chapter 10). Indeed, the
new endocast data were added to information already available in the literature concerning the
general morphology (skull shape, tooth morphoguilds, locomotion) of the marine reptiles and
the associated fauna present in Goulmima, in order to depict the ecological options available
for each marine reptile taxon. As a result, the pliosaurid Brachauchenius was probably the top-
level predator due to its ability to hunt large-sized prey items, and may have share this place
with large sharks also discovered in Goulmima. The elasmosaurid Libonectes, polycotylids, the
mosasauroid Tethysaurus and small sharks, all primarily piscivores, belong to the next level in
the trophic structure, the quaternary consumers. In this level, the results obtained from the skull
shape and tooth morphoguilds reflect differences in prey preferences according to taxa. The
mosasauroid Tethysaurus and the elasmosaurid Libonectes may have been specialized in the
capture of soft-bodied invertebrates and small bony fishes located at the basis of the trophic
chain, whereas the polycotylids may have fed on ammonites and medium-sized bony fishes.

Although both the mosasauroid Tethysaurus and the elasmosaurid Libonectes probably show
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preferences for small-sized bony fishes, they would be able to avoid direct competition thanks
to different mode of locomotion and hunting techniques. The large cerebellum observed in the
long-necked Libonectes (but also in the indeterminate polycotylid) could be related to high
abilities in spatial orientation, navigation, prey detection and tracking allowing them to
approach and catch school of small bony fishes. In the mosasauroid Tethysaurus, the size of
cranial nerves related to gustation could suggest this species had a good sense of taste. Although
this hypothesis is difficult to associate to a particular behavior, it could indicate that Tethysaurus
detected preys mainly at close-range and corroborate an ambush predator lifestyle with abilities

to perform rapid acceleration to capture preys.

The works performed during this PhD Thesis have permitted to obtain first results, on
one hand about the endocranial anatomy of both mosasauroids and plesiosaurians, which
constitute with the ichthyosaurians (e.g., Marek et al., 2015), the main clades of Mesozoic
marine reptiles, and, on the other hand, about three different groups of extant squamates, for
which the endocast has never been considered.

One of the first perspectives | proposed will be the inclusion of additional endocranial
data for both extant and extinct groups.

Indeed, among fossil taxa, additional data would allow to replace the endocast in an
evolutionary context. Tethysaurus being a basal moasauroid, it would be interesting to
reconstruct the endocast of derived ones and “aigialosaurids” to consider the evolution of the
endocast through their secondary adaptation of aquatic life. For the same purpose, the
endocranial reconstructions of different taxa among sauropterygians, including plesiosaurians
and Triassic forms, which both exhibit a wide range of different morphologies and habitats,
would allow larger scale comparisons in order to distinguish which structures are preserved
along the evolutionary history and which ones are modified for a specific ecologic adaptation.
Such perspective could be expanded to several Mesozoic marine reptile taxa (e.g., mesosaurids,
ichthyosaurians, turtles, crocodyliforms) in order to reinforce our knowledge about secondary
adaptation to an aquatic environment, one of the most remarkable processes in Tetrapod
evolution.

In extant taxa, additional endocranial data among squamates, but also within other non-

avian reptiles (e.g., turtles, crocodiles) could allow large-scale endocranial comparisons, which
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coupled to data on the skeletal morphology, could help to perform behavioral inferences and to
interpret the endocast in fossil taxa. In addition to the endocast, it would be very interesting to
simultaneously access to the brain. Indeed, a previously commonly estimation considers that
the brain in non-avian reptiles occupies only 50% of the endocranial space (Hopson, 1979).
Nowadays, though it is admitted that this ratio is far from representing a general pattern among
these taxa (e.g., Kim and Evans, 2014), it has never been tested. Such relationships could be
highlighted for different taxa but also through different ontogenetic stages. Because the
morphological configuration of the brain is not fully reflected in the endocast, knowledge of
the brain/endocast relationship should therefore provide important additional information to

interpret the fossil endocasts.
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Résumé étendu en francais

Au cours du Mésozoique, divers groupes de reptiles ont entrepris un spectaculaire retour a la
vie aquatique et ont forme une composante importante des écosystémes marins. Les mosasaures
(Squamata) et plésiosaures (Sauropterygia) constituent deux clades majeurs au sein de ces
reptiles marins. Durant le Crétacé supérieur, ces deux groupes de super-prédateurs marins ont
coexisté comme I’atteste de nombreux gisements fossiles (e.g., Vincent et al., 2013). Ainsi leurs
interactions et leurs places au sein des niches écologiques peuvent étre questionnées. Bien que
les adaptations des mosasaures et plésiosaures au milieu aquatique aient été largement étudiés
au travers des modifications de leur squelette postcranien, de leur physiologie (alimentation,
reproduction, locomotion et thermorégulation) ou d’études micro-anatomiques et histologiques,
trés peu d’informations existent a propos de leurs capacités sensorielles accompagnant ce retour

a la vie aquatique.

Durant ce travail doctoral, 1’anatomie endocranienne de spécimens exceptionnellement
préservés de mosasaures et plésiosaures provenant des dépots turoniens de Goulmima (Crétacé
supérieur) a €té reconstruite grace a la microtomographie. L’anatomie endocranienne de
squamates actuels, principalement des serpents mais aussi des varans et amphisbénes, a
également ¢été étudiée afin d’apporter des nouvelles données sur cette structure également peu

connue chez les reptiles non-aviens actuels, et de servir de base comparative.

Au sein des squamates actuels, différentes méthodes ont été utilisées afin de décrire
qualitativement et quantitativement la variabilit¢ trouvée dans les morphologies
endocraniennes. Les résultats montrent que la forme de I’endocrane chez les serpents (Chapitre
5) refléte un signal phylogénétique mais également un signal écologique. Bien que les espéces
proches phylogénétiquement présentent des endocranes morphologiquement similaires,
certaines tendances écologiques sont également décelées. Ainsi les endocranes des serpents
fouisseurs sont tous caractérisés par 1’absence des lobes optiques et de I’hypophyse. Seules les
especes fouisseuses et marines présentent des hemisphéres cérébraux peu étendus latéralement,
alors que chez les espéces terrestres et arboricoles, les hémispheres cérébraux et les lobes

optiques sont treés développés. L’endocrane des amphisbénes présente des similitudes avec les
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serpents fouisseurs (Chapitre 6) qui pourraient suggérer d’étroites relations phylogénétique
mais pourrait également étre le reflet de contraintes écologiques similaires. Chez les varans, les
endocranes présentent un patron commun sans différences significatives bien que les taxons
étudiés aient des écologies variables (Chapitre 6). Ceci pourrait refléter le fort impact du signal
phylogénétique sur la morphologie de I’endocrane des varans au dépend du signal écologique.
Cependant I’absence d’un tel signal écologique pourrait étre également di au fait que les taxons
étudiés présentent une forte plasticité écologique, étant capable de vivre a la fois dans des
environnements terrestres, arboricoles et aquatiques.

La taille relative des structures composant 1’endocrdne des squamates actuels a
également été utilisé pour proposer des inférences sur leurs capacités sensorielles. Ainsi le
développement des lobes optiques chez les serpents terrestres et arboricoles pourrait étre associé
a ’'importance d’une bonne acuité visuelle pour ces écologies, alors que 1’absence de tels lobes
chez les espeéces fouisseuses de serpents et d’amphisbénes pourrait étre le reflet d’une acuité
visuelle moindre. La petite taille des lobes olfactifs chez les serpents marins serait & associer
avec des capacités olfactives peu développées.

L’anatomie endocranienne et 1’oreille interne des mosasaures a ét¢ étudiée au travers
des reconstructions faites pour I’espéce basale Tethysaurus nopcsai (Chapitre 7). L’impact
possible des signaux phylogénétiques et écologiques sur la morphologie de 1’endocrane et de
I’oreille interne ont été discuté a partir du peu d’information déja disponible sur ce sujet dans
la littérature et du référentiel actuel développé dans cette these. Les similarités morphologiques
observées entre les endocrénes de Tethysaurus et le mosasaurine Clidastes pourraient refléter
une affinité phylogénétique entre ces deux taxons, suggérant une position phylogénétique
alternative de ce qui a déja été proposé (Bardet et al, 2003b; Bell and Polcyn, 2005; Caldwell
and Palci, 2007). Cependant, une telle similarité pourrait étre également le reflet d’'un mode de
vie similaire, a la fois cotiers et de pleine mer. Les ressemblances observees dans la
morphologie de I’oreille interne de Tethysaurus avec les taxons Platecarpus, Tylosaurus et
Plioplatecarpus sont en faveur d’une relation phylogénétique différente de celle exprimée par
I’é¢tude de I’endocrane. En effet une telle ressemblance morphologique suggére de proches
relations phylogénétiques entre Tethysaurus et les russellosaurines, et corroborent 1’hypothése

déja émise par Bell et Polcyn (2005).
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Différentes études réalisées sur 1’oreille interne des vertébrés ont montré que cette
structure est fortement associée a un signal phylogénétique. Ainsi, chez les mosasaures, I’oreille
interne refléterait plus un signal phylogénétique, alors que la morphologie de I’endocrane
exprimerait un signal plus écologique.

Le debat sur la position phylogénétique des mosasaures au sein des squamates trouve
ses origines au cours du 19°™ siécle. Les travaux pionniers de Camper (1800) et Cuvier (1808)
proposerent de placer les mosasaures en proche parents des varans, tandis que Cope (1869)
suggera une affinité phylogénétique entre les mosasaures et les serpents. Cette question n’est
toujours pas résolue, les deux hypothéses étant encore soutenue dans la littérature (Lee, 1997 ;
Caldwell and Lee, 1997 ; Rieppel and Zaher, 2000a, b,). Dans ce contexte, I’endocrane de
Tethysaurus a été comparé quantitativement et qualitativement a ceux des varans et des
serpents. Nos résultats montrent que des ressemblances existent entre les morphologies
endocraniennes de Tethysaurus et des varans. Cependant, certains serpents présentent
également une morphologie trés ressemblante a celle de I’endorane de Tethysaurus. Nos
résultats montrent qu’une relation phylogénétique étroite entre les mosasaures et les varans
argumentée par 1I’étude seule de I’endocrane n’est pas envisageable ce qui contredit les
hypothéses de Camp (1942). De plus, les comparaisons qualitatives entre les oreilles internes
de Tethysaurus, serpents et varans montrent que 1’oreille interne de Tethysaurus differe autant
de celles des varans que de celles des serpents.

Finalement, bien qu’il soit difficile de délimiter les différentes structures composant
I’endocrane de Tethysaurus, des comparaisons avec les crocodiles actuels présentant une
organisation similaire est possible. Cependant, les crocodiles possédent des bulbes olfactifs de
grande taille associés a un sens de 1’odorat développé contrairement a Tethysaurus ou la petite
taille des bulbes olfactifs serait par comparaison associée a des capacités olfactives diminuées.
Cette hypothése corrobore I’hypothése que les mosasaures utilisent plus leur vision que

I’olfaction pour interagir avec leur environnement.

Au cours de cette these, la microtomographie a été utilisée pour reconstruire et décrire
en détail la morphologie cranienne de trois nouveaux spécimens de plésiosaures (Chapitre 8).
Les nouveaux caracteres anatomiques mis en évidence pour le spécimen SMNS 81783,

auparavant référé a ’espéce Libonectes atlasense (Buchy, 2005), ont permis de reassigner ce
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spécimen a Libonectes morgani, une espece Nord-Ameéricaine seulement connu dans le
Cénomanien supérieur du Texas (Sachs and Kear, 2015). Un tel changement permet ainsi de
grandement agrandir la distribution paleobiogéographique de cette espece et renforce
I’hypothése d’une connexion transatlantique entre Goulmima et la mer intérieure nord-
américaine (e.g., Cavin et al., 2010; Angst and Bardet, 2015). L’usage de la microtomographie
a également permis de reconstruire 1’anatomie cranienne de deux spécimens supplémentaires,
D1-8213 et MNHN F-GOU14, dont la description a permis de les assigner respectivement a
Libonectes morgani et a un polycotylidé indéterminé. De telles descriptions, fournissent des
informations supplémentaires sur la boite cranienne des plésiosaures, une structure qui reste
généralement assez meconnue car souvent mal préservee et/ou insuffisamment préparée, mais
qui offre un grand nombre de caracteres pouvant potentiellement étre utilisés dans des analyses
phylogénétiques.

L’anatomie endocranienne des plésiosaures a été étudiée a partir des spécimens
d’élasmosaures référés a Libonectes morgani et d’un polycotylidé indéterminé (Chapitre 9).
Les plésiosaures présentent une morphologie endocranienne trés différente de tous les autres
vertébrés qu’ils soient actuels ou fossiles. L’interprétation de cette morphologie unique est de
ce fait difficile a cause de I’absence de données comparatives. Ceci peut s’expliquer par
I’absence de descendant ou proche parent des plésiosaures dans le registre actuel ainsi que la
pauvreté de la littérature associée a I’étude de I’anatomie endocranienne des sauroptérygiens, il
est difficile d’évaluer I’impact du signal phylogénétique et écologique sur la morphologie de
I’endocrane. L’oreille interne observée chez Libonectes morgani révéle une morphologie peu
commune qui differe de celle retrouvée chez le placodonte cotier Placodus gigas ainsi que celle
reconstruite pour le plésiosaure Muraenosaurus leedsii. La morphologie de I’oreille interne
chez Libonectes pourrait correspondre a un signal écologique différent et étre associé a un mode
de vie plus pélagique, en accord avec la grande répartition paléobiogéographique de cette
espece.

Des inférences sensorielles ont également été proposées a partir de leur morphologie
endocranienne. Ainsi, la petite taille des bulbes olfactifs et la présence de lobes optiques
développés suggerent que ces plésiosaures dépendaient plus de leur vision que de 1’olfaction
pour interagir avec leur environnement. L important développement du cervelet chez ces taxons

pourrait étre associé a leur mode assez particulier de locomotion, caracterisé par des
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mouvements asynchrones des membres antérieurs et postérieurs. Cependant, la taille de cette
structure pourrait également étre liée a la longueur du cou, les spécimens étudiés ici ayant tous
un cou moyennement ou trés allongé, le cervelet pouvant avoir un réle dans le maintien de

1’équilibre.

Ces spécimens exceptionnellement préservés de mosasaures et de plésiosaures ont
fourni I’opportunité de discuter du réseau trophique caractérisant Goulmima au Turonien
(Crétacé supérieur). Les données endocraniennes ont été associées aux informations déja
disponibles concernant la morphologie générale (forme du créne, morphologie des dents,
locomotion) des reptiles marins et des faunes associées de Goulmima afin de présenter les
options écologiques disponibles pour chaque taxon de reptiles marins. Nos résultats montrent
que le pliosaure Brachauchenius était probablement le super-prédateur de cet environnement,
capable d’ingurgiter des proies de grandes tailles. Il est probable que ce reptile marin ait partagé
sa place de super-prédateur avec les grands requins qui ont été également retrouvés a
Goulmima. L’élasmosaure Libonectes, les polycotylidés, le mosasaure Tethysaurus, ainsi que
les plus petites formes de requins apparaissent tous piscivores et appartiennent au niveau
suivant dans la chaine trophique. Les résultats obtenus a partir de 1’étude de la forme du crane
et des morphologies dentaires montrent des préférences différentes dans les proies consommeées
selon les taxons. Le mosasaure Tethysaurus et 1’élasmosaure Libonectes semblent spécialisés
dans la capture d’invertébrés a corps mou et de petits poissons osseux retrouvés a la base de
leur alimentation, alors que les polycotylidés semblent se nourrir d’ammonites et de proies de
plus grosses tailles. Bien que le mosasaure Tethysaurus et 1’¢lasmosaure Libonectes aient eu
probablement une préférence pour le méme type de proie, il est €également possible qu’ils aient
évité une compétition entre eux grace a des modes de locomotion et de chasse différents.
L’imposant cervelet retrouvé chez Libonectes suggere de hautes capacités dans 1’orientation et
la navigation permettant la détection et la poursuite des bancs de petits poissons. Le mosasaure
Tethysaurus, pourrait avoir eu un sens du gout développé par rapport aux plésiosaures. Bien
qu’une telle information soit difficile a associer a un comportement en particulier, cela pourrait
indiquer que Tethysaurus détectait ses proies a une distance assez proche, et pourrait indiquer

un mode de chasse basé sur I’embuscade.
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Appendix 1

Digital snake endocast reconstructed during this PhD Thesis in dorsal (up), left lateral
(middle) and ventral (down) views. Scale bars equal 2 mm (Chapter 5 snake endocasts).



Typhlophis squamosus Rhinotyphlops schlegelii Cylindrophis ruffus

L]

Uropeltis pulneyensis Anilius scytale Python regius (P1)

Python regius (P2) Python regius (P3) Boa constrictor



Candoia sp. Eunectes murinus Corallus hortulanus

Acrochordus granulatus Pareas margaritophorus Crotalus atrox

Agkistrodon contortrix Enhydris enhydris Enhydris punctata



Cerebrus rynchops Homalopsis buccata Erpeton tentaculum

Bitia hydroides Fordonia leucobalia Cantoria violacea

Mimophis mahfalensis Atractaspis irregularis Micrurus lemniscatus



Naja nivea Aipysurus eidouxii Aipysurus duboisii

]

Microcephalophis gracilis Hydrophis elegans Enhydrina schistosa

=l °%
B
=G

Astrotia stokesi Hydrophis major Hydrophis ornatus



Pelamis platurus Thamnophis sirtalis Chrysopela ornata

¢

Hierophis gemonensis Hierophis viridiflavus Dispholidus typus

*id

Boiga dendrophila Dasypeltis sp. Coronella austriaca



Appendix 2

Table of measurements (in mm) taken on snake endocasts

(Chapter 5 snake endocasts)



