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Preface

In January 2025, as this Special Issue was nearly completed, our colleague Marfa Pdramo-Fonseca
(1963-2025), an internationally recognized Colombian specialist in marine reptiles, passed away. A
brilliant paleontologist and geologist, Maria was a pioneer in her country, having described most
of the Mesozoic marine vertebrates from Colombia. She also trained numerous young researchers
who, we hope, will carry on her scientific and social work of promoting Colombian paleontological
heritage.

As a colleague and, above all, as a friend and “scientific sister” of more than 30 years, I am very
sad to hear of her early loss. However, I am happy that one of her final contributions can form part

of this Special Issue, which is dedicated to this exceptional woman.

Nathalie Bardet
Guest Editor
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2
Abstract: Elasmosaurids comprise some of the most extreme morphotypes of plesiosaurs. Thus,
the study of their neck and vertebrae elongation patterns plays a crucial role in understanding
the anatomy of elasmosaurids. In this study, the taphonomic distortion of the holotype of Elas-
mosaurus platyurus and its effects on the vertebral length index (VLI) values are evaluated, and a new
index to describe the neck is proposed (MAVLI = mean value of the vertebral elongation index of the
anterior two-thirds of neck vertebrae). The results provide a strong foundation for a new scheme of
neck elongation patterns that divide the diversity of the neck elongation of plesiosauriomorphs into
three categories: not-elongate (MAVLI < 95 and Max VLI < 100), elongate (125 > MAVLI > 95 and
100 < Max VLI < 135), and extremely elongated (MAVLI > 125 and Max VLI > 135).

Keywords: Plesiosauria; Elasmosauridae; Elasmosaurus platyurus

1. Introduction

Elasmosaurid comprises some of the most extreme plesiosauromorph morphotypes [1,2]
with Elasmosaurus platyurus being recognized as the vertebrate with the highest cervical
account (72 cervical vertebrae [2,3]). Although more than 40 cervical vertebrae are shared
by all members of the family, a high variability in both cervical count and the relative
elongation of cervical centra are recorded among elasmosaurids [3-6].

Among the records of plesiosaurians, the cervical centra are the most frequently pre-
served elements due to their high number per individual and preservational characteristics
(i.e., box-like compact bones [7,8]). Therefore, cervical vertebrae have played an important
role in the taxonomy of elasmosaurids since the 19th century (see [8] for a detailed review).
However, after Welles [8] and its comprehensive discussion, the use of isolated cervical
centra as diagnostic elements at the genus level has been dismissed. Despite this, the study
of variation in vertebral elongation and the patterns of elongation of complete cervical
regions among elasmosaurids continued during the second half of the 20th century and the
first years of the 21st century. Brown, [9], created the Vertebral Length Index (VLI), while [1]
used the term “plesiosauromorph” to describe the plesiosaur morphotype characterized
by a long neck and a small skull. Later, O’Keefe and Hiller [4]) studied the patterns of
the VLI of cervical regions among elasmosaurids. Their general conclusions followed
those of Welles [7] about the low diagnostic value of isolated vertebrae at the genus or
species level and drew attention to the high variability in neck elongation, commenting
that “variability reigns” [4] (p. 216). However, they made the first steps in the classification
of neck elongation patterns, indicating that Elasmosaurus platyurus and Styxosaurus sp.
(their “elongate” group) strongly differed from other elasmosaurids, showing a pattern
of a high number of cervical vertebrae and vertebral elongation values far higher than in
other elasmosaurids. Despite some difficulties related to the extreme variability observed,
O’Keefe and Hiller attempted to create criteria to differentiate between these two groups
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based on complete and incomplete necks. Additionally, those authors stated that the
“elongate” group was restricted to the Western Interior Seaway (WIS) [4]. The absence of
the recognition of a third (with short vertebrae) group is related to the systematic affinities
of aristonecines considered by the authors. Later, the recognition of the elasmosaurid
affinities of aristonectines and the description of Nakonanectes bradti increased the known
range of variation in cervical elongation patterns among elasmosaurids by adding elas-
mosaurids with relatively shorter cervical centra [6,10,11]. Otero et al. [12] proposed a
modification in neck elongation terminology, using the term “extremely elongated form”
to nominate the member of the “elongate” group of O’Keefe and Hiller [4] and adding the
category “plesiomorphic elasmosaurids” (Otero et al. [12] (p. 254), also called “intermediate
elasmosaurids” in the same contribution (Otero et al. [12] (p. 256), for the more typical
elasmosaurid neck. They also used the term “aristonectine” to group the neck elongation
pattern observed among elasmosaurids that are members of the Aristonectine subfamily
(Aristonectes parvidens, Aristonectes quiriquinensis, Kaiwhekea katiki, and Wunyelfia maulensis)
for the first time. Otero [5] added the following names for the vertebral morphotypes char-
acteristic of the latter three groups: “can-shaped” cervical vertebrae, “Cimoliasaurus-grade”
cervical vertebrae, and “aristonectine-type” cervical vertebrae.