Taxa LE LOB LG HOB | HOP WO LFI wWC LCH HC WO LOR HO LP HP WIE DWP LPE HPE WP WP
E. punctata 9,75 | 2,44 | 2,41 | 0,86 | 1,57 | 3,12 | 5,24 | 352 | 2,83 | 3,02 | 2,31 | 253 | 3,94 | 1,25 | 1,55 | 3,01 | 1,18 | 1,95 | 2,49 | 2,62 | 1,84
H. buccata 11,6 | 252 | 2,09 | 1,14 | 1,78 | 3,61 | 5,85 | 4,91 | 2,80 | 3,11 | 3,39 | 2,62 | 5,71 | 1,99 | 1,75 | 3,05 | 1,10 | 4,14 | 2,88 | 3,08 | 2,05
E. enhydris 746 | 2,45 | 2,02 | 057 | 1,26 | 1,76 | 4,59 | 2,43 | 2,16 | 2,52 | 2,00 | 1,87 | 3,04 | 1,60 | 1,23 | 1,75 | 0,83 | 1,37 | 2,03 | 2,45 | 1,59
A. granulatus 8,77 | 212 | 1,23 | 1,17 | 1,61 | 2,28 | 6,21 | 3,36 | 2,84 | 2,34 | 2,32 | 2,63 | 3,91 | 1,65 | 1,79 | 2,88 | 1,33 | 2,21 | 2,87 | 2,58 | 2,44
C. violacea 9,56 | 2,69 | 1,80 | 0,94 | 1,81 | 253 | 5,13 | 4,11 | 2,90 | 2,38 | 2,77 | 2,36 | 4,73 | 1,33 | 1,77 | 2,26 | 1,40 | 1,76 | 2,24 | 2,53 | 2,42
M. gracilis 6,99 | 1,03 | 1,46 | 0,31 | 0,89 | 1,84 | 2,26 | 2,64 | 1,45 | 1,64 | 1,85 | 1,30 | 2,78 | 1,29 | 0,87 | 1,60 | 0,91 | 1,35 | 1,59 | 1,82 | 1,01
B. hydroides 11,9 | 3,05 | 2,43 | 1,05 | 1,06 | 3,49 | 4,40 | 515 | 2,20 | 2,55 | 3,17 | 2,10 | 5,76 | 1,74 | 1,57 | 2,96 | 1,17 | 2,44 | 1,98 | 2,39 | 1,56
A. stokesii 11,5 | 2,76 | 2,03 | 0,68 | 1,54 | 2,88 | 4,14 | 3,60 | 2,77 | 2,88 | 3,50 | 2,35 | 4,21 | 1,98 | 1,81 | 2,68 | 1,58 | 2,25 | 2,14 | 2,96 | 1,76
E. schistosa 10,9 | 2,47 | 201 [ 0,82 | 1,19 | 3,98 | 3,18 | 4,03 | 1,91 | 2,22 | 257 | 1,98 | 4,79 | 1,92 | 1,77 | 2,82 | 1,33 | 2,14 | 2,24 | 2,33 | 1,41
T, sirtalis 458 | 1,26 | 1,29 | 0,61 | 0,82 | 1,34 | 2,67 | 1,87 | 1,41 | 1,74 | 1,11 | 1,17 | 2,06 | 0,70 | 0,95 | 0,94 | 0,53 | 0,75 | 1,16 | 1,45 | 1,02
T, squamosus 2,25 | 0,49 | 0,59 | 0,49 | 0,70 | 1,67 | 1,67 | 1,15 | 0,97 | 1,07 | 0,08 | 0,83 | 1,46 | 0,31 | 0,88 | 0,52 | 0,66 | 0,08 | 0,93 | 1,29 | 1,07
R.schlegelii 797 | 3,01 | 3,01 | 1,11 | 1,93 | 3,17 | 4,06 | 3,50 | 2,76 | 2,78 | 0,57 | 2,65 | 2,92 | 0,64 | 2,20 | 1,44 | 2,16 | 1,12 | 2,57 | 2,77 | 3,29
P. regius 3 16,8 | 4,37 | 437 | 1,49 | 323 | 3,80 | 7,87 | 5,71 | 4,62 | 483 | 4,75 | 4,38 | 6,26 | 1,77 | 2,72 | 451 | 2,79 | 3,27 | 3,33 | 4,55 | 4,07
P. regius 2 20,0 | 5,77 | 5,27 | 1,50 | 3,66 | 5,11 | 8,54 | 6,53 | 5,43 | 4,50 | 5,92 | 424 | 7,16 | 2,41 | 3,05 | 531 | 2,64 | 4,17 | 3,74 | 3,62 | 4,37
P. regius 13,4 | 358 | 358 | 1,55 | 2,75 | 3,38 | 6,62 | 4,74 | 4,56 | 4,10 | 3,98 | 4,24 | 4,90 | 1,35 | 2,43 | 3,70 | 2,93 | 2,39 | 3,33 | 3,51 | 4,11
P. platurus 18,0 | 556 | 3,11 | 0,59 | 1,52 | 4,30 | 4,87 | 513 | 2,47 | 3,81 | 599 | 2,22 | 7,33 | 1,91 | 1,64 | 2,96 | 1,39 | 2,58 | 2,69 | 2,92 | 2,38
P. margaritophorus | 3,04 | 0,76 | 0,96 | 0,64 | 0,68 | 0,93 | 2,08 | 1,27 | 1,12 | 1,11 | 0,83 | 0,72 | 1,36 | 0,46 | 0,65 | 0,73 | 0,49 | 0,49 | 0,95 | 1,05 | 1,42
N. nivea 154 | 411 | 3,74 | 2,40 | 2,28 | 448 | 7,78 | 6,62 | 4,61 | 4,69 | 4,30 | 3,87 | 7,75 | 2,30 | 2,25 | 2,85 | 2,67 | 2,75 | 3,47 | 4,16 | 3,52
M. lemniscatus 571 | 1,41 | 1,32 | 0,73 | 1,14 | 2,42 | 253 | 2,35 | 1,76 | 1,67 | 1,57 | 1,36 | 2,51 | 0,81 | 1,08 | 1,22 | 1,30 | 0,89 | 1,54 | 2,04 | 1,51
H. veridiflavus 125 | 419 | 3,76 | 1,38 | 1,49 | 3,19 | 6,59 | 4,40 | 3,65 | 4,60 | 2,73 | 3,03 | 5,21 | 1,51 | 1,72 | 2,38 | 1,96 | 1,97 | 2,83 | 3,75 | 2,22
E. murinus 10,3 | 3,14 | 2,90 | 0,76 | 1,83 | 2,42 | 5,13 | 3,29 | 3,15 | 2,66 | 2,97 | 2,12 | 3,72 | 1,02 | 1,50 | 2,02 | 1,27 | 151 | 2,24 | 2,83 | 217
E. tentaculum 9,97 | 284 | 1,76 | 0,72 | 1,21 | 2,40 | 5,17 | 3,24 | 2,13 | 2,71 | 2,96 | 2,06 | 4,10 | 1,36 | 1,10 | 1,04 | 1,43 | 1,41 | 2,06 | 2,20 | 2,53
D. typus 158 | 515 | 515 | 2,45 | 2,49 | 4,99 | 8,94 | 6,23 | 4,67 | 6,82 | 3,69 | 4,67 | 7,26 | 2,18 | 1,66 | 2,95 | 2,52 | 2,62 | 3,60 | 4,74 | 3,46
Dasypeltis 10,7 | 3,05 | 3,25 | 1,60 | 1,96 | 3,50 | 7,08 | 4,75 | 3,77 | 3,49 | 2,28 | 2,81 | 5,08 | 1,14 | 1,58 | 2,17 | 1,89 | 1,83 | 2,47 | 2,39 | 2,50
C. ruffus 13,6 | 2,72 | 2,62 | 0,77 | 1,37 | 6,56 | 457 | 2,95 | 7,85 | 2,11 | 2,49 | 2,25 | 9,05 | 1,29 | 1,50 | 2,89 | 1,10 | 1,83 | 2,70 | 2,46 | 2,81
C.austriaca 10,1 | 2,86 | 253 | 1,24 | 1,33 | 3,36 | 5,70 | 3,99 | 2,89 | 3,06 | 2,16 | 2,90 | 4,60 | 1,05 | 1,97 | 2,46 | 2,00 | 1,90 | 2,40 | 2,52 | 2,36
C. atrox 18,5 | 567 | 4,70 | 1,65 | 2,71 | 5,16 | 9,36 | 6,55 | 4,66 | 5,25 | 4,00 | 4,35 | 7,74 | 2,66 | 3,13 | 3,99 | 2,47 | 3,50 | 3,76 | 5,53 | 5,38
C. hortulanus 17,2 | 558 | 558 | 151 | 2,38 | 4,76 | 8,63 | 583 | 4,84 | 4,29 | 4,40 | 358 | 6,42 | 1,90 | 1,67 | 3,29 | 2,34 | 252 | 3,43 | 4,00 | 4,11
C. omata 9,64 | 3,10 | 2,90 | 0,97 | 1,43 | 2,72 | 5,83 | 3,49 | 2,89 | 4,50 | 2,47 | 2,45 | 3,91 | 1,00 | 1,87 | 1,52 | 1,65 | 1,53 | 2,61 | 3,43 | 1,73
Candoia 154 | 4,60 | 3,78 082 | 1,83 | 3,19 | 7,33 | 507 | 3,45 | 3,11 | 532 | 2,81 | 6,17 | 2,00 | 2,13 | 3,11 | 2,14 | 2,61 | 2,88 | 3,71 | 3,38




B. constrictor 743 | 2,48 | 2,48 | 0,61 | 1,57 | 1,73 | 470 | 233 | 2,55 | 2,33 | 1,95 | 2,16 | 2,40 | 0,73 | 1,38 | 1,49 | 1,69 | 1,17 | 1,71 | 2,22 | 2,91
A. irregularis 4,63 | 1,10 | 110|083 | 101|190 | 244 | 222|179 130|056 |125|238|054 057|097 | 1,19 | 112|094 | 123|139
A. scytale 9,38 | 2,05| 2,05| 0,61 | 1,06 | 465 | 3,40 | 2,27 | 531 | 2,36 | 1,13 | 1,97 | 559 | 0,88 | 1,24 | 1,69 | 1,32 | 1,57 | 2,22 | 2,04 | 2,10
B. dendrophila 136 | 3,84 | 384 | 214|230 | 424|902 | 570|513 | 4,78 | 2,67 | 3,47 | 540 | 2,03 | 2,83 | 3,16 | 2,54 | 2,34 | 3,27 | 3,53 | 3,57
H. gemonensis 134 | 461|461 | 170|210 | 354|723 | 472|485 |351|586 |349|586 (159|207 |247 | 250 |225|319| 4,12 | 255
A. contortrix 132 | 354|281 |176|230| 362|820 | 535|419 467|298 |3,71|6,68 187|248 |325| 1,68 | 2,45 | 3,56 | 3,23 | 3,43
H. ornatus 133 | 3,42 | 216 | 0,77 | 1,60 | 3,78 | 499 | 4,72 | 292 | 3,33 | 3,33 | 2,70 | 505 | 1,66 | 1,40 | 3,20 | 1,49 | 2,82 | 2,74 | 2,80 | 2,50
A. duboisii 13,2 | 3,66 | 2,70 | 0,84 | 1,65 | 3,77 | 6,07 | 481 | 3,60 | 3,68 | 3,50 | 2,58 | 585 | 1,92 | 1,71 | 3,10 | 1,97 | 2,42 | 2,59 | 3,01 | 3,15
A. eydouxii 10,5 | 2,42 | 1,75 090 | 1,74 | 3,45 | 641 | 484 | 350 | 3,59 | 285 | 279|529 | 131|193 |213 | 1,76 | 1,69 | 2,96 | 3,14 | 3,16
F. leucobalia 948 (210150089 121|289 |560]|3,71|282]|230|218 |227|4,02|103 189|287 | 186 | 223|226 | 210 | 2,93
H. elegans 932 (230175052 116|353 352|373 |250 231|182 175|403 |146 135|189 | 149 |1,88 209 | 232|183
H. major 16,6 | 3,96 | 2,73 | 0,80 | 2,07 | 553 | 483 | 5,87 | 3,66 | 3,38 | 3,66 | 2,35 | 6,88 | 2,31 | 1,76 | 3,74 | 2,21 | 3,22 | 2,87 | 3,17 | 2,28
M. mahfalensis 8,41 | 269|259 | 062|091 213 |445|251|235|325|201 210327093 101|152 089 |165|174|184]| 116
U. pulneyensis 393 | 119|119 |040|0,77 | 143 214|172 |137|137|092(132|181({034|097|095| 086 |037|147|144]| 141
C. rynchops 9,63 | 263 | 227 | 0,72 | 1,37 | 2,87 | 546 | 3,74 | 2,70 | 2,64 | 2,18 | 2,06 | 424 | 1,36 | 1,83 | 2,39 | 1,09 | 2,01 | 2,55 | 2,41 | 2,26




Appendix 3

Table of measurements (in mm) taken on the three Python regius specimens

(Chapter 5 snake endocasts)



Specimens LE LOB LG HOB HOP WOP | LFI WCH | LCH HCH WOR | LOR HOR LP HP WIE DWPE | LPE HPE WPE | WP

P. regius 1.1 13,52 | 355 | 355 | 155 | 2,77 | 3,25 | 6,68 | 457 | 440 | 420 | 416 | 406 | 492 | 161 | 2,43 | 3,32 | 290 | 257 | 442 | 3,39 | 3,96
P. regius 1.2 13,63 | 3,58 | 3,58 | 1,54 | 2,8 3,24 | 6,66 | 458 | 437 | 409 | 424 | 410 | 488 | 164 | 249 | 3,40 | 297 | 2,47 | 458 | 3,52 | 4,03
P.regius 1.3 13,61 | 363 | 3,63 | 1,57 | 291 | 3,29 | 6,67 | 450 | 427 | 414 | 430 | 422 | 481 | 158 | 2,39 | 359 | 3,01 | 2,33 | 463 | 3,37 | 3,97
P.regius 1.4 13,52 | 359 | 359 | 1,60 | 2,83 | 3,25 | 6,72 | 4,65 | 428 | 416 | 433 | 412 | 486 | 1,66 | 2,33 | 3,44 | 2,94 | 252 | 461 | 3,46 | 4,01
P.regius 1.5 13,65 | 361 | 361 | 1,56 | 2,83 | 3,38 | 6,70 | 451 | 4,42 | 399 | 422 | 409 | 482 | 166 | 235 | 352 | 296 | 2,54 | 465 | 3,51 | 4,01
P. regius 1.6 13,60 | 3,59 | 359 | 160 | 2,81 | 3,37 | 6,69 | 466 | 435 | 3,95 | 423 | 413 | 486 | 1,77 | 248 | 3,36 | 293 | 2,51 | 463 | 3,48 | 3,96
P. regius 1.7 13,57 | 355 | 355 | 153 | 2,81 | 3,46 | 6,64 | 472 | 421 | 4,01 | 413 | 421 | 49 | 160 |231 | 343 | 284 | 238 |464 |3,44 | 401
P. regius 1.8 1351 | 356 | 356 | 1,57 | 290 | 3,45 | 6,68 | 4,71 | 422 | 397 | 412 | 422 | 487 | 162 | 238 | 347 | 285 | 2,45 | 465 | 3,40 | 4,02
P. regius 1.9 13,62 | 355 | 355 | 154 | 283 | 3,36 | 6,70 | 473 | 426 | 405 | 429 | 416 | 495 | 161 | 236 | 3,36 |29 |236 |471 |3,41 | 3,98
P.regius 1.10 13,45 | 358 | 358 | 1555 | 2,75 | 3,38 | 6,62 | 4,74 | 456 | 410 | 398 | 424 | 490 | 135 | 2,43 | 3,70 | 2,93 | 239 | 470 | 3,33 | 3,51
P. regius 2.1 20,92 | 5,75 | 521 | 1,53 | 3,63 | 516 | 8,67 | 6,54 | 512 | 460 | 588 | 4,02 | 7,28 | 2,74 | 3,05 | 551 | 3,17 | 3,88 | 6,15 | 3,73 | 4,81
P. regius 2.2 20,92 | 581 | 530 | 152 | 3,66 |514 |8,70 | 6,73 | 508 | 439 | 601 | 410 | 7,30 | 268 | 3,00 | 538 | 3,10 | 3,86 | 6,20 | 3,64 | 4,84
P. regius 2.3 20,97 | 5,75 | 524 | 152 | 351 | 5,14 | 8,67 | 656 | 507 | 454 | 595 | 414 | 734 | 2,75 | 3,11 | 538 | 298 | 3,96 | 6,11 | 3,69 | 4,78
P. regius 2.4 21,02 | 5,74 | 521 | 153 | 358 | 508 | 869 | 6,71 | 515 | 4,42 | 595 | 432 | 733 | 251 | 298 | 562 |29 | 4,06 |623 | 362 | 4,68
P. regius 2.5 21,02 | 5,74 | 514 | 1,53 | 3,49 | 499 | 863 | 6,60 | 524 | 466 | 6,12 | 418 | 7,44 | 2,78 | 3,02 | 559 | 292 | 3,97 | 6,17 | 3,60 | 4,68
P .regius 2.6 20,95 | 583 | 528 | 152 | 363 | 489 | 865 | 6,74 | 530 | 450 | 622 | 415 | 741 | 2,76 | 3,02 | 548 | 3,05 | 4,01 | 6,20 | 3,65 | 4,79
P. regius 2.7 21,03 | 571 | 516 | 151 | 3,44 | 512 | 871 | 6,72 | 512 | 446 | 601 | 411 | 7,44 | 2,76 | 3,13 | 543 | 285 | 3,92 | 6,17 | 3,59 | 4,79
P. regius 2.8 20,94 | 5,76 | 523 | 153 | 3,62 | 517 | 864 | 6,60 |528 |460 |603 |413 | 746 |264 | 3,05 |548 | 299 | 394 | 6,09 | 3,61 | 469
P. regius 2.9 21,06 | 5,72 | 516 | 1,53 | 355 | 495 | 8,73 | 660 | 534 | 459 | 607 | 415 | 7,38 | 2,76 | 2,98 | 566 | 2,89 | 4,07 | 6,18 | 3,64 | 4,69
P. regius 2.10 20,09 | 5,77 | 527 | 1,50 | 3,66 | 511 | 854 | 653 | 543 | 450 | 592 | 424 | 716 | 241 | 305 |531 | 264 | 4,17 | 6,15 | 3,74 | 3,62
P. regius 3.1 16,61 | 4,36 | 4,36 | 1,47 | 3,26 | 4,09 | 7,89 | 5,70 | 4,26 | 4,45 | 501 | 431 | 635 | 1,70 | 2,69 | 427 | 2,79 | 3,00 | 549 | 3,32 | 4,58
P. regius 3.2 16,76 | 4,35 | 435 | 1,48 | 3,26 | 3,99 | 7,84 | 5,78 | 4,36 | 455 | 500 | 423 | 633 | 1,76 | 2,75 | 432 | 2,88 | 3,10 | 549 | 3,21 | 4,65
P. regius 3.3 16,73 | 441 | 441 | 1,48 | 3,28 | 4,16 | 7,86 | 569 | 429 | 456 | 506 | 428 | 630 | 1,71 | 2,66 | 446 | 2,93 | 3,17 | 547 | 3,27 | 4,72
P. regius 3.4 16,77 | 4,34 | 434 | 150 | 3,21 | 415 | 7,89 | 5,83 | 438 | 452 | 501 | 424 | 635 | 1,76 | 2,72 | 454 | 281 | 3,23 | 555 | 3,23 | 4,68
P. regius 3.5 16,61 | 435 | 435 | 1,49 | 324 | 417 | 791 | 5,83 | 449 | 452 | 510 | 429 | 635 | 1,78 | 2,75 | 457 | 283 | 3,16 | 548 | 3,25 | 4,59
P. regius 3.6 16,63 | 4,36 | 436 | 1,46 | 325 | 4,12 | 789 | 571 | 442 | 466 | 502 | 435 | 640 | 1,71 | 2,62 | 423 | 2,75 | 297 | 564 | 3,26 | 4,71
P. regius 3.7 16,60 | 4,42 | 442 | 151 | 3,23 | 4,18 | 7,88 | 583 | 439 | 452 | 502 | 424 | 636 |172 | 280 | 455 |285 | 314 |543 | 3,28 | 4,65
P. regius 3.8 16,75 | 4,39 | 439 | 1,39 | 3,26 | 405 | 791 | 574 | 434 | 469 | 511 | 429 | 631 | 1,73 | 269 | 445 | 273 | 3,18 | 568 | 3,33 | 4,72
P. regius 3.9 16,78 | 4,42 | 4,42 | 1,45 | 324 | 393 | 790 | 5,67 | 441 | 456 | 512 | 430 | 628 | 1,73 | 2,75 | 453 | 2,71 | 3,20 | 549 | 3,25 | 4,65
P. regius 3.10 16,88 | 4,37 | 437 | 1,49 | 3,23 | 3,80 | 787 | 571 | 462 | 483 | 475 | 438 | 626 | 1,77 | 2,72 | 451 | 2,79 | 3,27 | 5,67 | 3,33 | 4,55




Appendix 4

List of characters and matrix used for the PCoA (Chapter 5 snake endocasts)

1/ Lateral margin of the olfactory peduncles in dorsal view

(1) Mediolaterally convex
(2) Straight
(3) Mediolaterally concave

2/ Antero-posterior projection of the olfactory peduncles in dorsal view
(1) Parallel
(2) Diverging laterally from the fronto-parietal suture
(3) Diverging laterally at the anterior end

3/ Ventral margin of the olfactory peduncles in lateral view
(1) Straight
(2) Ventrodorsally convex forming a bulge
(3) Ventrodorsally concave

4/ Separation between each olfactory peduncle in dorsal view
(1) No separation
(2) Olfactory peduncles diverging only at their anterior end
(3) Large space between the two olfactory peduncles

5/ Comparison between anterior and posterior widths of the olfactory peduncles
(1) Posterior part wider than the anterior end
(2) Posterior part as wide as the anterior end
(3) Anterior end wider than the posterior part

6/ Relative size of the cerebral hemispheres
(1) Cerebral hemispheres are wider than long
(2) Cerebral hemispheres are as long as wide
(3) Cerebral hemispheres are longer than wide

7/ Beginning of the lateral extension of the cerebral hemisphere
(1) Just posterior to the fronto-parietal suture
(2) Extension more posteriorly, the anterior part of the cerebral hemisphere is as wide
as the fronto-parietal suture.

8/ Lateral margin of the cerebral hemispheres in dorsal view
(1) Rounded
(2) Straight



9/ Antero-posterior development of the cerebral hemisphere lateral view
(1) Cerebral hemisphere developed only along the horizontal axis
(2) Cerebral hemispheres developed in the horizontal plane but with a posterior part
directed ventrally
(3) Dorso-ventral development of the cerebral hemisphere as important as the
horizontal development

10/ Separation between the cerebral hemispheres and the optic tectum
(1) No delimitation between the two structures
(2) Presence of a groove between the two structures

11/ Pituitary gland development
(1) Presence only of a small bulge
(2) Pituitary gland only developed ventrally
(3) Pituitary gland developed both ventrally and posteriorly

12/ Posterior projection of the pituitary gland
(1) Tilted posterior projection
(2) Posterior projection in the horizontal plane

13/ Optic tectum
(1) Not distinguished on the endocast
(2) Visible only thanks to its decrease in width compared to the cerebral hemispheres
(3) Represented by a pair of domes and separated by a median sulcus

14/ Comparison between the widths of the optic tectum and the rhombencephalon
(1) Optic tectum as wide as the rhombencephalon
(2) Optic tectum wider than the rhombencephalon
(3) Rhombencephalon wider than the optic tectum

15/ Dorsal extension of the optic tectum
(1) Dorsal margin of the optic tectum located at the same height as the cerebral
hemispheres
(2) Dorsal margin of the optic tectum located more dorsally than the cerebral
hemispheres

16/ Ventral margin of the rhombencephalon
(1) Rounded
(2) Straight
(3) Triangular-shaped, pointing downward

17/ Ventral expansion of the rhombencephalon
(1) Corresponds to the most ventral surface of the brain endocast
(2) Does not correspond to the most ventral surface of the brain endocast



Rhinotyphlops schlegelii 1 (111|112 |11 |1|1|1|NA|1|NAINA| 1|2
Typhlophis squamosus 1|11 |1|2]2|1}2]1|1]1|NA|1|NAINA|l1 |1
Uropeltis pulneyensis 111222212 ]|1|1|2[NAl2|3|2|2]1
Cylindrophis ruffus 2|1}1(2(1(3|2|2|1|1|1(NA|2 3|1 |1]|1
Anilius scytale 1111|2132 |2|1|1|1|NA|2|3|1]1]1
Atractaspis irreqgularis 2121222112 |1 |1 |NA{2|2|1]|1]1
Python regius 3 1112|121 |1(1|2|1|2|NA|2|1|1]|1]1
Python regius 2 1112|2211 (1|2|1|2|NA|2|1|1]|1]1
Python regius 1 21|21 (2|1|1|1|2|1|2(|NA|2|1|1|1]|1
Candoia sp 2122|1111 |2|2(3|2]|2|1]|2]1]|1
Crotalus atrox 3/]1|1(2({3|1|1|1}(2]2|3|1|3|1|1]|3]2
Agkistrodon contortrix 31123111223 |1|3|1|1]|3]2
Mimophis mahfalensis 33 (312112223 |2]|3|2]212]1
Micrurus lemniscatus 31122212 |1 |12 |NA|2|3|1]1]|2
Naja nivea 33122111223 |1|3[1]1|1]1
Thamnophis sirtalis 3312321232313 ]2|2|1]|1
Hierophis gemonensis 31312311232 |3|2|3|2|1]2]|1
Hierophis viridiflavus 33123112323 |2|3|2|1]2]|1
Coronella austriaca 31322311232 |3|2|3|1|2]|1]1
Boa constrictor 211121 1|12 |12 |NAj2 1|1 |1]2
Corallus hortulanus 312231113 |1|2[NAj2|1|1]1]|1
Pareas margaritophorus 11122122122 |1 |2 NA[{3|1|1|1]2
Chrysopelea ornata 33123112323 |2|3]2|1|2]|1
Dispholidus typus 33123 |1|1|2|3]|2]3 31212111
Boiga dendrophila 313223112 (3|]2)|3 3111211
Dasypeltissp 2(3|12|2(3|1|1|2(3|2]3 3111221
Eunectes murinus 2|12 (22|1|1|1|2|1|2|NA|2|1|1|1]|1
Acrochordus granulatus 1111|3211 (1|2|1|2|NA|2|3|1]|2]|1
Enhydris enhydris 31 |1(2(2|1|1|1}(2]2|3|2|3|2|2]21|1
Enhydris punctata 20112211122 |3|1|3|1|1]2]1
Cerberus rynchops 211222111223 |2|3|1|1]2]|1
Homalopsis buccata 202|132 |1]|1|1}{2]2|3|2|3|1|1]|1]2
Erpeton tentaculum 212132111223 |2|3|1|2]|2|1
Fordonia leucobalia 20112211222 |3|1|3|1|1]21]1
Cantoria violacea 1111|2211 (2|3|1|3|2|2|1|1]2]1
Bitia hydroides 31122121122 |3|2|3|1]1]|1]1
Aipysurus duboisii 1112|2111 (1 2|13 |1|2|1|1]1]2
Aipysurus eydouxii i1|11y2|212j1)1}1}|2(1|3|1|2(1|1|1]1
Microcephalophis gracilis 1|11(2|2|1]2|1|1|1|1|2|NA|2|2|21]|2]1
Hydrophis elegans 1122121211 |3 |1(2|1|1|1]2
Enhydrina schistosa 112|212 |1|(2|1|1|3|1|2|3|1]2]1
Astrotia stokesii 1112|2111 (2|1|1|3|1|2|1|1]2]1
Hydrophis major 1{2(22(1|2|1(2 1|1 |3 (1|21 |1|1]2
Hydrophis ornatus 122212111 |1|3|1|2|1]|1|1]1
Pelamis platurus 2122312111131 |3|1]|1]|1]1




Appendix 5

Distribution of the variables in the principal component analyses performed on the 45
snake specimens
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Appendix 6

Table of measurements (in mm) taken on varanid endocasts and Tethysaurus nopcsai (SMU 76335) (Chapter 7)

LE LOB LG HOB | HOP | WOP | WOR LP HP | WIE | DWPE | HPE | WPE | WP

V. salvator 2408 | 893 | 893 | 249 2.3 2.85 1095 | 6.88 | 3.16 | 3.26 3.98 4.66 7.98 6.45
V. prasinus 2409 | 84 7.4 2.14 1.57 2.3 10.8 7.02 4.2 247 2.78 3.07 6.69 53
V. niloticus 24 9.07 | 9.07 | 2.28 1.73 2.25 9.7 795 | 435 | 3.34 3.89 3.75 7.1 6.07

V. exanthematicus | 2053 | 7.98 | 7.98 | 1.98 2.69 2.71 9.34 8.01 4.1 3.1 3.33 4.23 6.73 | 543
T. nopcsai 721 | 296 | 265 | 4.20 3.3 5.1 21.2 162 | 17.2 9.5 3.4 7.8 8.3 9.8




Appendix 7

Digital endocasts of the Tethysaurus nopcsai specimens GM 1, GM 2, GM 3

These specimens, which consist in the braincase only, are preserved in the collections of the
Southern Methodist University of Dallas (USA) and data provided by prof. Michael Polcyn
with which collaborations are made. The endocranial reconstructions provided the posterior
part of the endocasts presented here in left lateral view. Abbreviations: c, cartilage between
the parietal and supraoccipital; ic, internal carotid; V, trigeminal nerve; VI, abducens nerve;
VII, facial nerve; IX, glossopharyngeal nerve; X-XI, vagus and accessory nerves; XIlI,

hypoglossal nerves. Scale bar equals 10 mm.

GM1 GM2 GM3



Appendix 8

The character matrix used in Chapter 8.1 is based on that of Benson & Druckenmiller (2014)
to which two plesiosaurian taxa were added: SMNS 81783 and the type specimen of Libonectes
atlasense SMNK-PAL 3978 (see character scores below). Character scores used here for
Libonectes morgani follow the re-scored proposed by Sachs & Kear (2015).

SMNS 81783

Libonectes atlasense (SMNK-PAL 3978)
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ABSTRACT—Turonian deposits of the Goulmima area, Er-Rachidia Province in southern Morocco, have yielded a diverse
marine vertebrate fauna, including chondrichthyans, bony fishes, and large marine reptiles such as plesiosaurians,
mosasauroids, and turtles. These fossils are included in ovoid calcareous nodules that are difficult to prepare. Moreover,
bones may be partially or totally dissolved, making their study difficult. Using computed tomography, we have reconstructed
the entire skull anatomy of SMNS 81783, one of the rare plesiosaurian specimens found in this locality and more generally in
Africa. The digital three-dimensional reconstruction of the skull and the mandible offers for the first time the possibility to
describe this specimen exhaustively. The new anatomical characters recorded confirm that SMNS 81783 belongs
to Elasmosauridae on the basis of (1) slender and triangular skull; (2) beak index equal to 42%; (3) temporal fossa estimated
to occupy about 40% of the skull length; (4) long process of the premaxillae extending posteriorly to meet the parietal above
the orbit and separating the frontals; and (5) margin of the temporal fenestra lacking obvious contribution from the frontal.
A preliminary phylogenetic analysis confirms its elasmosaurid affinity. The relationships between SMNS 81783, Libonectes
atlasense, and Libonectes morgani, as well as the presence of stapes and pineal foramen, are discussed.

SUPPLEMENTAL DATA—Supplemental materials are available for this article for free at www.tandfonline.com/UJVP
Citation for this article: Allemand, R., N. Bardet, A. Houssaye, and P. Vincent. 2017. Virtual reexamination of a plesiosaurian

specimen (Reptilia, Plesiosauria) from the Late Cretaceous (Turonian) of Goulmima, Morocco, using computed tomography.
Journal of Vertebrate Paleontology. DOI: 10.1080/02724634.2017.1325894.

INTRODUCTION

Plesiosaurians are extinct predatory marine reptiles that repre-
sent one of the longest-persisting groups of Mesozoic marine
reptiles, ranging stratigraphically from the Late Triassic to the
latest Cretaceous (e.g., Benson et al., 2012; Vincent et al., 2013).
Plesiosaurians went extinct during the Cretaceous—Paleogene
biotic crisis (Gasparini et al., 2003a; Vincent et al., 2011).
However, during the Late Cretaceous, they had a worldwide dis-
tribution, including high-latitude seas surrounding Antarctica
(Gasparini et al., 2003b; Novas et al., 2015). The fossil record of
plesiosaurians is scarcer in Africa than in other continents (Vin-
cent et al., 2011, 2013). Up to now, eight valid taxa have been
described from this continent: Leptocleidus capensis Andrews,
1911, from the Valanginian (Early Cretaceous) of South Africa
(Andrews, 1911; Cruickshank, 1997); Thililua longicollis Bardet
et al., 2003a, Manemergus anguirostris Buchy et al., 2005,
Libonectes atlasense Buchy, 2005, Libonectes morgani Carpen-
ter, 1997, and Brachauchenius lucasi Williston, 1903, all from the
Turonian (Late Cretaceous) of Morocco (Bardet et al., 2003a;
Buchy, 2005; Buchy et al., 2005; Angst and Bardet, 2015; Sachs
and Kear, 2017); and Zarafasaura oceanis Vincent et al., 2011, as
well as Cardiocorax mukulu Aragjo et al., 2015, from the Maas-
trichtian (latest Cretaceous) of Morocco (Vincent et al., 2011;

*Corresponding author.

Lomax and Wahl, 2013) and Angola (Aragjo et al., 2015),
respectively. Very fragmentary remains indeterminable at the
infrafamilial level also have been described from the
Maastrichtian of Morocco, Egypt, and Angola (e.g., Stromer,
1935; for details, see Vincent et al., 2011).

In Morocco, the Goulmima area is on the southern slope of the
High Atlas (see Fig. 1A) (Bardet et al., 2003a, 2003b, 2008). Sev-
eral fossiliferous localities of early Late Cretaceous (Turonian)
age in the area have yielded a diverse marine fauna, including
ammonites, chondrichthyans (Underwood et al., 2009), bony
fishes (Cavin, 1995, 1997, 1999, 2001; Cavin et al., 2001, 2010),
and large marine reptiles, such as a turtle, the basal mosasauroid
Tethysaurus nopcsai Bardet et al., 2003b (Bardet et al., 2003b,
2008), and five plesiosaurian taxa: Thililua longicollis, Manemer-
gus anguirostris, Libonectes atlasense, Libonectes morgani, and
Brachauchenius lucasi (Bardet et al., 2003a; Buchy, 2005; Buchy
et al., 2005; Angst and Bardet, 2015; Sachs and Kear, 2017).
According to Cavin et al. (2010), the vertebrate fossils are con-
tained in ovoid, early diagenetic, calcareous nodules up to 1 m in
size. The fossiliferous nodules contain skeletal remains, mainly
skulls and vertebral elements, and the marine reptile specimens
are sometimes preserved in several distinct nodules (Cavin et al.,
2010). Although fossils from this assemblage can sometimes be
chemically prepared by dissolving the matrix with formic acid, in
many cases the nodule core is composed of siliceous material
that prevents complete preparation of the specimens (Cavin
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FIGURE 1. Palaecogeographical location of the Goulmima area in southern Morocco and probable stratigraphical range (Mammites horizon) of ple-

siosaurian specimen SMNS 81783 (modified from Angst and Bardet, 2015).

et al., 2010). Moreover, fossilized bones in the nodules are often
completely dissolved, making their extraction from the host rock
and their study difficult or impossible. This particular preserva-
tion can often prevent complete access to the fossil anatomy, and
the use of computed microtomography represents a solution to
circumvent these technical issues. Here, we used microtomogra-
phy on a plesiosaurian specimen (SMNS 81783) from this local-
ity. This specimen, poorly preserved in an incompletely prepared
nodule (Fig. 1B), was previously referred to Libonectes atlasense
(Buchy, 2005). This technique reveals details of anatomy that are
not otherwise directly observable.

Institutional Abbreviations—MNHN, Muséum National
d’Histoire Naturelle, Paris, France; SMNS, Staatliches Museum
fur Naturkunde, Stuttgart, Germany; SMU SMP, Shuler
Museum of Paleontology, Southern Methodist University, Dal-
las, Texas, U.S.A.

GEOGRAPHIC AND STRATIGRAPHIC CONTEXT

According to Buchy (2005:6), the specimen comes from “some
kilometers around Goulmima” in southern Morocco (Fig. 1), as
is the case for the type specimens of Libonectes atlasense and
Manemergus anguirostris (Buchy, 2005; Buchy et al., 2005).
Although their exact location remains unknown, the calcareous
matrix surrounding these specimens is consistent with the verte-
brate-bearing nodules known from the Early Turonian of the
Goulmima area (Cavin, 1995, 1997, 1999, 2001; Cavin et al.,
2001; Bardet et al., 2003a, 2003b; Buchy, 2005; Buchy et al.,
2005). These nodules are concentrated near the top of a Ceno-
manian-Turonian calcareous succession, in Unit 4 of Ferrandini
et al. (1985), previously considered as Early Turonian in age
based on the ammonite assemblage (mainly Mammites) (Bardet
et al., 2003a, 2003b, 2008). The unit was later reappraised as
Unit T2a of the Akrabou Formation, Middle Turonian in age, by

Ettachfini and Andreu (2004). The Goulmima area was the cen-
ter of a basin exemplifying large subsidence during the Cenoma-
nian-Turonian transgression. It corresponds to an open marine
carbonate platform with influences essentially from the Tethys
but also from the central Atlantic (Cavin et al., 2001; Ettachfini
and Andreu, 2004; Bardet et al., 2008). The Goulmima deposits
surrounding the nodules correspond to marine limestones depos-
ited in dysoxic conditions (Lebedel et al., 2013).

MATERIALS AND METHODS

The specimen is currently housed in the SMNS under collection
number SMNS 81783. It is preserved in a nodule about 40 cm
long, up to 11 cm wide, and 13 cm high (Fig. 2A, B), which
encompasses a skull with mandible in occlusion and the atlas-axis
complex. The specimen is incompletely prepared. Its anterior half
shows bones incompletely dissolved and exposed, surrounded by a
light beige matrix (Fig. 2A, B). The posterior half of the fossil is
still embedded in the matrix and thus not observable.

The specimen was scanned at the AST-RX platform of the
MNHN (Paris) using a GE Phoenix v|tome|x L.240 X-ray scanner
with a voxel size of 134 um (voltage: 230 kV, intensity: 500 nA).
A virtual three-dimensional (3D) reconstruction of the skull was
then performed at the Palaeontology Imaging Unit of the
MNHN Origines et Evolution/UMR 7207 CR2P CNRS/MNHN/
UPMC using the MIMICS (Materialise Interactive Medical
Image Control System) Innovation Suite software (Materialise,
release 18). During segmentation work, bony elements appeared
generally with darker grayscale values than the matrix (Fig. 2)
due to the different X-ray absorption coefficients. However, no
unique threshold value could accurately describe the boundary
between bone and the matrix. The reconstruction was thus
obtained with the multiple two-dimensional cross-sectional slices
edit tool of MIMICS and interpolation between selections on
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FIGURE2. A, B, photographs of SMNS 81783 in dorsal (A) and left lateral (B) views. The dotted line indicates the location of the transverse section.
C, transverse section in the middle of the skull of SMNS 81783 showing the general state of preservation. Scale bars equal 10 cm (A, B) and 2 cm (C).

noncontiguous slices. The shape of some bones that appeared
completely dissolved at the surface of the nodule has been recon-
structed using their natural cast encased in the matrix. This was
the case for the mandible, for which only the cast of the medial
margin is preserved (Fig. 2C) so that the lateral margin was
reconstructed by an approximate extension of its contour (see
Fig. 6, hatched area). The same method was used for reconstruc-
tion of the lateral margins of the jugal and the squamosal (see
Fig. 3, hatched area).

SYSTEMATIC PALEONTOLOGY

SAUROPTERYGIA Owen, 1860
Order PLESIOSAURIA Blainville, 1835
Family ELASMOSAURIDAE Cope, 1869
LIBONECTES MORGANI Carpenter, 1997

Holotype—SMU SMP 69120, skull and mandible, atlas-axis
complex, 48 successive cervical vertebrae, fragmentary thoracic
ribs, gastralia, and associated gastroliths (Sachs and Kear, 2015);
Upper Cenomanian; Britton Formation, Eagle Ford Group, near
Cedar Hill, Dallas County, Texas, U.S.A.

Referred Specimens—SMNK-PAL 3978, articulated skull and
postcranial skeleton (Buchy, 2005; Sachs and Kear, 2017); SMNS
81783, skull and mandible, atlas-axis complex. Middle Turonian
(Upper Cretaceous) Unit T2a (Ettachfini and Andreu, 2004) of
the Cenomanian-Turonian limestone bar, north of Goulmima,
Er-Rachidia Province, southern Morocco.

DESCRIPTION
General Preservation

The skull of SMINS 81783 is slightly laterally crushed, but most
of the bones remain in their natural arrangement and only some
parts are missing, including the most dorsal part of the parietal
crest, the left lateral margin of the temporal fenestra, and both
squamosal arches. The right maxilla is almost dissolved, so that
only a small part is preserved. The left part of the palate is bro-
ken and disarticulated, but much of the right side, posterior to
the internal nares, is well preserved. The identification of the
sutures between palatal bones is difficult, and the narial region is
crushed and difficult to interpret. The mandible is almost

completely preserved except its lateral margin and the posterior
part of the right dentary, and it is in occlusion with the cranium.

Skull

We estimate that the original cranial length was about 295 mm
from the tip of the premaxilla to the occipital condyle (see meas-
urements and skull proportions in Table 1). The beak index (per-
centage of the preorbital length to the entire length of the skull;
Welles, 1952) is 42%. In most elasmosaurids, this value is close
to 40%, whereas it is close to 55% in Polycotylidae (Buchy et al.,
2005). The temporal fossae are estimated to have occupied about
40% of the skull length. A similar ratio (35-40%) is observable
in Cretaceous Elasmosauridae (Sato et al., 2006).

Premaxillae—Each premaxilla bears five teeth and contributes
to the external naris (Fig. 3B), forming its anterior and medial
margins. The flat dorsal surface of the premaxilla is slightly pit-
ted and bears a clearly visible suture between the two premaxil-
lae (Fig. 3A). In SMNS 81783 there is a slight transverse ‘rostral’
constriction between the premaxilla and the maxilla (Fig. 3A),
as observed in many large-headed plesiosaurians (e.g., Taylor,
1992; O’Keefe, 2001; Druckenmiller and Russell, 2008; Smith
and Dyke, 2008) and in some elasmosaurids (e.g., Vincent et al.,
2011). A small diastema forms a concavity between the last pre-
maxillary and the first maxillary teeth (Fig. 3C). The premaxilla-
maxilla suture originates posterior to the fifth premaxillary alve-
olus and extends posterodorsally to a point just anterodorsal to
the external naris (Fig. 3C). The posterolateral extension of the
premaxilla at the level of the posterior narial border is unclear
(Fig. 3A, C), and it is impossible to confirm the presence of a
prefrontal and its possible extension. In dorsal view, at the level
of the interorbital region, the posterior process of the premaxilla
forms a shallow concavity separating the frontals (Fig. 3A). The
posterior extension of the premaxillae is long and shows a small
contact with the parietal at the level of the last third of the
orbital length (Fig. 3A). This feature is seen in many Late Creta-
ceous elasmosaurids (Sato et al., 2006), polycotylids, and some
pliosaurids (Ketchum and Benson, 2010). A small isolated piece
of bone, located dorsally in the interorbital region, is preserved
dorsally to the concavity of the posterior processes of the pre-
maxillae (Fig. 3A). It is tentatively interpreted as part of the pre-
maxilla, because it matches perfectly with the concavities of the
posterior processes of the premaxillae and covers the sutures
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TABLE 1. Measurements (in mm) of the skull and the mandible of
SMNS 81783.

Skull length 295
Preorbital length (tip of the snout to anterior margin of orbit) 124
Orbit length (1) 534
Temporal fenestra length (1) 128
Paroccipital process length (1) 30
Mandibular symphysis length 44.5

Measurements taken on the left (1) or the right (r) side.

between the premaxillae and the frontal. In ventral view, the pal-
atal surface of the premaxillae exhibits an alveolar channel con-
necting the replacement alveoli (Fig. 3B).