This short introduction can be summarized as follow: (1) the neck elongation pattern
(in terms of the number of cervical vertebrae and elongation of vertebral centra) has played
a central role in the study of elasmosaurid diversity, and (2) different terms were proposed
to describe this diversity (Tables 1 and 2). This long story all started with the description of
Elasmosaurus platyurus, which coincidentally is also one of the extreme forms in terms of
cervical elongation [4].

Table 1. Comparison of terminology regarding the neck elongation pattern of elasmosaurids.

Range VLI Average VLI Other Features Vertebra Type
O’Keefe and Hiller, 2006
Non-elongate group 30 ~100 Cimoliasaurus-grade
Elongate Some cervical VLI 150 Can-shape
Group 60-100 125-138 to 200/ erratic variation (some vertebrae)
Otero et al., 2015
Plesiomorphic/
Intermediate 99 Cervical count~60 Cimoliasaurus-grade
elasmosaurids
Extremely long-necked 135 Cervical count~72-76 Can-shape
forms
Aristonectine 80 Cervical count~43 Aristonectine

Table 2. Approximate equivalence between [4,12] categories of neck elongation pattern of elas-

mosaurids.
O’Keefe and Hiller, 2006 [4] Otero et al., 2015 [12]
Non-elongate group Plesiomorphic elasmosaurids/intermediate elasmosaurids
Elongate group Extreme long-necked elasmosaurids

_ Aristonectinae

The type genus of the family Elasmosauridae, Elasmosaurus, comprises only one
species, Elasmosaurus platyurus (ANSP 10081, holotype). This species is a key member
of the “elongate” group among elasmosaurids, characterized by its extremely long neck,
as evidenced by the high number of cervical vertebrae and the values of the vertebral
elongation index (VLI). A detailed examination of the cervical vertebrae count has been
conducted by [2], revealing 72 cervical vertebrae. However, less attention has been given
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to the taphonomic distortion of the holotype specimen (ANSP 10081) and its impact on
the VLI values of the cervical vertebrae. It is clear that the taphonomic distortion of ANSP
10081, the holotype of E. platyurus, was evident since its original description by Cope.
He noted that “the whole skeleton has been under considerable pressure so that most of
the ribs have been pressed flat out the vertebrae; the long parapophyses (cervical ribs)
of the cervicals have most of them been fractured at their bases and compressed, those
of opposite sides thus approaching more nearly in the form of the chevron bones than
otherwise would have done” [13] (p. 48). Cope also mentioned that “the proximal cervicals
are obliquely flattened by the pressure” [13] (p. 48) and that “many of the preserved ribs
have been pressed upon the vertebrae and crushed” (Cope, 1869 [13] (p. 49)). However, a
few years later Cope wrote that “the other cervicals have the bodies naturally flat, with the
articular surface much less so than the median portions” [14] (p. 80) without any mention
of taphonomic distortion.