Maxillae—The right maxilla is severely damaged; only a small
piece of its preorbital part is present (Fig. 3C). The left maxilla is
well preserved and shows 15 alveoli (Fig. 3C). The maxilla forms
the lateral, ventral, and posteroventral margins of the external
naris and the anterior corner of the orbit (Fig. 3A, C) as in Libo-
nectes morgani (Carpenter, 1997). Anterior to the orbit, the
sutures between the maxilla and the frontal-prefrontal are not
observable (Fig. 3A, C). Laterally, the maxilla extends beneath
the orbit and underlaps the jugal ventrally (Fig. 3C). The max-
illa-jugal suture is long and posteroventrally directed as in other
elasmosaurids (e.g., Futabasaurus suzukii; Sato et al., 2006), and
it extends posteriorly to about half the length of the temporal
fenestra. Its suture with the squamosal is unclear (Fig. 3C), as is
the participation of the maxilla in the margin of the internal naris
in palatal view (Fig. 3B).

Nares—The external nares are located above the third to fifth
maxillary teeth (Fig. 3C), just anterior to the orbits. The anterior
extension of the external nares is difficult to determine (Fig. 3A,
C). The internal nares (Fig. 3B) largely overlap the external
ones but are located slightly anteriorly to them, as in Libonectes
morgani (e.g., Carpenter, 1997).

Frontal—The frontal forms the roof of the orbit (Fig. 3A). It
contacts the premaxillae medially and the postfrontal posterolat-
erally (Fig. 3A). It does not seem to contribute to the temporal
fenestra, but because of the bad preservation of this area, it is
not possible to comment on its contact with the maxillae. The
frontals are separated by the long dorsal processes of the pre-
maxillae along their entire length, as in most elasmosaurids
(Vincent et al., 2011), but unlike the condition in all Jurassic and
a few Cretaceous taxa (Brancasaurus and Callawayasaurus) that
exhibit frontals in contact along their entire length (Carpenter,
1997, 1999; Sato, 2003; Kear, 2005; Brown et al., 2013). Around
the posterior orbital margins, the sutural relationships between
the frontal, the premaxillae, the parietal, the postfrontal, and the
postorbital are difficult to interpret (Fig. 3A). Ventrally, the
frontals form the lateral wall of the olfactory sulcus (Fig. 3C).

Orbits—The maxilla forms the anterolateral corner of the
orbit (Fig. 3A, C), but it is not clear whether the maxilla or
the prefrontal forms the anteromedial corner. The frontal and
the jugal form its dorsal and ventral edges, respectively (Fig. 3A,
C), as in Libonectes morgani, Styxosaurus, and Thalassomedon
(Carpenter, 1997). The ventral margin formed by the maxillae
appears convex in lateral view (Fig. 3C), as in many elasmosaur-
ids (Sato et al., 2006). As in most known elasmosaurid skulls
(e.g., Terminonatator; Sato, 2003), the sclerotic ring is not
preserved.

Postorbital Bar—The postorbital bar is partially preserved on
both sides (Fig. 3A). The exact nature of its contacts with the

frontal and the postfrontal, as well as its relationships with the
posterior rim of the orbits, and its possible contact with the squa-
mosal posteriorly are unclear.

Jugal—The jugal is a plate-like, transversely thin bone that
forms the majority of the ventral margin of the orbit (Fig. 3C),
as in Libonectes morgani and Futabasaurus (Carpenter, 1997
Sato et al., 2006). The left jugal is well preserved, unlike the right
one, but the suture with the postorbital is not easily observable
(Fig. 3A). Posterior to the orbit, a large foramen perforates the
lateral surface of the jugal (Fig. 3C), as in Libonectes morgani
(Welles, 1949). Tt is not possible to differentiate the squamosal
from the posterior part of the jugal (Fig. 3C).

Parietal—The closed parietals form a median dorsal roof over
the endocranial cavity, with weakly concave lateral surfaces. The
exact height of the parietal crest is unknown because of partial
dissolution (Fig. 3C). Anteriorly, the parietal contacts the frontal
at the level of the posterior margin of the orbit (Fig. 3A).
A small pineal foramen is present anteriorly and is totally
enclosed within the parietals at the level of the postorbital bar
(Fig. 3A). The pineal foramen is absent in most elasmosaurids
(Futabasaurus suzukii, Libonectes morgani, Styxosaurus snowii,
Terminonatator  ponteixensis, Tuarangisaurus keyesi, and
Zarafasaura oceanis) but present in Callawayasaurus (Welles,
1952). Its loss is considered a synapomorphy of Late Cretaceous
Elasmosauridae and Polycotylidae by Carpenter (1997), but
recent phylogenetic data sets suggest that the pineal foramen
was lost independently in some Cretaceous elasmosaurids (e.g.,
Eromangasaurus) and some polycotylids (O’Keefe, 2001; Kear,
2005; Druckenmiller and Russell, 2008; Ketchum and Benson,
2010). The posterior end of the parietal overlaps the
supraoccipital.

Squamosal—Both squamosals are partially preserved
(Fig. 3A, C); their medial contact is not preserved. The left dor-
sal ramus has been lost, along with the medial dorsal portion of
the right ramus. The anterior and ventral rami are preserved on
the right side and show that the suspensorium was only slightly
inclined anterodorsally (Fig. 3A), in contrast to the straight sus-
pensorium present in Terminonatator (Sato, 2003) or the curved
one (posterior margin is convex in lateral view) of Styxosaurus
and Thalassomedon (Carpenter, 1999). The right anterior ramus
of the squamosal forms the temporal bar, contacting the jugal
anteriorly (Fig. 3A). The sutural relationships of the ventral
ramus of the squamosal with the quadrate remain unclear. On
the right side, medial to the quadrate, the squamosal is overlain
by the quadrate ramus of the pterygoid.

Quadrate—The right quadrate is poorly preserved, but the left
one is almost complete (Fig. 3A, C), although its most posterior
surface is dissolved. The left quadrate seems to be mediolaterally
convex in posterior view and concave in anterior view. It extends
anteromedially to contact the quadrate ramus of the pterygoid
(Fig. 3A, B). Ventrally, the quadrate extends well ventral to the
tooth row (Fig. 3C), being the thickest at the articulation with
the mandible to form a large quadrate condyle. The latter is
divided into two parts by an oblique, anteroposteriorly oriented
intercondylar depression. Both quadrates have a small depres-
sion on their medial surface corresponding to the facet of the
paroccipital process (Fig. 3A).

Vomer—The vomer is poorly preserved; its anterior-most part
is missing (Fig. 3B), and the occurrence of a vomeronasal foramen
cannot be determined. The vomer forms the anterior and medial
margins of the internal naris (Fig. 3B). Its posterior extension and
its sutural relationships with the pterygoid are unclear. The median

<FIGURE 3. Digital reconstruction of the skull of SMNS 81783 in dorsal (A), ventral (B), and left lateral (C) views. Abbreviations: bo, basioccipi-
tal; boc, occipital condyle; ect, ectopterygoid; en, external naris; eo-op, exoccipital-opisthotic; fr, frontal; in, internal nares; j, jugal; jf, jugal foramen;
Ipo, lateral pterygoid opening; mx, maxilla; olf, lateral wall of the olfactory canal; p, parietal; pa, parasphenoid; pa/bs, parabasisphenoid; pal, palatine;
pf, pineal foramen; piv, posterior interpterygoid vacuities; pmx, premaxillae; po, postorbital; pof, postfrontal; pp, paraoccipital process; pr, prootic; pt,
pterygoid; q, quadrate; qpt, quadrate ramus of the pterygoid; sq, squamosal; v, vomer; ?, undetermined bone. Scale bar equals 10 cm.
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suture between the two vomers is clearly seen in the median sheet
of bone separating the internal nares (Fig. 3B).

Palatine—The palatine is well preserved on the right side of
the palate (Fig. 3B), although some parts are partially broken
and its sutural relationships with the pterygoid are not visible.
On the left side the palatine is damaged (Fig. 3B). The anterior
extension of the palatine, as well as its participation in the naris
margin, is unclear (Fig. 3B).

Pterygoid—The right pterygoid is well preserved, whereas the
left one is damaged in a similar manner to the left palatine
(Fig. 3B). The pterygoids form the central plate-like portion of
the palate, posterior to the vomers and anterior to the posterior
interpterygoid vacuities (Fig. 3B). Both pterygoids are broken
anterior to the posterior interpterygoid vacuities, obscuring their
midline suture. Our interpretation is that there is no anterior
interpterygoid vacuity and that the pterygoids are closed along
their median suture (Fig. 3B), as in the Jurassic microcleidids,
Microcleidus tournemirensis, and Microcleidus homalospondylus
(see Brown et al., 2013), as well as in Cretaceous elasmosaurids
(Bardet et al., 1999; GroBmann, 2007). Lateral to the narrow
and elongated posterior interpterygoid vacuities, the ventral sur-
face of the pterygoid is slightly concave and its lateral margin is
projected ventrolaterally, forming a curved prominent flange
that contacts posteriorly the quadrate ramus (Figs. 3B, 4). On
the right side, the pterygoid bears an anteroposteriorly extended
opening located laterally to the posterior interpterygoid vacuities
(Figs. 3B, 4). Despite poor preservation of this area on the left
side, an opening on the left pterygoid appears present as well.
These openings are exactly mirrored on the left and right ptery-
goids (Fig. 3B), which suggests that they are most likely not
taphonomic artifacts. Such openings were reported in Zarafa-
saura as a possible autopomorphy of the taxon (Vincent et al.,
2011). Posterior to the interpterygoid vacuities, the bones are
dissolved and it is not possible to comment on the medial contact
between the pterygoids covering the basioccipital (Fig. 3B).

Epipterygoid—The epipterygoid forms a thin vertical process
lateral to the parabasisphenoid (Fig. 4). The epipterygoid seems
to extend dorsally from the anterior dorsal edge of the vertical
pterygoid process, similarly to that observed in Libonectes mor-
gani (Carpenter, 1997).

Ectopterygoid—The ectopterygoid is a ‘C’-shaped bone
located posterolateral to the palatines and lateral to the ptery-
goids (Fig. 3B, 4). The suture between the pterygoid and ectop-
terygoid, although unclear, appears possibly located near the

stp

bump formed by the ectopterygoid (Fig. 3B). A facet is visible
on the lateral margin of the ectopterygoid and seems to contact
the posterior elongation of the maxillary (Fig. 4). At the juncture
of the right palatine with the ectopterygoid and the pterygoid, a
small fenestra is present that may correspond to the suborbital
fenestra (Fig. 3B), as seen in Libonectes morgani (see Carpenter,
1997). The poor preservation of the left pterygoid precludes
observation of this fenestra on that side.

Braincase

The braincase is formed by the supraoccipital, the fused exoc-
cipital-opisthotics, the basioccipital, the prootic, and the paraba-
sisphenoid. The elements are slightly displaced from their
natural position. The foramen magnum is taller than wide and
seems to be slightly constricted at the level of the supraoccipital-
exoccipital-opisthotic sutures.

Parabasisphenoid—The parasphenoid and the basisphenoid
form the anterior floor of the braincase, and there is no trace of a
suture between the dorsal part of the parasphenoid and the ven-
tral part of the basisphenoid. Anteriorly, the cultriform process
of the parasphenoid is visible on the palatal surface (Fig. SA-C),
where it terminates between the posterior ends of the anterior
rami of the pterygoids. The parasphenoid carries a prominent
ventral keel that divides the posterior interpterygoid vacuities
(Figs. 3B, 5B), as in Cretaceous elasmosaurids and in the Jurassic
forms Microcleidus tournemirensis and M. homalospondylus
(Bardet et al., 1999; Brown et al., 2013). The ventral keel contin-
ues slightly posterior to the posterior margins of the interptery-
goid vacuities and tapers posteriorly along the ventral surface of
the basioccipital (Fig. 3B). In dorsal view, just posterior to the
cultriform process, the sella turcica is open anteriorly (Fig. 5A).
The pituitary fossa occupies about one-third of the braincase
floor, which is comparable to the condition in Tricleidus
Andrews, 1909 (see Sato et al., 2011). The sella turcica posteri-
orly terminates with the dorsum sellae (Fig. SA, C).
A prominent pila antotica extends anterodorsally from this
region, and a pila metoptica is present more anteriorly
(Fig. 5A-C), as in Thalassiodracon (Benson et al., 2011). In lat-
eral view and ventral to the pila antotica, a process extends from
the lateral surface of the basisphenoid (Fig. SB) and forms a
facet that contacts the pterygoid (basipterygoid process). The lat-
eral surface of the parabasisphenoid is pierced by a large fora-
men for the internal carotid located ventral to the pila antotica

FIGURE 4. Digital reconstruction of the braincase and the palate of SMNS 81783 in right lateral view. Abbreviations: boc, occipital condyle; boct,
basioccipital tuber; bs, basisphenoid; ep, epipterygoid; leept, left ectopterygoid; leo-op, left exoccipital-opisthotic; Ipo, lateral pterygoid opening; Ipp,
left paraoccipital process; pal, palatine; pr, prootic; pt, pterygoid; recpt, right ectopterygoid; reo-op, right exoccipital-opisthotic; rpp, right paraoccipital

process; stp, stapes; v, vomer. Scale bar equals 5 cm.
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FIGURE 5. Digital reconstruction of the braincase of SMNS 81783 in dorsal (A), left lateral (B), anterior (C), and posterior (D) views, and of the left
exoccipital-opisthotic and prootic in medial view (E). Abbreviations: amut, chamber for ampulla and utriculus; ase, anterior semicircular canal; bo,
basioccipital; boe, occipital condyle; boct, basioccipital tuber; bomr, basioccipital median ridge; bpt, basipterygoid process of the basisphenoid; ep, cul-
triform process; ds, dorsum sellae; eo-op, exoccipital-opisthotic; fov, fenestra ovalis; hse, horizontal semicircular canal; icf, internal carotid foramen;
IX, foramen for glossopharyngeal nerve; pa/bs, parabasisphenoid; pila, pila antotica; pilm, pila metoptica; pp, paroccipital process; pr, prootic; psc,
posterior semicircular canal; puf, pituitary fossa; so, supraoccipital; st, stapes; stu, sella turcica; VI, foramen for the abducens nerve; VII, foramen for
the facial cranial nerve; X+XI, foramen for the vagus and accessory nerves. Scale bars equal 2 cm.

and just posterior to the basipterygoid process of the basisphe-
noid (Fig. 5B). In anterior view, a pair of internal carotid foram-
ina penetrate the posterior wall of the sella turcica (Fig. 5C), as
in Libonectes morgani (Carpenter, 1997:fig. 5), differing from
Alexandronectes zealandiensis in which there is only a single
foramen in the floor of the sella turcica (Otero et al., 2016). The
dorsolateral side of the pituitary fossa bears a foramen, visible in
anterior view (Fig. 5C), that probably carried the abducens
nerve (Carpenter, 1997).

Basioccipital—The basioccipital is a stout element. Its dor-
sal surface bears two facets (Fig. 5C) for articulation with the
exoccipitals (otooccipital facets; Evans, 2012). A small por-
tion of the basioccipital median ridge seems to be present in
dorsal view (Fig. 5SA, C). Ventrolaterally, the basioccipital
tubers show two ovoid facets for contact with the pterygoids
(Fig. 5B, D). In ventral view, the basioccipital contacts the
parabasisphenoid anteriorly and the pterygoids laterally. Con-
trary to what is reported among pliosaurids and cryptoclidids
(e.g., Andrews, 1913; Brown, 1993), in which the exoccipital-
opisthotic forms part of the occipital condyle, the basioccipi-
tal appears here to form the entire rounded occipital condyle
(Fig. 5D). A groove surrounds the occipital condyle, forming
a distinct neck ventrally and laterally (Fig. 5D) as in elasmo-
saurids (Brown, 1993), but differing from the condition of
Thalassiodracon (Benson et al., 2011) or Plesiosaurus
(O’Keefe, 2006) in which the occipital condyle is a shallow
dome lacking a groove between the condyle and the body of
the basioccipital.

Exoccipital-Opisthotics—Both exoccipital-opisthotics are well
preserved and are fused, as in most plesiosaurians (e.g., Sato
et al., 2011; Sachs et al., 2015). On the anterior surface, a deep
chamber for the ampulla and utriculus is visible (Fig. SE). Dor-
sally and laterally to these structures, two openings are preserved
that correspond to the caudal part of the posterior and horizontal
semicircular canals, respectively (Fig. SE). Two foramina pierce
the medial surface of the exoccipital adjacent to its ventral sur-
face (Fig. 5SE). The more anterior foramen is larger and might
have served for passage of the glossopharyngeal nerve (IX) and
possibly also for the perilymphatic duct (Sachs et al., 2015). The
smaller one may be considered as a foramen for the vagus and
accessory nerves (X + XI) as well as the jugular vein (Sachs
et al., 2015). Anteriorly, the opisthotic forms the posterior mar-
gin of the fenestra ovalis (Fig. 5B). This character differs from
the hypothesis proposed by Maisch (1998) for Muraenosaurus, in
which the opisthotics do not contribute to the fenestra ovalis.
The straight paroccipital process has an anteroposteriorly oval
cross-section and is ventrally inclined (Fig. SA, B, D). Its distal
end is a little expanded but does not form a spatulate terminus as
observed in pliosaurids and basal plesiosaurians (e.g., Smith and
Dyke, 2008; Benson et al., 2011).

Prootic—The prootic is present anterior to the exoccipital-
opisthotic and forms the anterior margin of the keyhole-shaped
fenestra ovalis seen in lateral view (Fig. 5B). The prootic is a
rectangular element, containing the anterior part of the vestibule
of the inner ear dorsomedially (Fig. SE). The facet for the supra-
occipital faces posterodorsally and is pierced by an opening for
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the anterior semicircular canal (Druckenmiller, 2002; Sato et al.,
2011). A much larger foramen on the exoccipital-opisthotic facet
(Fig. SE) is the exit for the horizontal semicircular canal (Sato
et al., 2011). A foramen at the posterior part of the prootic base
may represent the exit for cranial nerve VII (Carpenter, 1997).

Supraoccipital—The supraoccipital is a small, arch-shaped ele-
ment lying above the braincase (Fig. 5D) and below the parietal,
enclosing the dorsal and dorsolateral margins of the foramen
magnum. The supraoccipital contacts the parietal dorsally. Its
ventrolateral portions are expanded anteroposteriorly to accom-
modate part of the semicircular canals, as in Muraenosaurus
(Maisch, 1998) and Thalassiodracon (Benson et al., 2011). It also
contacts the prootic anteroventrally and the exoccipital-opis-
thotic posteroventrally.

Stapes—Two anteroposteriorly oriented rods ventral to the
exoccipital-opisthotics and prootics, may correspond to the sta-
pes (Fig. 5B). The two elements are 28 mm in length, but the
right one is broken in the middle. Stapes are commonly pre-
served in Lower Jurassic plesiosaurians (e.g., Brown et al., 2013)
but rarely reported among Middle-Upper Jurassic or Cretaceous
taxa (Sato et al., 2011), and some authors have hypothesized
that these taxa may have lacked stapes (e.g., Carpenter, 1997).
Contrary to the stapes identified by Storrs and Taylor (1996) that
contacts the anterior surface of the opisthotic (Benson et al.,
2011), the stapes in SMINS 81783 does not contact any other ele-
ment and its anterior end reaches the anterior extremity of the
prootic base.

Mandible

Dentary—The dentary is a long and straight bone that occu-
pies most of the lateral surface of the mandible. In dorsal view,
the left and right dentaries unite at their anterior ends near alve-
olus position 4 (Fig. 6A), to form a narrow, gracile, and slightly
elongated mandibular symphysis, as observed in Callawayasau-
rus (bearing three to five pairs of teeth) and Hydrotherosaurus
(bearing three pairs). The symphysis, which represents 15% of
the total skull length, is not laterally expanded and is straight in
lateral view (Fig. 6C). The dentary seems to be the only compo-
nent of the symphysis, and it seems that the coronoid extends
anteriorly up to the last third of the mandibular ramus. The
suture between the dentary and the splenial is only visible ante-
rior to the coronoid (Fig. 6C); however, the anterior extension of
the splenial is unclear. The tooth number is difficult to determine
because only the medial margin is preserved; however, we esti-
mate the original presence of 16 teeth on the dentary (Fig. 6A).
Medial to these teeth, the alveoli for the replacement teeth are
visible (Fig. 6A).

Coronoid—The coronoid is preserved on both sides, and each
coronoid lies in tight contact with the dentary, on the medial sur-
face of the mandible (Fig. 6A, C). The coronoid is a thin and tri-
angular bone with a large dorsal inflation (Fig. 6C), comparable
to that described in Zarafasaura (Vincent et al., 2011). It con-
tacts the dentary anteriorly, the prearticular ventrally, and the
surangular posteriorly.

Prearticular—The prearticular is a narrow bone that contacts
the coronoid dorsally and the dentary ventrally; its anterior end
is not preserved (Fig. 6C). Medially, the prearticular covers the
posterior part of the Meckelian canal. The cast of the Meckelian
canal that is visible in lateral view seems to be narrow anteriorly
and to expand posteriorly (Fig. 6C). The mandibular foramen is
only visible medially, located between the coronoid and the pre-
articular (Fig. 6C), where it opens largely posteriorly, although
the termination of the foramen cannot be confidently traced pos-
terior to this region due to the poor preservation of the bones in
the posterior part of the mandible. The glenoid fossa appears
just posterior to the occipital condyle.

Surangular—Only the left surangular is partially preserved
(Fig. 6C). Its anterior part is developed dorsoventrally and forms
a ridge that becomes flattened posteriorly. In the posterior part
of the mandible and posterior to the coronoid, the surangular
descends to the glenoid cavity.

Teeth

The teeth (Fig. 3) are slightly flattened and oval in cross-section,
as in Callawayasaurus, Terminonatator, Styxosaurus, and Libonectes
(Sachs and Kear, 2015). The two first teeth on the premaxillae are
small and procumbent, as in Libonectes morgani and Dolychorhyn-
chops osborni (Carpenter, 1997). The second and fourth premaxil-
lary teeth are the largest. Several alveoli for replacement teeth are
observable on the premaxillae and the left maxilla in palatal view.
The maxillary teeth are poorly preserved but appear to diminish in
size from anterior to posterior, in contrast to the condition in Aris-
tonectes (Gasparini et al., 2003b; Otero et al., 2014) and Kaiwhekea
katiki (Cruickshank and Fordyce, 2002).

Atlas-Axis Complex

The conjoined atlas-axis centrum (Fig. 7) is cylindrical and dis-
tinctly longer than high, as observed in a number of other elas-
mosaurids (e.g., Welles, 1943; Sachs, 2005; Kubo et al., 2012;
Otero et al., 2014; Sachs and Kear, 2015). The atlantal cotyle is
circular and deeply concave. The cotylar rim is surrounded by a
thin edge that is damaged along its left lateral margin; a posteri-
orly tapering notch incises its dorsal midline. Ventrally, the atlas
intercentrum bears a prominent hypophyseal ridge similar to
that reported in Elasmosaurus platyurus, Eromangasaurus aus-
tralis, Albertonectes vanderveldei, Libonectes morgani, and Vega-
saurus molyi (Kear, 2005; Sachs, 2005; Kubo et al., 2012; Sachs
and Kear, 2015; O’Gorman et al., 2015). The anteroventral
extremity of the hypophyseal ridge is flattened and elliptical in
outline, as recorded in A. vanderveldei and L. morgani (Kubo
et al., 2012; Sachs and Kear, 2015). Posteriorly, the hypophyseal
ridge forms a narrow crest merging with the articular face of the
axis centrum. The atlas neural spine is oriented posteriorly, nar-
row at its base and flared dorsally. Only the ventral part of the
neural spine is preserved. The exact height is unknown, and the
contact between the atlas and axis neural arches seems perfo-
rated by a large intervertebral foramen, similar to that depicted
in Libonectes atlasense and L. morgani (Buchy, 2005; Sachs and
Kear, 2015), but also in V. molyi and Tuarangasaurus keyesi
(Wiffen and Moisley, 1986; O’Gorman et al., 2015). The atlas
ribs, situated at the approximate midsection of the atlas-axis
complex, are fused to the axis ribs so that they cannot be distin-
guished from each other. The rib complex is projected laterally
posteroventrally (about 45° from the horizontal), beyond the
articular face of the axis centrum. The concave and rounded
articular face of the axis is partially preserved. It seems sur-
rounded by a thickened convex rim.

PHYLOGENETIC ANALYSIS

In order to infer the phylogenetic relationships of SMNS 81783
within Plesiosauria, a cladistic analysis was performed using the
data sets of Benson and Druckenmiller (2014), plus two addi-
tional operational taxonomic units (OTUs): SMNS 81783 and
the type specimen of Libonectes atlasense (see Appendix 1 and
Supplementary Data). The scores of Libonectes morgani were
modified following Sachs and Kear (2015). Yunguisaurus liae
Cheng et al., 2006, was specified as the outgroup taxon, and all
characters were coded as unordered and unweighted.

A heuristic search for the most parsimonious trees was per-
formed using TNT 1.1 (Goloboff et al., 2008). The search
resulted in 100 parsimonious trees; the strict consensus is shown
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FIGURE 6. Digital reconstruction of the mandible of SMNS 81783 in dorsal (A), ventral (B), and right ventrolateral (C) views. Abbreviations: ar,
articular; ¢, coronoid; d, dentary; me cast, cast of the Meckelian canal; mf, mandibular foramen; par, prearticular; sa, surangular; sp, splenial. Scale bar

equals 10 cm.

in Figure 8. The consensus tree has a tree length of 1345 steps, an
ensemble consistency index of 0.24, and an ensemble retention
index of 0.62. Bremer indices greater than 1 are indicated for
each node shown in Figure 8.

The results of the phylogenetic analysis place SMNS 81783
within the Elasmosauridae (Bremer index = 3), as sister taxon to

Libonectes morgani and Libonectes atlasense. Two synapomorphies
(ACCTRAN) unite the three taxa: the posterior extent of maxil-
lary tooth row ventral to the postorbital bar and the heterodont
maxillary dentition. Specimen SMNS 81783 presents three autapo-
morphies (ACCTRAN): the presence of a transverse constriction
of the rostrum at the premaxillae-maxilla suture, the absence of a
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FIGURE 7. Digital reconstruction of the
atlas-axis complex of SMNS 81783 in anterior
(A), posterior (B), left lateral (C), and ven-
tral (D) views. Abbreviations: atc, atlas cen-
trum; atna, atlas neural arch; atr, atlas rib;
axc, axis centrum; axna, axis neural arch; axr,
axis rib; hr, hypophyseal ridge; ivf, interverte-
bral foramen. Scale bar equals 1 cm.

dorsomedian ridge on the premaxillae, and the short anterior
extension of the parietal to the level of the temporal bar. The
clade formed by L. morgani and L. atlasense is supported by one
autapomorphy (ACCTRAN): the absence of a pineal foramen.

Edgarosaurus muddi
—E QM F18041
Plesiopleurodon wellesi
MIWG 1997 302
Brancasaurus brancai
Cimoliasaurus valdensis
= Umoonasaurus demoscyllus
Nichollssaura borealis
Leptocleidus superstes
3 _E Leptocleidus capensis
GWWU A3 B2
Eromangasaurus australis
Speeton Clay plesiosaurian
3 Wapuskanectes betsynichollsae
Callawayasaurus colombiensis
Hydrotherosaurus alexandrae
Futabasaurus suzukii

2 _E Aristonectes parvidens
2 Kaiwhekea katiki

SMNS 81783
_E Libonectes morgani
Libonectes atlasense

FIGURE 8. Strict consensus tree showing the relationships of specimen
SMNS 81783 among xenopsarians. Strict consensus of the 100 most parsi-
monious trees; tree length = 1345 steps; CI = 0.24; RI = 0.62. Bremer
indices greater than 1 are indicated for each node.

elesdouay

N
seplnesowse|3

DISCUSSION
Comparisons with Other Elasmosaurids

Specimen SMNS 81783 presents several elasmosaurid charac-
ters: (1) the anterior tooth with an oval cross-section (Ketchum
and Benson, 2010:character 109); (2) absence of an anterior
interpterygoid vacuity (Bardet et al., 1999:character 12; Vincent
et al., 2011:character 23); (3) high coronoid eminence
(Vincent et al., 2011:character 39); and (4) a keyhole-shaped
foramen magnum (Druckenmiller and Russell, 2008:character
67). In addition, SMNS 81783 displays a combination of charac-
ters variably found in other elasmosaurids: (1) five premaxillary
teeth (Brown, 1993; Sato, 2002); (2) a dorsomedial process of the
premaxilla contacting the anterior extension of the parietal
(Kear, 2005); (3) a pineal foramen present but not bordered by
the frontal (Kear, 2005); (4) a convex ventral margin of the orbit
(Sachs and Kear, 2015); and (5) a keel on the ventral surface of
the parabasisphenoid (Kear, 2005). Comparisons with available
elasmosaurid skulls (see Table 2) show that the flat dorsal sur-
face of the premaxillae in SMNS 81783 differs from the promi-
nent dorsomedial bump situated anterior to the orbit in
Futabasaurus, Styxosaurus, and Terminonatator (Sato, 2003; Sato
et al., 2006), the prominent dorsomedian ridge present in Ero-
mangasaurus (Kear, 2005), or the low keel reported dorsally
along the midline of the premaxillae in Elasmosaurus (Sachs,
2005). Moreover, in SMNS 81783, the premacxillae bear a total of
10 teeth, contrary to the conditions in Eromangasaurus (7 teeth),
Elasmosaurus (12 teeth), Terminonatator (9 teeth), Kaiwhekea
(7 teeth), or Aristonectes (10-13 teeth) (Carpenter, 1999;
Cruickshank and Fordyce, 2002; Gasparini et al., 2003b; Sato,
2003; Kear, 2005). In SMNS 81783, the external nares are oval
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TABLE 2. Taxa used for comparison, with main references used for
each.

Futabasaurus suzukii Sato et al., 2006 Sato et al. (2006)

Styxosaurus snowii (Williston, 1889) Williston (1889)
Terminonatator ponteixensis Sato, 2003 Sato (2003)
Eromangasaurus australis Kear, 2005 Kear (2005)
Aristonectes parvidens Cabrera, 1941 Gasparini et al. (2003)
Thalassomedon haningtoni Welles, 1943 Welles (1943)

Tuarangasaurus keyesi Wiffen and
Moisley, 1986
Zarafasaura oceanis Vincent et al., 2011

Wiffen and Moisley (1986)

Vincent et al. (2011)

Hydrotherosaurus alexandrae Welles (1943)
Welles, 1943

Callawayasaurus colombiensis Welles (1962),
(Welles, 1962) Carpenter (1999)

Elasmosaurus platyurus Cope, 1869 Sachs (2005)

Seeleyosaurus guilelmiimperatoris GroBmann (2007)

Dames, 1895

and located above the third to fifth maxillary teeth, just anterior
to the orbit. This condition differs from the circular external
nares found in Thalassomedon (Carpenter, 1999), and from the
position of the external nares located above the sixth and sev-
enth maxillary teeth in Styxosaurus or above the second and
third ones in Tuarangisaurus (Carpenter, 1999). The size vari-
ability of the maxillary dentition that incorporates teeth with an
oval cross-section in SMNS 81783 contrasts with the relatively
small and consistently sized dentition present in Aristonectes and
Kaiwhekea (Cruickshank and Fordyce, 2002; Gasparini et al.,
2003b) and the rounded tooth cross-sections of Eromangasaurus
(Kear, 2005) and Terminonatator (Sato, 2003). The ventral mar-
gin of the orbit in SMINS 81783 is convex and mainly formed by
the jugal, in contrast to that reported for Thalassomedon and
Zarafasaura, in which the jugal forms only one-third of the ven-
tral margin of the orbit (Carpenter, 1999; Vincent et al., 2011),
or Hydrotherosaurus, in which the jugal is excluded from the
orbital margin (Welles, 1943), and Futabasaurus, which has a
straight ventral margin of the orbit (Sato et al., 2006). The pineal
foramen present in SMNS 81783 is absent in Futabasaurus,
Hydrotherosaurus, Styxosaurus, Tuarangisaurus, Terminonata-
tor, and Zarafasaura (Welles, 1943; Sato, 2003; Vincent et al.,
2011). Moreover, in SMNS 81783, the pineal foramen is totally
enclosed by the parietals, contra Callawayasaurus where the
frontal forms the anterior border of the pineal foramen (Welles,
1952). In SMNS 81783, the anterior margin of the parietal con-
tacts the frontal at the level of the posterior margin of the orbit,
differing from the situation in Aristonectes, in which the parietal
terminates more anteriorly between the orbits (Gasparini et al.,
2003b). The mandible of SMNS 81783 presents a Meckelian
canal not open for most of its length, contrary to the conditions
in Callawayasaurus and Terminonatator (Welles, 1962; Sato,
2003), and a high coronoid, in contrast to that observed in Ero-
mangasaurus (Kear, 2005). The mandibular symphysis in SMNS
81783 reaches the fourth tooth pair, unlike in Hydrotherosaurus
(three pairs), Terminonatator, Futabasaurus (two to three pairs)
and Aristonectes (one pair). Moreover, the mandibular symphy-
sis represents 15% of the total skull length, contrary to the condi-
tion in Eromangasaurus (23% of the skull length),
Tuarangisaurus (6%), and Zarafasaura (8%) (Vincent et al.,
2011). The characters presented by SMNS 81783 differentiate
this specimen from most elasmosaurid taxa, except Libonectes,
with which many similarities have been found.

Comparison with Libonectes

The diagnosis for Libonectes established by Carpenter (1997)
is principally based on postcranial characters and difficult to
apply for SMNS 81783, which preserves only the skull and the

atlas-axis complex. The only diagnostic cranial character pro-
posed by Carpenter (1997) concerns the preorbital length/skull
length ratio, but according to that author, this character has lim-
ited taxonomic utility (Carpenter, 1997:214). Anatomical com-
parisons between SMNS 81783 and the other elasmosaurids
allow its referral to Libonectes. Moreover, the phylogenetic
result obtained in this study recovers a sister-group relationship
with the two species of Libonectes, supporting the hypothesis
proposed by Buchy (2005).

Comparison with the holotypes of Libonectes morgani and
Libonectes atlasense reveals only a few differences between the
three specimens. A pineal foramen is present in SMNS 81783,
but not in L. morgani and L. atlasense. The virtual reconstruction
of SMNS 81783 reveals the presence of this structure, but it is
hardly visible because of its small size (diameter = 5 mm) as
well as its limited depth (4 mm). This structure is possibly not
observable in L. morgani and L. atlasense because of the poor
preservation of the interorbital region (see Carpenter, 1997,
Buchy, 2005). Lateral to the posterior interpterygoid vacuities,
the ventral surface of the pterygoid in SMNS 81783 is dorsally
concave and its lateral margin is projected ventrolaterally, form-
ing a curved prominent flange. This contrasts with the descrip-
tion of L. morgani given by Carpenter (1997), in which the
pterygoids are plate-like structures (Carpenter, 1997:203).
However, the illustrations of Welles (1949:pl. 3) and Drucken-
miller and Russell (2008:12, fig. 6), as well as the revised charac-
ter score given by Sachs and Kear (2015:character 100), show
that the pterygoids of L. morgani are dorsally concave and simi-
lar to those of SMINS 81783. The pterygoids are not visible in L.
atlasense (Buchy, 2005). The openings situated on the pterygoids
lateral to the posterior interpterygoid vacuities found in SMNS
81783 are absent in L. morgani and not observed in L. atlasense.
Reasonable doubt remains concerning the real nature of these
openings, which could be an artifact of preservation. The dorso-
median ridge found on the dorsal surface of the premaxillae in
L. morgani (see Sachs and Kear, 2015) and L. atlasense (Buchy,
2005:fig. 2) is not present in SMNS 81783, in which the premaxil-
lae appear flattened on their dorsal surface. The dorsomedian
ridge found in L. morgani was not reported in the description of
Carpenter (1997), whereas Welles (1949:8) and Sachs and Kear
(2015:696) described the prominent dorsomedian ridge on the
premaxillae as a feature distinguishing L. morgani from other
Elasmosauridea. The ventral emargination between the third
premaxillary and the third maxillary teeth is concave in L. atlas-
ense (Buchy, 2005) but straight in L. morgani (Carpenter, 1997:
fig. 2) and SMNS 81783. The mandibular symphysis comprises
six teeth in L. atlasense (Buchy, 2005) but eight in L. morgani
(Carpenter, 1997:fig. 2) and SMNS 81783.

It appears difficult to state if SMNS 81783 is more related to
Libonectes morgani or to Libonectes atlasense. Buchy (2005) pro-
posed four diagnostic cranial characters differentiating L. atlas-
ense from L. morgani: (1) the ventral emargination between the
third premaxillary and the third right (fifth on the left) maxillary
teeth is concave; (2) the external naris is situated at the level of
the fourth to fifth maxillary teeth, which are the largest teeth in
the maxillary tooth row; (3) the mandibular symphysis comprises
three teeth; and (4) the mandibular symphysis is flat, posteroven-
trally oriented, and extends to the anterior end of the maxilla.
Specimen SMNS 81783 differs from L. atlasense in all these char-
acters and is thus more similar to L. morgani. Based on the dif-
ferential diagnosis proposed by Sachs and Kear (2015), SMNS
81783 nevertheless differs from L. morgani, based on two charac-
ters: the presence of a pineal foramen and the absence of a prom-
inent dorsomedian ridge on the premaxillae. These differences
might, however, be related to different states of preservation for
the specimens of these taxa, the intraorbital region being poorly
preserved in L. morgani. Similarly, doubt remains about the
prominent dorsomedian ridge on the premaxillae, the absence or
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presence of such a structure being possibly due to intraspecific
variability (e.g., sexual dimorphism), which is still unknown
among plesiosaurians.

The relationships among the different OTUs referred to this
genus remain unresolved. Based on the limited differences, we
refer SMNS 81783 to Libonectes morgani, but the comparison
between L. morgani and L. atlasense is not clear because of the
lack of comparative data. The type specimen of L. morgani is
essentially known from its cranial characters and presents 24%
missing cranial data in the phylogenetic analysis of Benson and
Druckenmiller (2014). Conversely, L. atlasense presents 80%
missing cranial data and SMNS 81783 has an intermediate value
with 50% missing cranial data. The use of computed tomography
on the type specimen of L. atlasense would make it possible to
obtain new information about its cranial characters, and to clar-
ify the relationships among the specimens referred to Libonectes.

Paleobiogeography and Paleoecological Interpretations

The assignment of SMNS 81783, from the Turonian of
Morocco, to Libonectes morgani, a North American taxon
known previously only from the Late Cenomanian of Texas
(Sachs and Kear, 2015), greatly enlarges the paleobiogeographi-
cal distribution of this species. Some affinities between North
American and North African faunas have already been noted for
other Turonian vertebrate taxa, more specifically between
teleostean fishes (Cavin et al., 2010), but also for a pliosaurid
specimen referred to Brachauchenius lucasi (e.g., Angst and
Bardet, 2015).

Thanks to the particular preservation of the fossil (nodule) and
the use of computed microtomography, some structures that are
rarely preserved and difficult to observe, such as the pineal fora-
men and the stapes, could be identified in SMNS 81783. The
pineal foramen is considered to be lacking in many derived elas-
mosaurids (e.g., Wiffen and Moisley, 1986; Carpenter, 1997;
Bardet et al., 1999; Sato, 2003). Its condition (small and shallow)
in SMNS 81783 raises questions regarding its true or artifactual
absence in advanced elasmosaurids. In addition, the absence of
the stapes was considered as a synapomorphy of Elasmosauridae
(Carpenter, 1997), but its occurrence in the elasmosaurids
Tuarangisaurus keyesi (see O’Gorman et al., 2017) and SMNS
81783 challenges this hypothesis. According to Sato et al. (2011),
it is possible that some plesiosaurians lacked an ossified stapes.
However, the morphology of the thin and fragile stapes found in
SMNS 81783 suggests that its supposed absence in most
elasmosaurid specimens is possibly due to their poor state of
preservation.

CONCLUSION

The use of computed microtomography provides new anatom-
ical information on a Moroccan plesiosaurian specimen difficult
to study by direct observation because of its particular mode of
preservation. The digital reconstruction of SMNS 81783 confirms
its position within Elasmosauridae and its assignment to
Libonectes, as previously suggested by Buchy (2005). The speci-
men was referred to Libonectes atlasense by Buchy (2005), but
our study indicates greater similarity to the North American
taxon Libonectes morgani. A reexamination of the holotype of
Libonectes atlasense using computed microtomography will help
to clarify the morphological disparity with L. morgani.
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Abstract

Brain endocasts obtained from computed tomography (CT) are now widely used in the field of comparative
neuroanatomy. They provide an overview of the morphology of the brain and associated tissues located in the
cranial cavity. Through anatomical comparisons between species, insights on the senses, the behavior, and the
lifestyle can be gained. Although there are many studies dealing with mammal and bird endocasts, those
performed on the brain endocasts of squamates are comparatively rare, thus limiting our understanding of
their morphological variability and interpretations. Here, we provide the first comparative study of snake brain
endocasts in order to bring new information about the morphology of these structures. Additionally, we test if
the snake brain endocast encompasses a phylogenetic and/or an ecological signal. For this purpose, the digital
endocasts of 45 snake specimens, including a wide diversity in terms of phylogeny and ecology, were digitized
using CT, and compared both qualitatively and quantitatively. Snake endocasts exhibit a great variability. The
different methods performed from descriptive characters, linear measurements and the outline curves provided
complementary information. All these methods have shown that the shape of the snake brain endocast
contains, as in mammals and birds, a phylogenetic signal but also an ecological one. Although phylogenetically
related taxa share several similarities between each other, the brain endocast morphology reflects some
notable ecological trends: e.g. (i) fossorial species possess both reduced optic tectum and pituitary gland; (ii)
both fossorial and marine species have cerebral hemispheres poorly developed laterally; (iii) cerebral
hemispheres and optic tectum are more developed in arboreal and terrestrial species.

Key words: brain endocast; computed tomography; ecological signal; morphometrics; sensory information;
snakes; squamates.

biomechanical studies. It thus constitutes an important
exploratory tool in biology and opens a range of new possi-
ble investigations (Boistel et al. 2011a; Carril et al. 2015).

Introduction

Computed tomography (CT) allows the reconstruction of

high-quality 3D models of both hard and soft tissues that
can be used for different purposes, such as anatomical and
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Computed tomography is now widely used to visualize
the endocranial space with the construction of digital endo-
casts that may reflect the morphology of the brain and
associated tissues (Anderson et al. 2000; Macrini et al. 2007;
Olori, 2010; Bienvenu et al. 2011; Smith & Clarke, 2012;
Racicot & Colbert, 2013; Ahrens, 2014; Carril et al. 2015;
Corfield et al. 2015; Danilo et al. 2015; Gonzales et al. 2015;
Kawabe et al. 2015), the inner ear (Chapla et al. 2007;
Georgi & Sipla, 2008; Walsh et al. 2009; Ekdale, 2010, 2011,
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2013; Willis et al. 2013), the vascular system (Porter & Wit-
mer, 2015), the cranial nerves (George & Holliday, 2013)
and pneumatic sinuses (Bona et al. 2013). Endocasts are
generated at the interface between the skeleton (typically
bone or cartilage) and the soft tissues (or fluid) lying imme-
diately near it (Balanoff et al. 2015). In the cranial cavity,
the soft tissue forming the interface with the surrounding
skeleton is not the brain but the superficial surface of the
dural meninges, blood vessels and vasculature enveloping
the brain (Walsh & Knoll, 2011). Thus, brain endocasts pro-
vide only an overview of the external morphology of the
brain itself. They may reflect the relative size of the differ-
ent regions of the brain and could provide some informa-
tion about sensory abilities, as well as about the behavior
and ecology of the species (Walsh & Knoll, 2011).

The degree to which the brain endocast reflects the mor-
phology of the brain depends on the degree to which the
brain fills the cranial cavity. This factor can vary widely
between lineages (Jerison, 1973; Hopson, 1979; Witmer
et al. 2008; George & Holliday, 2013) and over ontogeny
(Macrini et al. 2007; Hurlburt et al. 2013). From different
age classes, the brain of the marsupial Monodelphis domes-
tica fills between 67.8% and 86.6% of the endocranial vol-
ume (Macrini et al. 2007), whereas that of the smallest
alligators occupies about 68% of the endocranial space,
and about 32% in the largest alligators (Hurlburt et al.
2013). Mammals and birds, which are generally considered
as highly encephalized taxa (large brains relative to body
size; Balanoff et al. 2015), tend to have brains that nearly
fill the cranial cavity, resulting in a strong correlation
between the volume and morphology of the brain endocast
and those of the brain (Balanoff et al. 2015). Thus, similarly
as the brain morphology that may reflect the influence of
ecological, behavioral and/or phylogenetic factors (Lefebvre
et al. 2004; Walsh & Milner, 2011), the brain endocast of
these taxa tends to have both phylogenetic and ecological
signals (Lyras & Van Der Geer, 2003; Macrini et al. 2007; Car-
ril et al. 2015; Corfield et al. 2015). Additionally, there is an
increasing number of studies performed from brain endo-
casts of mammals and birds. These studies are generally per-
formed to understand the relation between the mass of the
brain and the volume of the cast, but also to consider the
intraspecific variability, reflecting either ontogenetic varia-
tion, sexual dimorphism, or both (Macrini et al. 2007; Bien-
venu et al. 2011; Kawabe et al. 2015), or finally focusing on
the interspecific variability (Kawabe et al. 2013).

Among vertebrates other than mammals and birds, it is
generally admitted that the brain does not entirely fill the
cranial cavity (Balanoff et al. 2015). A commonly cited esti-
mate considers that the brain occupies only 50% of the
endocranial space (Hopson, 1979). However, this ratio is
only based on the observation of one Sphenodon and one
Iguana brain specimens (Hurlburt et al. 2013), and is proba-
bly far from representing a general pattern in non-
endotherms. For example, it has been shown that the brain

almost entirely fills the endocranial space in some extant
chondrichthyans and teleosts (Northcutt, 2002; Balanoff
et al. 2015). Within Squamata (lizards, snakes and amphis-
baenians), a wide range of brain vs. endocranial cavity pro-
portions were found (Kim & Evans, 2014). The lowest brain—
endocranial volume ratio is found in Gecko gecko (0.35),
whereas the false monitor lizard Callopistes maculatus exhi-
bits a brain that nearly fills the endocranial cavity (0.97).
Moreover, snakes and amphisbaenians are known to have a
brain that fills most of the endocranial space (Starck, 1979;
Nieuwenhuys et al. 1998), with a very narrow space
between the brain and the cranial wall. The brain may thus
fill the intracranial cavity in some squamates, indicating
that brain endocasts within these species may reflect the
external morphology of the brain with a certain degree of
accuracy.

CT (i.e. magnetic resonance imaging and X-ray absorp-
tion, as well as X-ray phase-contrast imaging techniques)
has already been used on skulls of squamates for different
purposes, such as the study of the brain (Anderson et al.
2000), the ear (Walsh et al. 2009; Boistel et al. 2011b; Chris-
tensen et al. 2012; Yi & Norell, 2015), the skull morphology
(Rowe et al. 1999; Bever et al. 2005; Rieppel & Maisano,
2007; Comeaux et al. 2010), the vascular patterns (Porter &
Witmer, 2015), and the lacrimal system (Souza et al. 2015).
But to date only a single study has focused on the brain
endocast (Olori, 2010). In her study, Olori reconstructed and
described the endocast of the burrowing snake Uropeltis
woodmasoni and thus provided the first description of a
snake brain endocast. However, as no comparative data are
available within squamates, the results obtained cannot be
discussed in detail. To date, there are several studies pub-
lished about the brain itself or the central nervous system
of squamates (Senn, 1966; Senn & Northcutt, 1973; Hoog-
land, 1982; Smeets et al. 1986; Martinez-Garcia et al. 1991;
Reperant et al. 1992; Lanuza & Halpern, 1997; Nieuwenhuys
et al. 1998; Atobe et al. 2004; Butler & Hodos, 2005; Powell
& Leal, 2014), but the exact relationship between brain
endocasts and brain morphology remains currently
untested for squamates. In addition, data about the brain
endocast morphology in this clade are insufficient to fully
interpret this structure.

The present contribution proposes the first brain endo-
cast comparative study in squamates. It will focus on snakes
that are of particular interest as they show a great diversity
in morphology, and occupy a wide range of ecologies with,
for example, fossorial, aquatic and arboreal species (Heat-
wole, 1999; Greene et al. 2000). Here, we propose to pro-
vide a quantitative anatomical description of the brain
endocast of a wide sample of snake species using different
morphometric approaches in order to: (i) bring new infor-
mation about this structure, its general traits within snakes
and the variation occurring; (ii) test if, as in mammals and
birds, the brain endocast of snakes reflects a phylogenetic
and/or ecological signal.

© 2017 Anatomical Society



Materials and methods

Materials

The material consists of the skull of 45 snake specimens (38 genera
and 43 species; Table 1) illustrating the diversity of snakes in both
phylogenetic and ecological (i.e. habitat) perspectives (Fig. 1). The
dataset is divided into six fossorial, seven arboreal, 13 terrestrial,
nine semi-aquatic and 10 marine species (Heatwole, 1999; Houssaye
et al. 2013; A. Herrel, personal communication). The semi-aquatic
group encompasses species that spend most of their time in fresh-
water without contact with the sea. Three specimens of a single
species, Python regius, were analyzed in order to evaluate the
intraspecific variation.

Data acquisition

Microtomography was performed in order to non-destructively dig-
itize the brain endocast of the specimens. The skull of the speci-
mens studied were scanned: (i) at the University of Poitiers (France),
Institut de Chimie des Milieux et Matériaux of Poitiers (IC2MP, Poi-
tiers, France) using a X8050-16 Viscom model [resolution between
16.7 and 32.3 um; reconstructions performed using Feldkamp algo-
rithm with picict software, version 1.15 (Digisens SA, France)]; and
(i) at the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) using third-generation synchrotron microtomography on
beamlines ID19 and BMS5 (resolution between 5.0 and 14.9 um;
reconstructions performed using filtered back-projection algorithm
with the esrr pyHsT software).

Image segmentation and visualization were performed using
vastubiomax 2.2 (Volume Graphics, Heidelberg, Germany) at the
Palaeontology Imaging Unit of the MNHN/UMR 7207 CR2P and avizo
7.0 (VSG, Burlington, MA, USA) at the UMR 7179 MECADEV. The
segmentation tools of these software packages were used to select
the endocranial space of the specimens thereby allowing separation
of the skull from the endocranial space, and to reconstruct the
brain endocast.

Institutional abbreviations

IC2MP, Institut de Chimie des Milieux et Matériaux, Poitiers, France;
ESRF, European Synchrotron Radiation Facility, Grenoble, France;
MCZ, Museum for Comparative Zoology, Harvard University, USA;
MNHN, Muséum National d’Histoire Naturelle, Paris, France; ZRC,
Zoological Reference Collections, National University of Singapore.

Measurements

For each specimen, 21 measurements were defined and taken to
illustrate the whole 3D shape, volume and surface of the brain
endocast (Fig. 2B). All the measurements made on the brain
endocast were measured point-to-point and obtained with the
digital caliper of vestubiomax 2.2 and the measuring tool of avizo
7.0, both with accuracy of 0.01 mm (see Appendices S1 and S2).
The print of the sutures between the different skull bones visible
on the brain endocast surface were used to define homologous
distances. The following list introduces the measurements taken
on the brain endocast. The different parts of the brain endocast
are named with the same terms as those used for the brain itself
(Fig. 2A), following Butler & Hodos (2005); however, the terms

© 2017 Anatomical Society
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used here do not have a neurological significance and are not
related to neural structures.

(1) Length of the brain endocast (LE): distance between the
anterior-most part of the olfactory bulbs still entirely
surrounded by the frontal bone and the tip of the
suture left by the contact of the supraoccipital with the
two exoccipitals on the dorsal surface of the brain endo-
cast.

(2) Length of the olfactory bulbs (LOB): distance between the
anterior-most part of the olfactory peduncles still entirely
surrounded by the frontal bone and the fronto-parietal
suture.

(3) Length of the groove between the olfactory bulbs (LG):
distance between the anterior-most end of the groove
between the olfactory peduncles and the fronto-parietal
suture.

(4) Height of the main olfactory bulb (HOB): at the level of
the anterior-most part of the main olfactory bulb (MOB)
still entirely surrounded by the frontal bone.

(5) Height of the olfactory peduncle (HOP): at the level of the
fronto-parietal suture.

(6) Width of the olfactory peduncles (WOP): at the level of
the fronto-parietal suture.

(7) Length of the fissura interhemispherica (LFl): distance
between the fronto-parietal suture and the virtual limit
made by the groove between the cerebral hemispheres
and the optic tectum.

(8) Maximal width of the cerebral hemispheres (WCH).

(9) Lateral expansion of the cerebral hemispheres (LCH): dis-
tance between the fronto-parietal suture and the poste-
rior end of the lateral margin of the cerebral
hemispheres.

(10) Maximal height of the cerebral hemispheres (HCH).

(11) Maximal width of the optic tectum (WOR).

(12) Length of the optic tectum (LOR): distance between the
virtual limit made by the groove separating the cerebral
hemispheres of the optic tectum (Fig. 2B) and the tip of
the V-shaped suture between the parietal and the
supraoccipital (Fig. 2A).

(13) Height of the optic tectum (HOR): distance between the
dorsal surface of the optic tectum and the triple point
formed by the suture between the parietal, prootic and
basisphenoid (Fig. 2A).

(14) Length of the pituitary gland (LP): distance between the
fronto-parietal suture and the most posterior point of the
pituitary bulb.

(15) Height of the pituitary gland (HP): distance between the
most ventral point of the pituitary gland and the triple
point formed by the sutures between the parietal, prootic
and basisphenoid.

(16) Width of the inner ear region (WIE): distance between the
two triple points formed by the sutures of the supraoccipi-
tal, prootic and exoocipital.

(17) Dorsal width of the posterior end of the brain endocast
(DWPE): distance taken at the level of the suture between
the supraoccipital and the two exoccipitals seen on the
dorsal surface of the brain endocast.

(18) Length of the posterior part of the brain endocast (LPE):
distance between the tip of the V-shaped suture between
the parietal and the supraoccipital, and the tip of the V-
shaped suture between the supraoccipital and the two
exoccipitals.
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Table 1 List of the material analyzed.

Family Taxon Ab. Ha Collection reference Voxel size (in pm)
Boidae Rhinotyphlops schlegelii Rs F AH Unnumb 13.3
Anomalepididae Typhlophis squamosus Ts F MNHN 1997.2042 5.1
Uropeltidae Uropeltis pulneyensis Up F MNHN 1994.0753 5.0
Cylindrophiidae Cylindrophis ruffus Cy F MNHN 1998.0201 20.1
Aniliidae Anilius scytale An F MNHN 1997.2106 10.1
Pythonidae Python regius P3 T AH Unnumb 33.3
Python regius P2 T AH Unnumb 28.9
Python regius P1 T AH MS 37 21.6
Boidae Boa constrictor Bc A MNHN 1989.0177 7.6
Candoia sp. Ccd T AH Unnumb 33.3
Corallus hortulanus Ch A AH MS 62 32
Eunectes murinus Em SA MNHN 1996.7898 7.6
Acrochordidae Acrochordus granulatus Ag SA ZRC 2.2334 24.2
Pareatidae Pareas margaritophorus Pm A MNHN 1974.1469 7.5
Viperidae Crotalus atrox Cr T AH MS 31 28.5
Agkistrodon contortrix Ac T AH MS 56 23.4
Homalopsidae Enhydris enhydris Ee SA ZRC 2.5507b 24.2
Enhydris punctata Ep SA ZRC 2.3554 24.2
Cerberus rynchops Ce SA MNHN-RA-1998.8583 35.3
Homalopsis buccata Hb SA ZRC 2.6411 24.2
Erpeton tentaculatum Et SA GD Unnumb 7.5
Bitia hydroides Bh M ZRC 2.4374 20.9
Fordonia leucobalia FI SA MNHN-RA-1912.26 33.2
Cantoria violacea Cv SA ZRC 2.3672 20.8
Lamprophiidae Mimophis mahfalensis Mm T MRSN R3171 24.7
Atractaspis irregularis Ai F MNHN 1999.9129 7.6
Elapidae Micrurus lemniscatus Ml T MNHN 1997.2353 7.6
Naja nivea Nn T AH MS 68 28.5
Hydrophis elegans He M MNHN-RA-0.1879 30.7
Enhydrina schistosa Es M ZRC 2.2043 20.8
Astrotia stokesii As M ZRC 2.2032 20.8
Hydrophis major Hm M MNHN 1990 4557 44.8
Hydrophis ornatus Ho M MNHN-RA-1994.6997 36
Pelamis platurus Pp M AH MS 64 31.9
Aipysurus duboisii Ad M MNHN-RA-1990.4519 41
Aipysurus eydouxii Ae M MNHN-RA-0.7704 40.2
Microcephalophis gracilis Mg M ZRC 2.2155 20.8
Natricidae Thamnophis sirtalis Ta T GD Unnumb. 7.5
Colubridae Chrysopelea ornata Co A MCZ R-177291 14.9
Hierophis gemonensis Hg T AH Unnumb 23.4
Hierophis viridiflavus Hv T AH Unnumb 19.2
Dispholidus typus Dt A AH Unnumb 32
Boiga dendrophila Bd A AH MS 102 18.2
Dasypeltis sp. Ds A MCzZ 71877 14.9
Coronella austriaca Ca T AH MS 51 21.6

Ab. represents the abbreviated names of taxa and Ha represents the categories based on habitat: A, arboreal; F, fossorial; M, marine;
T, terrestrial; SA, semi-aquatic; AH, Anthony Herrel personal collections; GD, Gheylen Daghfous personal collections.

(19) Height of the posterior part of the brain endocast (HPE):
distance between the maximum of concavity of the inner
ear region and the ventral margin of the brain endocast.

(20) Width of the ventral part of the brain endocast (WPE): dis-
tance between the two triple points formed by the suture
between the prootic, basisphenoid and basioccipital on
the ventral margin.

(21) Width in the pituitary gland region (WP): distance taken
on the ventral surface of the brain endocast, between the

triple points formed by the sutures between the parietal,
prootic and basisphenoid.

Quantitative analyses

In order to provide complementary information, three different
approaches were used to study the brain endocast variability occur-

ring in snakes.

© 2017 Anatomical Society
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Scolecophidia C Typhlophis squamosus (f)
Rhinotyphlops schlegelii (f)

Cylindrophis ruffus (f)

Uropeltis pulneyensis (f)

Alethinophidia

L Anilius scytale (f)

Python regius (t
Booidae vt gius ()

Macrostomata

Boa constrictor (a)
Candoia sp. (t)
Corallus hortulanus (a)
Eunectes murinus (sa)

Acrochordus granulatus (sa)

Pareas margaritophorus (a)
[ Crotalus atrox (t)

Fig. 1 Schematic phylogenetic relationships
of snakes sampled in the study (modified
from Lee & Scanlon, 2002; Pyron et al. 2011;
Hsiang et al. 2015). Principal ecology/habitat:
fossorial (f), terrestrial (t), arboreal (a), semi-
aquatic (sa), marine (m).

Descriptive character analysis

The differences observed between the various snake brain endo-
casts were listed and coded (see Appendix S3: List of the characters
and Matrix). We used the coded characters to run a principal coor-
dinate analysis (PCoA) in order to evaluate the distances between
the taxa and thus to identify which taxa are similar in brain endo-
cast morphology based on these coded characters: the closer the
species, the more similar the brain endocast morphologies.

Measure analysis
All data (see Appendices S1 and S2) were log10-transformed prior
to analysis to meet assumptions of normality and homoscedasticity
required for parametric analyses. All the analyses were performed
using the statistic software r (R Development Core Team, 2008). To
analyze shape components independently from size, the log-shape
ratios (Mosimann & James, 1979) were calculated based on the raw
log10-transformed linear dimensions of the brain endocast.

In order to take into account the biases induced by measure-
ment repeatability, three specimens of P. regius showing the
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Aipysurus duboisii (m)
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_E Hydrophis major (m)

Hydrophis ornatus (m)
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Hierophis gemonensis (t)

Hierophis viridiflavus (t)

Coronella austriaca (t)

Dispholidus typus (a)

Dasypeltis sp. (a)

Boiga dendrophila (a)

Hydrophiidae

Colubridae

lowest shape variation were selected. According to the data pub-
lished by Aubret et al. (2005), the comparison of their jaw length
seems to differentiate a neonate specimen (P1; jaw length = 25.4
mm) from a juvenile (P3; jaw length = 31.4 mm) and an adult (P2;
jaw length = 40.3 mm) one. Ten repetitions were performed for
each measure on these three specimens. Then, to quantify and
visualize the differences between repetitions, a principal compo-
nent analysis (PCA) was performed. Shape differences between
specimens were much higher than shape differences induced by
repetitions (see Appendix S2).

To evaluate the phylogenetic signal in the shape of the brain
endocast in snakes, we used a multivariate generalization of the K
statistic of Blomberg et al. (2003): the Kmult (Adams, 2014). The
phylogenetic signal is based on a phylogenetic consensus tree
derived from several published phylogenies (Lee & Scanlon, 2002;
Pyron et al. 2011; Hsiang et al. 2015; Fig. 1). Adams (2014) demon-
strated that values of Kmult < 1 imply that taxa resemble each other
phenotypically less than expected under Brownian motion, whereas
values of Kmult> 1 imply that close relatives are more similar to
one another phenotypically than expected under Brownian motion.
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A Interhemispheric
fissure Inner ear
region

Optic tectum

Cerebral hemisphere
SO-pr-eo

S0-€e0
Olfactory bulb S oo e
Offact Pituitary gland
edunglrgs Cerebral hemisphere
p : Rhombencephalon

Fig. 2 Reconstructed brain endocast of Enhydris punctata (Homalopsidae). (A) lllustration of the major structures seen in dorsal and left lateral views:
telencephalon (red), diencephalon (yellow), mesencephalon (green), rhombencephalon (purple). (B) lllustration of the various measurements defined
in Materials and methods, and taken in dorsal, left lateral and ventral views. fr-p, fronto-parietal suture; lim, groove between the optic tectum and
the cerebral hemispheres; p-pr-bs, triple point formed by the sutures between the parietal, prootic and basisphenoid; p-so, parietal-supraoccipital
suture; pr-bs-bo, triple point formed by the suture between the prootic, basisphenoid and basioccipital; so-eo, supraoccipital-exoccipital suture; so-
pr-eo, triple point formed by the sutures of the supraoccipital, prootic and exoocipital; DWPE, dorsal width of the posterior end of the brain endocast;
HCH, maximal height of the cerebral hemisphere; HOB, height of the main olfactory bulb; HOP, height of the olfactory peduncle; HOR, height of the
optic tectum; HP, height of the pituitary bulb; HPE, height of the posterior part of the brain endocast; LCH, lateral expansion of the cerebral hemi-
spheres; LE, length of the brain endocast; LFI, length of the interhemispheric fissure; LG, length of the groove between olfactory bulbs; LOB, length
of the olfactory bulbs; LOR, length of the optic tectum; LP, length of the pituitary bulb; LPE, length of the posterior part of the brain endocast; WCH,
maximal width of the cerebral hemispheres; WIE, width of the inner ear region; WOP, width of the olfactory peduncles; WOR, maximal width of the
optic tectum; WP, width in the pituitary gland region; WPE, width of the ventral part of the brain endocast. Scale bar: 2 mm.
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A PCA was also performed on the data obtained from the measure-
ments made on the 45 snake specimens; the mean of the 10 mea-
surements taken on each of the P. regius specimens was used.

To test the relationships between the habitat/ecology and the
morphology of the brain endocast, the sampled taxa were classified
into five habitat categories (Fig. 1): fossorial, terrestrial, arboreal,
semi-aquatic and marine (Heatwole, 1999; Houssaye et al. 2013; A.
Herrel, personal communication). We performed a standard and
phylogenetic manova, to respectively evaluate whether the brain
endocast variability could reflect the ecology, taking or not the phy-
logenetic relationships into consideration.

Outline curve analysis

For each brain endocast, the ventral and lateral views were selected
to perform an outline curve analysis using geometric morphomet-
rics (Zelditch et al. 2004). We used 2D sliding semi-landmarks (Gunz
& Mitteroecker, 2013) that permit accurate description of homolo-
gous anatomical curves devoid of anatomical landmarks. Sliding
semi-landmarks are allowed to slide, minimizing the bending
energy between each specimen and the mean shape of the dataset.
This step creates a geometric homology between specimens that
permits all classical geometric morphometric analyses. We per-
formed a General Procrustes Superimposition to work on shape
(Rohlf & Slice, 1990) and PCAs for each view.

The dorsal view was not used here because of the difficulty to
distinguish homologous outline curves on the posterior part of the
structure at the level of the inner ear position. In ventral view, the
45 brain endocasts of our dataset were used. In lateral view, we
used the posterior crest formed by the inner ear and three homolo-
gous points as landmarks to facilitate the placement of the curve
semi-landmarks. The sutures between the different skull bones visi-
ble on the posterior part of the brain endocast surface were used to
define homologous points. The first point corresponds to the triple
point formed by the sutures between the basioccipital, exoccipital
and prootic. The second is the triple point formed by the prootic,
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the basioccipital and the basisphenoid. The last point represents the
most ventral point of the suture between the basioccipital and the
basisphenoid. In lateral view, we used 38 specimens because the
sutures are not visible and did not allow the placement of the same
landmarks on Aipysurus eidouxii, Cerebrus rynchops, Corallus hortu-
lanus, Dispholidus typus, Mimophis mahfalensis, the smallest speci-
men of P. regius and Uropeltis pulneyensis.

Results

General description of snake endocast and variability

Here, only a description of the brain endocast will be pro-
vided, without considering the cranial nerves or the inner
ear (data in Boistel et al. 2011b; Yi & Norell, 2015). The cast
of the endocranial space does not only reflect the brain
itself: associated tissues (e.g. venous system) are also recon-
structed during segmentation and may hide some parts of
the brain. The endocast morphology resulting from the seg-
mentation of the endocranial space is described below as a
whole. The brain endocast in snakes is surrounded dorsally
by the frontal and parietal (anteriorly) and the supraoccipi-
tal and exoccipital (posteriorly), laterally by the prootics,
and ventrally by the basioccipital and para-basisphenoid
(Fig. 3). The surface of the brain endocast of snakes is
smooth.

Telencephalon

The telencephalon includes the olfactory bulbs, the olfac-
tory peduncles and the cerebral hemispheres (Fig. 2A). The
MOB and accessory olfactory bulbs (AOB) correspond to the

-
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Fig. 3 Skull of Enhydris punctata (Homalopsidae) in dorsal (A) and left lateral (B) views showing the bones surrounding the brain endocast; (C,D)
with bones rendered transparent to reveal the brain endocast (green) and the inner ear (red). bo, basioccipital; bs, basisphenoid; eo, exoccipitals;

fr, frontal; p, parietal; pr, prootics; so, supraoccipitals. Scale bar: 2 mm.
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Fig. 4 Brain endocasts in dorsal view of (A) Typhlophys squamosus (Typhlopidae); (B) Hierophis viridiflavus (Colubridae); (C) Cylindrophis ruffus
(Cylindrophiidae); (D) Acrochordus granulatus (Acrochordidae); (E) Eunectes murinus (Boidae); (F) Homalopsis buccata (Homalopsidae); (G)
Chrysopelea ornata (Colubridae); (H) Anilius scytale (Anilidae). Scale bars: 1T mm.

anterior-most structure of the brain endocast (Fig. 2A);
however, from the brain endocast only it is not possible to
distinguish one from another. They are attached to the ros-
tral pole of the cerebral hemisphere by short olfactory
peduncles. In dorsal view, a groove is visible running
between the two olfactory bulbs. Posteriorly, the cerebral
hemispheres represent the largest part of the brain endo-
cast and gradually widen laterally. An interhemispheric fis-
sure may be visible on the dorsal surface of the brain
endocast, as attested by a groove between the cerebral
hemispheres. The length of the interhemispheric fissure and
the depth of the groove vary according to taxa.

Some taxa may exhibit olfactory bulbs wider than long,
giving a short and stout aspect (e.g. width/length aspect
ratio superior to one in Typhlophys squamosus; Fig. 4A) in
dorsal view, while most taxa have an olfactory structure
longer than wide (e.g. width/length aspect ratio inferior to
one in Hierophis viridiflavus; Fig. 4B). The lateral margin of
this structure may be mediolaterally convex (e.g. Acrochor-
dus granulatus; Fig. 4D), relatively straight (e.g. Eunectes
murinus; Fig. 4E) or mediolaterally concave (e.g. H. viridi-
flavus; Fig. 4B) in dorsal view. Most species possess in dorsal
view a system composed of two parallel olfactory bulbs and
peduncles (e.g. E. murinus; Fig. 4E). Some others show a
projection that diverges laterally from the fronto-parietal
suture (e.g. Homalopsis buccata; Fig. 4F), whereas others
share the two conditions with parallel olfactory bulbs and
peduncles diverging laterally at their anterior end (e.g. H.
viridiflavus; Fig. 4B). In lateral view, the ventral margin may

be ventrodorsally concave (e.g. M. mahfalensis; Fig. 5D),
convex (e.g. Boiga dendrophila; Fig. 5B) forming a bulge,
or straight (e.g. H. buccata; Fig. 5C). Some taxa (e.g. T.
squamosus; Fig. 4A) do not show any separation over the
whole length of the olfactory peduncles in dorsal view.
Most taxa have olfactory peduncles diverging only at their
anterior end (e.g. H. viridiflavus; Fig. 4B). Some species have
a large space between the two olfactory structures, separat-
ing them along almost their entire length (e.g. A. granula-
tus; Fig. 4D). The width of the olfactory bulbs may vary
antero-posteriorly. At the level of the fronto-parietal suture
and in dorsal view, some taxa possess a posterior part as
wide (e.g. E. murinus; Fig. 4E) or wider (e.g. Cylindrophis
ruffus; Fig. 4C) than the anterior end. However, others have
olfactory bulbs with an anterior end wider than the poste-
rior part (e.g. H. viridiflavus; Fig. 4B).

The relative size of the cerebral hemispheres varies
between taxa. A distinction is seen between those that have
hemispheres wider than long (e.g. width/length aspect ratio
close to 1.4 in Chrysopelea ornata; Fig. 4G) and those that
have a structure as long as wide (e.g. width/length aspect
ratio close to one in T. squamosus; Fig. 4A). A few taxa are
exceptions with cerebral hemispheres longer than wide
(e.g. width/length aspect ratio close to 0.3 in C. ruffus;
Fig. 4C). The lateral extension in dorsal view generally
begins just posterior to the fronto-parietal suture (e.g. E.
murinus; Fig. 4E), but two taxa [C. ruffus (Fig. 4C) and Anil-
ius scytale (Fig. 4H)] exhibit cerebral hemispheres with an
anterior part as wide as the fronto-parietal suture, the

© 2017 Anatomical Society
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Fig. 5 Brain endocasts in left lateral view of (A) Typhlophys squamosus (Typhlopidae); (B) Boiga dendrophila (Colubridae); (C) Homalopsis buccata
(Homalopsidae); (D) Mimophis mahfalensis (Lamprophiidae); (E) Anilius scytale (Aniliidae); (F) Hierophis viridiflavus (Colubridae); (G) Eunectes muri-
nus (Boidae); (H) Enhydrina schistosa (Elapidae); (I) Dispholidus typus (Colubridae); (J) Thamnophis sirtalis (Natricidae). Scale bars: 1T mm.

lateral extension occurring more posteriorly. In dorsal view,
the lateral margin may be rounded (e.g. E. murinus; Fig. 4E)
or relatively straight (e.g. C. ornata; Fig. 4G), providing a
square appearance to the cerebral hemispheres. In lateral
view, differences occur between taxa with cerebral hemi-
spheres developed only along the horizontal axis (e.g. T.
squamosus; Fig. 5A), taxa with cerebral hemispheres devel-
oped in the horizontal plane but with a posterior part direc-
ted ventrally (e.g. H. buccata; Fig. 5C) and taxa with a
dorso-ventral extension at least as long as the horizontal
one (e.g. B. dendrophila; Fig. 5B). The limit between the
cerebral hemispheres and the optic tectum depends on the

© 2017 Anatomical Society

lateral extension of the cerebral hemispheres. Species that
do not have an important lateral extension (e.g. A. scytale;
Fig. 4H) do not show a clear delimitation between the optic
tectum and the cerebrum, contrary to those that have a
groove between the two structures and have laterally
extended cerebral hemispheres (e.g. C. ornata; Fig. 4G).

Diencephalon

The pituitary gland, located ventrally to the cerebral hemi-
spheres, is the only structure of the diencephalon seen on
the brain endocast (Fig. 2A); the pineal gland is not visible.
In addition, the external morphology of the brain endocast

9
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Fig. 6 Brain endocasts in dorsal (upper row) and left lateral (lower row) views of (A) Thamnophis sirtalis (Natricidae); (B) Erpeton tentaculatum
(Homalopsidae); (C) Hydrophis major (Elapidae); (D) Erpeton tentaculatum. Scale bars: 1 mm.

does not allow the hypothalamus and the hypophysis to be
delimited.

The pituitary gland may be marked by the presence in lat-
eral view of a small bulge on the ventral surface of the
brain endocast (e.g. A. scytale; Fig. 5E). But generally the
system shows a structure more developed ventrally, display-
ing (e.g. H. viridiflavus; Fig. 5F) or not (e.g. E. murinus;
Fig. 5G) a posterior projection. Among those displaying a
posterior projection, a distinction is made between those
presenting a tilted system (e.g. Enhydrina schistosa; Fig. 5H)
and those having a posterior projection in the horizontal
plane (e.g. H. viridiflavus; Fig. 5F). Differences relative to
the ventral margin of the posterior projection also occur,
between a curved (e.g. Thamnophis sirtalis; Fig. 5J) and a
flat (e.g. D. typus; Fig. 5l) shape.

Mesencephalon

The mesencephalon lies posterior to the cerebral hemi-
spheres. The optic tectum forms the roof of the mesen-
cephalon (Fig. 2A). From the endocast, the distinction
between the optic tectum and the tegmentum, which is
located more ventrally in the mesencephalon, is not possi-
ble. In dorsal view, the mesencephalon is less wide than the
cerebral hemispheres.

In a few taxa this structure is not distinguishable from the
cerebral hemispheres (e.g. T. squamosus; Fig. 4A). In some
others, the structure is visible in dorsal view only thanks to
its decrease in width as compared with the cerebral hemi-
spheres (e.g. E. murinus; Fig. 4E), and its surface appears
smooth and flattened. However, in other species, the optic
tectum exhibits in dorsal view a pair of domes separated by
a median sulcus (e.g. T. sirtalis; Fig. 6A). Some taxa show (in
dorsal view) a distinct optic tectum as wide as the

rhombencephalon (e.g. H. buccata; Fig. 4F). The others have
an optic tectum wider (e.g. C. ornata; Fig. 4G) or narrower
(e.g. A. granulatus; Fig. 4D) than the ventral margin of the
rhombencephalon. In lateral view, most taxa possess a dor-
sal margin of the optic tectum located at the same height
as the cerebral hemispheres (e.g. E. murinus; Fig. 5G),
except Erpeton tentaculatum, in which the margin is
located more dorsally (Fig. 6D).

Rhombencephalon

Posterior to the optic tectum, the cerebellum is not visible
on the dorsal surface of the brain endocast. According to
Aurboonyawat et al. (2008), the dorsal longitudinal vein
located on the mid-dorsal surface of the brain endocast
must cover it. On the lateral sides of the brain endocast, the
large and round impressions indicate the position of the
inner ear (Fig. 2A). The medulla oblongata is located ven-
tral to the inner ear region, and represents the ventral mar-
gin of the posterior part of the brain endocast.

Most species exhibit a rhombencephalon in lateral view
with a rounded (e.g. Boa constrictor; Fig. 7A) or straight
(e.g. E. tentaculatum; Fig. 6D) ventral margin, but in some
taxa (e.g. Crotalus atrox; Fig. 7B) the ventral margin is trian-
gular, pointing ventrally. The ventral extension of the
rhombencephalon may correspond to the most ventral sur-
face of the brain endocast in lateral view (e.g. B. constrictor;
Fig. 7A) or not (e.g. D. typus; Fig. 5I).

Quantitative analyses

Brain endocasts of snakes show a great variability. This vari-
ability is characterized by different relative proportions
between the structures visible on the brain endocasts (e.g.
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Fig. 7 Brain endocasts in left lateral view of (A) Boa constrictor (Boidae); (B) Crotalus atrox (Viperidae). Scale bars: 1 mm.

size of the optic tectum compared with that of the cerebral
hemispheres), giving a wide range of shapes, from stout
(e.g. T. squamosus), to elongated and gracile (e.g. Pelamis
platurus) or elongated and wide (e.g. B. constrictor) brain
endocasts. Below, this variability is analyzed quantitatively.

Descriptive character analysis
The results obtained (Fig. 8) show that 50.3% of the vari-
ance is explained by the two main principal components
(29.4% and 20.9%, respectively). The distribution of the
taxa indicates that fossorial and marine snakes are both dis-
tinct from those with other ecologies. Among the fossorial
species, Atractaspis irreqularis is quite distinct from two
groups: the first one including U. pulneyensis, C. ruffus and
A. scytale; and the second one made by T. squamosus and
Rhinotyphlops schlegelii. Micrurus lemniscatus and A. gran-
ulatus, a terrestrial and a semi-aquatic snake, respectively,
tend toward the brain endocast morphology found in the
fossorial taxa. Among the marine species of our dataset, E.
schistosa and Microcephalophis gracilis are close to each
other and distinct from other marine snakes. The terrestrial
species show a wide distribution. The isolated position of
M. lemniscatus was already cited above. Hierophis gemo-
nensis, H. viridiflavus and T. sirtalis are close together and
located near the two arboreal snakes D. typus and C
ornata. These species are distinct from M. mahfalensis, C.
atrox, Agkistrodon contortrix, Coronella austriaca and Naja
nivea, which are close together and possess a brain endocast
morphology similar to the arboreal snakes B. dendrophila
and Dasypeltis sp. In addition, the three specimens of P.
regius and Candoia sp. are distinct from the other terrestrial
taxa with a brain endocast morphology tending towards
those found in marine ones. Among the arboreal taxa not
cited above, C. hortulanus, B. constrictor and Pareas margar-
itophorus are close to the semi-aquatic snake Cantoria vio-
lacea. The distribution of the semi-aquatic species overlaps
those of the terrestrial and arboreal snakes. The brain endo-
cast of Enhydris enhydris is similar to that of M. mahfalensis
and distinct from those of E. tentaculum, Fordonia leu-
cobalia, H. buccata and Enhydris punctata, which are
grouped together. The two species C. rynchops and E. muri-
nus are, respectively, close to Candoia sp. and to the three
specimens of P. regius, and tend towards the marine taxa.
The species distribution suggests the existence of phylo-
genetic and ecological signals. Phylogenetically close species
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show more similarities than with other species (e.g. T.
squamosus and R. schlegelii). However, an ecological signal
is also perceived, meaning that species sharing the same
ecology show more brain endocast similarities than species
with a different ecology.

Measure analysis

Intraspecific variability in P. regius. The PCA (Fig. 9)
shows that the two main axes explain 93% of the variance
(80% and 13%, respectively). The repeatability test is posi-
tive as the 10 iterations for each specimen are clearly
grouped and the three specimens clearly distinct, indicating
that the variability caused by the measurement acquisition
is inferior to the variability between the specimens. All vari-
ables seem to act on the distribution of the specimens
[though the impact of LP (length of the pituitary bulb) on
the second axis appears significantly more important than
that of the other variables]. The first principal component
mostly separates the specimens based on size. The variables
principally acting on PCA1 are the height of the olfactory
bulbs (HOB), the length of the optic tectum (LOR) and the
length of the pituitary gland (LP). The smaller specimen (P1)
has the greatest height of the olfactory bulbs, the greatest
length of the pituitary bulb, and the smallest length of the
optic tectum. The second principal component separates
the intermediate specimen (P3) from the two others. The
main variable acting along the second axis is still the length
of the pituitary gland (LP). The intermediate specimen (P3)
shows the smallest height of the olfactory bulb, the great-
est length of the optic tectum and an intermediate value
for the length of the pituitary gland. Finally, the largest
specimen (P2) possesses the greatest length of the pituitary
gland, and intermediate values for the height of the olfac-
tory bulb and for the length of the optic tectum.

Interspecific variability. The PCA obtained with all snake
specimens (Fig. 10) shows that 60% of the variance is
explained by the two-first axes (44.7% and 15.3%, respec-
tively). Fossorial species are clearly distinct from the others,
with a great distribution along the first axis, contrary to the
snakes with other ecologies, that all display a more limited
distribution. The PCA shows some overlap between the
snakes with arboreal, terrestrial, semi-aquatic and marine
habitats, but a gradation is clearly visible. The arboreal and
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terrestrial taxa appear distinct (with no overlap) from the
marine ones. All variables seem to act on the repartition of
the species (see Appendix S4). However, along the first axis,
two variables mostly act on the distribution of the taxa: the
width at the optic tectum level (WOR) and the dorsal width
of the posterior end of the brain endocast (DWPE). The first
axis seems to separate species that have an optic tectum as
wide as the posterior end of the brain endocast (e.g. T.
squamosus) from the ones in which the optic tectum is
much wider than the posterior end of the brain endocast
(e.g. P. platurus). Along the second axis, the width of the
olfactory peduncles (WOP) and the width of the cerebral
hemispheres (WCH) explain most of the variability. These
variables allow to distinguish species presenting a large dif-
ference between the width of the olfactory peduncles and
the width of the cerebral hemispheres (e.g. B. constrictor),
from those that have a smaller difference between these
two widths (e.g. C. ruffus).

The manova performed on the data indicates significant
differences between brain endocasts depending on ecology
(manova: Wilks 4=0.751, F,5,=8.75, P=0.013). The Kmult
test indicates that brain endocast shape in snakes exhibits a
significant phylogenetic signal (Kmult=0.814; P=0.001),
showing the importance to consider the phylogeny in stud-
ies of snake brain endocasts. The phylogenetic manova still
indicates significant differences pending on ecology (phylo-
genetic manova: Wilks 4=0.0074, F,,,=81.748, Pphyl=
0.0087).

Outline curve analysis

The results obtained by the outline curve analyses (Figs 11
and 12) enable to comment on the shape of snake brain
endocasts according to the different ecologies.

«Fossorial
Arboreal

« Terrestrial

* Semi-aquatic

«Marine

Fig. 8 Results of the PCoA performed on the
snake brain endocast characters

(Appendix S3). See Table 1 for name
abbreviations.

The first PCA is obtained from the endocast outline curves
in ventral view (Fig. 11) and shows that 61.9% of total vari-
ance is explained by the two-first axes (44.6% and 17.3%,
respectively). The first axis separates proportionally stout
brain endocasts, wide at the level of the olfactory bulbs and
of the cerebral hemispheres (blue dotted line, Fig. 11, Axis
1), from longer and narrower endocasts (black dotted line,
Fig. 11, Axis 1). Thus, brain endocasts of semi-aquatic, arbo-
real and terrestrial snakes are mostly wide, whereas the fos-
sorial and marine species have an extended distribution
along this first axis, encompassing both wide and narrow
endocasts. However, the distribution of marine taxa is
mainly concentrated towards narrow endocasts and only
two species, Aipysurus duboisii and Aipysurus eydouxii,
move towards wide endocasts. Along the second axis, the
shape of the forebrain (olfactory bulbs and cerebral hemi-
spheres) principally drives the distribution. Brain endocasts
with wide olfactory bulbs have cerebral hemispheres
located more anteriorly (dark dotted line, Fig. 11, Axis 2)
than those with thinner olfactory bulbs (blue dotted line,
Fig. 11, Axis 2). Semi-aquatic, fossorial and marine species
all exhibit a brain endocast with wide olfactory bulbs and
anteriorly located cerebral hemispheres, contrary to the
arboreal and terrestrial snakes that are distributed all along
the axis and thus express the two conditions.

The second PCA is obtained from the endocast outline
curves in lateral view (Fig. 12) and shows that 65.8% of
total variance is explained by the two-first axes (48% and
17.8%, respectively). The first axis illustrates brain endocasts
with well dorsoventrally developed and ventrally oriented
olfactory bulbs, and a posterior part characterized by a
rounded dorsal surface more developed dorsally than the
anterior part (blue dotted line in Fig. 12, Axis 1). These

© 2017 Anatomical Society
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Fig. 9 Results of the PCA performed on the brain endocast variables
for three Python regius specimens, (P1) smaller specimen, (P3) inter-
mediate specimen, (P2) largest specimen. Scatter plot illustrating the
position of the different specimens on the first two principal compo-
nents. DWPE, dorsal width of the posterior end of the brain endocast;
HCH, maximal height of the cerebral hemisphere; HOB, height of the
main olfactory bulb; HOP, height of the olfactory peduncle; HOR,
height of the optic tectum; HP, height of the pituitary bulb; HPE,
height of the posterior part of the brain endocast; LCH, lateral expan-
sion of the cerebral hemispheres; LE, length of the brain endocast; LFI,
length of the interhemispheric fissure; LG, length of the groove
between olfactory bulbs; LOB, length of the olfactory bulbs; LOR,
length of the optic tectum; LP, length of the pituitary gland; LPE,
length of the posterior part of the brain endocast; WCH, maximal
width of the cerebral hemispheres; WIE, width in the inner ear region;
WOP, width of the olfactory peduncles; WOR, maximal width of the
optic tectum; WP, width in the pituitary gland region; WPE, width of
the ventral part of the brain endocast.

brain endocasts differ from those in which the olfactory
bulbs are less developed dorsoventrally and dorsally ori-
ented, and the posterior part presents a flat dorsal surface
located at the same level as the anterior part (dark dotted
line Fig. 12, Axis 1). The brain endocast of the fossorial spe-
cies R. schlegelii is well distinct from those of other taxa,
with a structure very developed dorsoventrally and the pos-
terior region higher than the anterior one. Arboreal and
terrestrial species may show a mix between the two mor-
phologies, with a well dorsoventrally developed brain
endocast but a flat posterior region located at the same
level as the anterior one. Marine snakes tend to have a flat
brain endocast, whereas semi-aquatic and fossorial taxa
show a large distribution presenting the two brain endocast
morphologies. The second axis separates stout brain endo-
casts well developed dorsoventrally, with a slight dorsal
constriction at the limit between the olfactory bulbs and
the cerebral hemispheres (blue dotted line Fig. 12, Axis 2)
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from longer but less dorsoventrally developed brain endo-
casts (dark dotted line Fig. 12, Axis 2), with a ventral con-
striction at the limit between the olfactory bulbs and the
cerebral hemispheres. The distribution of the taxa seems to
indicate that the two morphologies are variably found in
all ecologies. However, the dorsoventrally compressed brain
endocast found in both marine (P. platurus) and terrestrial
(Candoia sp.) snakes differs from the more dorsoventrally
developed brain endocasts found in other taxa sharing their
ecologies.

Discussion

Phylogenetic signal

We detected a significant phylogenetic signal in the snake
brain endocast variability, meaning that it is at least partly
constrained by shared ancestry. Indeed, some patterns or
main trends in the brain endocast morphology reflect
snakes’ systematics. The scolecophidian snakes (R. schlegelii
and T. squamosus; Fig. 1) are the only ones presenting a
brain endocast where the optic tectum is not visible
(Fig. 4A). Within the Booidae (Fig. 1), the surface of the
optic roof is smooth (e.g. E. murinus; Fig. 4E), and the pitu-
itary gland is only developed ventrally. The Hydrophiidae
(Fig. 1) have cerebral hemispheres poorly developed later-
ally (e.g. E. schistosa; Fig. 5H), contrary to the Colubridae
(Fig. 1) that possess cerebral hemispheres very developed
both laterally and ventrally (e.g. H. viridiflavus; Figs 4B and
5F), as well as an optic roof clearly visible with two distinct
domes, and the olfactory bulbs widening on their anterior
part. As the multivariate K was lower than 1, species resem-
ble each other less than expected under a Brownian motion
model of evolution, which shows that, though significant,
the phylogenetic signal remains weak. This suggests that
other factors, such as ecology, do affect the snake endocast
morphology.

Ecological signal

We also detected an ecological signal in the brain endocast
of snakes, even when the phylogenetic relationships were
taken into account. Though the different ecologies tested
here are thus associated with morphological trends of the
brain endocast, it nevertheless appears difficult to associate
one structure with one ecology. Both standard and phylo-
genetic manovas indicate significant differences between
the ecologies, with an impact of all variables on the distri-
bution of snakes. Thus, fossorial species have a brain endo-
cast with a poor lateral development of the cerebral
hemispheres, and not visible or absent optic tectum and
pituitary gland. Marine species exhibit an endocast more
elongated, with cerebral hemispheres poorly developed lat-
erally and projected only in the antero-posterior plan, but
the optic tectum is clearly visible and the pituitary gland is
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developed ventrally. Brain endocasts of terrestrial and arbo-
real snakes differ from marine ones’ by the great lateral
extension of the cerebral hemispheres. Finally, it appears
difficult to distinguish a common pattern for semi-aquatic
snakes.

Within the same ecology, a great variability in brain
endocast morphology can be observed. The results
obtained from the outline curve analysis (Figs 11 and 12)
provide some examples. The cerebral hemispheres of A.
duboisii and A. eydouxii are wider than long and developed
ventrally on their posterior part, whereas in the other mar-
ine taxa of our dataset, the cerebral hemispheres are as
long as wide and only directed in the horizontal plane. The

brain endocasts of P. platurus and Candoia sp. appear more
flattened than those, respectively, found in other marine
and terrestrial species. Finally, the morphology, the propor-
tions and the orientation of the brain endocast of R. schle-
gelii appear very distinct from those found in other
fossorial snakes. It appears difficult to interpret these differ-
ences. It has been demonstrated that constraints imposed
by the environment (e.g. habitat) and activity pattern have
an impact on snake head shape, irrespective of the phyloge-
netic relationships (Fabre et al. 2016; Segall et al. 2016).
These ecological constraints affect the brain endocast mor-
phology in snakes as well. However, it is difficult to deter-
mine with certainty which ecological parameters mostly

© 2017 Anatomical Society



Comparative study of snake endocasts, R. Allemand et al. 15

=
* Semi-aquatic
) = Terrestrial
-
D’ .
4 Marine
Fa )
< * Fossorial
= gl
~ s Arboreal
hal
o~
2
2z o
o 4
=
e A
o
— B,
) —
o
?- 4 Rs

Axis 1 (48%)

Fig. 12 Results of the PCAs performed on the snake brain endocast outline curves in lateral view. The blue and dark dotted lines indicate, respec-
tively, the low and high values along the two axes. See Table 1 for name abbreviations.

affect the brain endocast morphology. The two marine spe-
cies, A. duboisii and A. eydouxii, have a brain endocast
quite different from other marine taxa. It is unclear if these
differences are related to changes in their skull morphology
due to the fish-egg dietary specialization (Sanders et al.
2012), or if the particular morphology of their cerebral
hemispheres has a sensory meaning. Similarly, the flattened
brain endocast of P. platurus, not found in any other mar-
ine specimen from our dataset, could be related to modifi-
cations in the skull morphology associated with its pelagic
condition, only known in this species, or to its unique forag-
ing strategy at the oceanic surface through labile features
such as slicks or drift lines (Brischoux & Lillywhite, 2011). It
will be interesting to decompose the ecology in different
factors (e.g. locomotion, prey capture mode) to determine
which parameters mostly influence the snake brain endo-
cast morphology.

Sensory inferences

Studies in mammals and birds have shown that the endo-
cast morphology, like the brain morphology, may give some
information about species sensory abilities (Sakai et al.
2011a,b; Corfield et al. 2012, 2015; Carril et al. 2015). Sev-
eral studies on snake brain have shown a link between
structure and function (Kubie et al. 1978; Halpern & Frumin,
1979; Halpern & Kubie, 1980; Friedman & Crews, 1985;
Krohmer & Crews, 1987; Crews et al. 1988; Miller & Gutzke,
1999; Wyneken, 2007; Krohmer et al. 2010), but the link
between sensory abilities and brain endocasts has never
been investigated in snakes. According to Starck (1979) and
Nieuwenhuys et al. (1998), the brain of snakes could fill the
majority of the endocranial space, and thus reflect the brain

© 2017 Anatomical Society

anatomy. If it is the case, brain endocasts could provide
information about their sensory abilities. The relationships
between the brain and the brain endocast are currently
untested in snakes (Olori, 2010), and were not the goal of
this study.

In snakes, the MOB is responsible for capturing smells at
the level of the olfactory epithelium, and transmitting them
to the olfactory bulb; the AOB is responsible for pheromone
processing related to chemical social communication and
prey capture (Bales, 2014). The MOB projects mainly to the
lateral cortex and the AOB mainly to the nucleus sphericus
(Lanuza & Halpern, 1997), two structures localized in the
cerebral hemispheres. The MOB and AOB are involved in
different behavioral activities, such as predation, mating
and courtship (Bales, 2014). It is difficult to clearly identify
the two structures and their limits from the brain endocast.
However, morphological differences are perceived between
the sampled taxa and they may imply differences in their
sensory abilities. All snakes have a very developed vomero-
nasal system (Kubie & Halpern, 1979; Bales, 2014); however,
in hydrophiinae sea snakes the MOBs are considered to be
functionless and it seems that they use the AOB for smelling
underwater (Schwenk, 2008; Shichida et al. 2013). Brain
endocasts of hydrophiidae are indeed the only ones to
show olfactory bulbs with a width increasing along the
antero-posterior axis (e.g. E. schistosa; Fig. 5H), which could
correspond to a reduced MOB and a more developed AOB.

The cerebral hemispheres of snakes are composed of dif-
ferent structures (e.g. cortex, nucleus sphericus, anterior
ventricular ridge, amygdala), each being considered as a
link between the sources of sensory information and the
brain structures that control and modulate the behavior
(Halpern, 1980; Bales, 2014). Different studies about the
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lizard brain have shown that the medial dorsal cortices are
relatively bigger in active foragers (Day et al. 1999a,b, 2001;
Ladage et al. 2009). In snakes, males, which have a larger
average territory than females, possess a significantly larger
medial cortex than females (Roth et al. 2006). However, all
these internal structures are not distinguishable on endo-
casts. Moreover, no comparative studies on snake brain
endocasts have been performed to correlate size variation
of these inner neural structures with endocast morphology.
It is thus difficult to evaluate whether the different mor-
phologies exhibited by the cerebral hemispheres of snakes
involve differences in their sensory abilities.

The optic tectum in snakes is involved in the production
of natural orienting movements in response to somatosen-
sory, visual and auditory stimuli (Nieuwenhuys et al. 1998;
Wyneken, 2007), and to signals from the infrared sensory
system found in some snake families (Boidae, Pythonidae
and Crotalinae; Goris, 2011). Several authors have shown
that the size of the optic tectum is correlated to some
behavioral traits and ecologies (Masai, 1973; Nieuwenhuys
et al. 1998). For instance, diurnal species have a larger optic
tectum than burrowing species. From snake endocasts, it
actually appears that all fossorial species have a reduced
optic tectum, (e.g. C. ruffus; Fig. 4C), contrary to terrestrial
and arboreal taxa, which have a large optic tectum (e.g. C.
ornata; Fig. 4G). According to Lillywhite (2014), vision is bet-
ter developed in arboreal snakes, and poorly developed in
burrowing species and some aquatic species living in turbid
waters. It seems thus possible to connect the size of the
optic tectum to the development of vision. According to
Masai (1973), the optic tectum of diurnal snakes is, as a rule,
larger than that of nocturnal ones. However, the correla-
tion between large optic tectum and diurnal activity is not
clear. Some exceptions exist: the endocast of B. dendrophila
(Fig. 5B), a nocturnal snake (Rodda et al. 1999; Shivik et al.
2000), also shows a large optic tectum. There seems also to
be no correlation between the occurrence of an infrared
sensory system and the size of the optic tectum on endo-
casts. Specimens that have infrared organs (e.g. C. atrox;
Fig. 7B) do not exhibit a larger optic tectum than specimens
without infrared organs (e.g. B. constrictor; Fig. 7A). There
is, however, one exception: E. tentaculatum (Fig. 6B-D), the
only specimen that has an endocast with the dorsal margin
of the optic tectum located more dorsally than the dorsal
margin of the cerebral hemispheres. Such features can be
correlated to the special nature of E. tentaculatum, which is
the only snake presenting a pair of appendages that pro-
trude from the face (Catania, 2011, 2012). The tentacles,
useful to detect and locate preys, are innervated by trigemi-
nal fibers to the optic tectum and could be responsible for
its large size in E. tentaculatum.

Snake endocasts also show a great variability in the pitu-
itary gland. This structure is generally considered to be
structurally and functionally the most complex organ of the
endocrine system (Harris & Donovan, 1966). Among

vertebrates, the pituitary of snakes possesses some unique
features: an asymmetrical structure flattened dorsoventrally
and a pars tuberalis never developed (Schreibman, 1986).
From the observation of brain endocasts only, a large vari-
ability is observed. However, it is not possible to determine
whether this variability has a sensory significance. For exam-
ple, brain endocasts of fossorial specimens have a clearly
reduced pituitary gland but it is not clear whether this mor-
phology is an adaptation reflecting the specialization of the
skull due to fossorial activity (Rieppel, 1979; Rieppel &
Zaher, 2000) or if this morphology has a sensory implication.

It is tempting to interpret the brain endocast variability in
snakes through differences in sensory abilities between spe-
cies; however, it is necessary to be very careful in the sen-
sory inferences brought by an endocast study, which gives
only an overview of the external morphology of the brain,
and the complexity of the structure(s) must be taken into
account.

Perspectives

The rapidly expanding interest in, and availability of, digital
tomography data to visualize casts of the vertebrate
endocranial cavity housing the brain (endocasts) represent
new opportunities and challenges to the field of compara-
tive neuroanatomy (Balanoff et al. 2015). In snakes, the
brain endocast is still poorly known and the information
associated with this structure remains untested. The differ-
ent approaches used here have shown that snake brain
endocasts contain both phylogenetic and ecological signals.
However, the degree of influence of these two signals on
the brain endocast morphology is difficult to interpret. It
will be interesting to dissociate the variability due to each
signal. Moreover, to fully understand the brain endocast
structure and its variability among snakes, it appears neces-
sary to decompose the ecology in different parameters (e.g.
locomotion, prey capture mode) in order to test whether
one is particularly associated to one brain endocast struc-
ture.

Beyond the methodological approaches that we used in
this study, the resort to three-dimensional geometric mor-
phometrics (3DGM) would be interesting to improve the
amount of shape changes taken into consideration. How-
ever, the difficulty of finding homologous anatomical land-
marks would impose the use of sliding semi-landmarks on
surfaces (Gunz & Mitteroecker, 2013).

Cranial endocasts also represent a potentially large
amount of unexplored phylogenetic data. Most morpho-
logical data for phylogenetic analyses of vertebrates come
from the exterior shape of the skull (Gauthier et al. 2012).
Internal cranial morphology is poorly represented in phylo-
genetic analyses because of the difficulty in visualizing and
studying this anatomy. The advent of CT technology pro-
vides the potential to incorporate these new data into phy-
logenetic analyses.

© 2017 Anatomical Society



Finally, in the context of the strong debate about the
phylogenetic and ecological origin of snakes (Lee et al.
1999; Conrad, 2008; Hsiang et al. 2015; Martill et al. 2015;
Reeder et al. 2015; Yi & Norell, 2015), endocranial studies
might be of strong interest. Their application on crown
snakes and lineages closely related to snakes (i.e. varanids,
dibamids, mosasauroids) would provide major complemen-
tary information.

Conclusion

We used different methods to describe the brain endocast
of snakes: descriptive characters, outline curve analysis,
measurement series, and we observed a great variability in
the brain endocast morphology of snakes. These methods
provided different complementary information but all have
shown that the shape of this structure contains, as in mam-
mals and birds, a phylogenetic signal but also an ecological
one. The different trends observed in the brain endocast
morphology distinguish the different ecologies, notably fos-
sorial and marine snakes. The great diversity observed in
the brain endocast of snakes, even within the same ecology,
appears difficult to interpret, and further analyses on the
relation between brain endocast and ecological and sensory
factors will be required. Biological inferences based on this
structure should thus be made with caution and it is impor-
tant to understand the complexity of this structure in order
to avoid quick potentially wrong assumptions.
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ABSTRACT

As windows into the deep history of neuroanatomy, endocasts may provide information about the central
nervous system of fossil taxa. Based on exceptionally preserved specimens of coeval mosasauroids
(Squamata) and plesiosaurians (Sauropterygia), from the Turonian outcrops of Goulmima (Southern
Morocco), the aim of this work was to describe for the first time in detail the endocranial anatomy of
these two major clades of Mesozoic marine reptiles to provide insights about their sensory abilities, and
thus to understand their cohabitation, interactions and niche partitioning. The endocranial anatomy of
related extant squamates, mainly snakes but also varanids and amphisbaenians, also almost unknown
until now, has been performed for the first time and used for comparative purpose to analyze the form-
function relationships associated to endocasts. The analysis of the endocranial variability in extant
squamates pointed out that endocasts reflect both phylogenetic and ecological signals, and that the
relative size of each endocranial structure can be used to reveal differences in vision and olfaction
according to taxa. Among fossil taxa, computed tomography was used to reconstruct in detail the cranial
morphology of three unpublished specimens of Plesiosauria. These specimens have been examined and
described, two have been referred to the elasmosaurid Libonectes morgani and the third one is an
indeterminate polycotylid. The 3D morphology of the endocast has been reconstructed for these
plesiosaurian specimens and the basal mosasauroid Tethysaurus nopcsai. The results show that the
endocranial morphology of Plesiosauria differs from that know in other extinct and extant vertebrates.
Based on the relative size of the structures composing their endocasts, both the mosasauroid Tethysaurus
and the plesiosaurians seem to rely more on vision than on olfaction to interact with their environment.
However, these new endocast data, added to information already available in the literature suggest
different modes of locomotion and hunting techniques, which probably allowed them to coexist in
Goulmima as quaternary consumers.

Key words: endocast, mosasauroid, plesiosaurians, Goulmima, sensory abilities, paleoecology.

RESUME

En reflétant une image plus ou moins fidele du cerveau, I’endocrane permet d’accéder au systéme
nerveux des especes fossiles. A partir de spécimens exceptionnellement préservés de mosasaures
(Squamata) et de plésiosaures (Sauropterygia), provenant des affleurements turoniens de Goulmima
(sud du Maroc), ce travail a pour but de décrire, pour la premiére fois en détail I'anatomie endocranienne
de ces deux grands clades de reptiles marins du Mésozoique. Cette étude a pour but d’inférer leurs
capacités sensorielles permettant de comprendre leur cohabitation, leurs interactions et leur position au
sein du réseau trophique. L'anatomie endocranienne des squamates actuels, principalement des serpents
mais aussi des varans et des amphisbénes, presque inconnus jusqu'a présent, a également été étudiée a
des fins comparatives afin d’analyser les relations forme-fonction associées aux endocrénes. La
variabilité morphologique de I’endocrane chez les squamates actuel démontre un signal phylogénétique
mais également écologique. De plus, la taille relative de chaque structure endocranienne révele des
différences de vision et d'olfaction selon les especes. Parmi les taxons fossiles, la microtomographie a
été utilisée pour reconstituer en détail la morphologie cranienne de trois nouveaux spécimens de
plésiosaures. Deux de ces spécimens ont été assigné a 1’élasmosaure Libonectes morgani et le troisieme
a un polycotylidé indéterminé. La morphologie 3D de I'endocréane a été reconstruite pour ces spécimens
ainsi que pour le mosasaure basal Tethysaurus nopcsai. La morphologie endocranienne des plésiosaures
différe de celles retrouvées chez les vertébrés éteints et actuels. En se basant sur la taille relative des
structures composant leurs endocranes, le mosasaure Tethysaurus et les plésiosaures semblent davantage
utiliser la vision que l'olfaction pour interagir avec leur environnement. Ces nouvelles données
endocraniennes, ajoutées aux informations déja disponibles dans la littérature, suggerent différents
modes de locomotion et techniques de chasse, ce qui leur a probablement permis de coexister a
Goulmima en tant que prédateur.

Mots clés : endocrane, mosasaure, plésiosaure, Goulmima, capacités sensorielles, paléoécologie.