Later, Welles [15] (p. 185) commented on ANSP 10081 (indicated as ANSP 18001
by [7,8]), stating that it is the only known elasmosaurid with compressed cervicals and
suspecting that the compression is due to crushing. However, a decade later, in Welles [7]:
Table 1 the measurements L, H, and B of the vertebral centra of ANSP 10081 were provided,
but the strong deformation of the cervical centra was not explicitly addressed, and only
a few values were given in italics, indicating estimated values. This suggests a possible
change in Welles’s perception of the extent of the deformation of the specimen. Sachs
later mentioned that “most vertebrae are laterally compressed, with this compression
being stronger in the middle cervical region than in the anterior or posterior section.” [16]
(p- 97). Finally, O’Keefe and Hiller acknowledged that previous researchers relied on the
assumption that they included only measurements that appeared close to the original
values. However, they also noted that it would be “naive” to assume that there is no
preservation error in the data, although they believed the generated error was minimal [4].

In summary, the recognition of the taphonomic distortion of the ANSP 10081 has been
variable among researchers. However, while several researchers have acknowledged the
taphonomic distortion of the holotype, no attempt has been made to quantify or analyze
the influence of this factor on the VLI values.

The main goal of this contribution is to analyze the taphonomic distortion of the
ANSP 10081, re-evaluate the neck elongation pattern of Elasmosaurus platyurus, simplify
the definition and terminology of neck elongation patterns, and extend the conclusions to
other plesiosauromorphs to describe their evolutionary history.

1.1. Anatomical Abbreviations

BHI, breadth to length index; BI: breadth index; cr, cervical rib; HI, height index;
MAVLI: mean of the VLI values of the cervical vertebrae of the anteriormost two-thirds of
the neck; nc, neural canal; VLI, Vertebral Length Index.

1.2. Institutional Abbreviations

AMNH, American Museum Natural History, New York, USA; CM, Conway Museum,
Christ Church, New Zealand; DMNS, Denver Museum of Nature and Science, Denver,
Colorado, USA; MGUAN, Museu de Geologia da Universidade Agostinho Neto, Luanda,
Angola; ANSP, The Academy of Natural Sciences of Drexel University, Philadelphia, USA;
MLP, Museo de La Plata, Buenos Aires Province, Argentina; NHMUK, Natural History
Museum, London, United Kingdom.

2. Materials and Methods
2.1. Methods
2.1.1. Indices
Linear measurements were taken using a mechanical caliper, which allowed for an

accuracy of 0.1 mm. The indices considered are those proposed by Welles (1952), which take
into account the ratio between the centrum length (L) and height (H) (HI = 100 x H/L),
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and the ratio between centrum breadth (B) and length (BI = 100 x B/L). Both breadth
and height were measured on the posterior articular face. The Vertebral Length Index
(VLI = 100 L/(0.5 x (H + B))) proposed by Brown was also used [9]. Additionally, a
new index is defined: MAVLI = mean of the VLI values of the anteriormost two-thirds of
the neck.

2.1.2. Retrodeformation

The process of restoring the original form of a fossil body is called retrodeformation.
General methods for retrodeformation require a final shape to reach, the restitution of
bilateral symmetry, or an external source that indicates the direction and magnitude of
strains [17]. Complete retrodeformation is unachievable as there is no certainty about
the original shape, the lateral compression maintains an approximate bilateral symmetry
(Figure 1), and there is no external indicator of the main strain direction. However, a
complete retrodeformation is not the objective attempted here. Instead, it is intended to
determine the degree to which taphonomic distortion affects the VLL

The former problem was dealt with by following an approach divided into three steps.
First, the material is described, and the main direction of distortion is determined (based
on the reduction of the neural canal and the direction of cervical ribs, the main direction is
lateral compression, mainly affecting the B value; see description, Supplementary Materials
1). It is clear that each area of the vertebrae was affected in different grades, however, as
the objective here is punctual (retrodeformed the B values) the accounting for anisotropy in
distortion is unnecessary for our current purposes.

The second step is to estimate the value of B (cervical centrum width) prior to the
deformation. To test the tool used, the series of the B values of cervical vertebrae in three
mostly undistorted or slightly distorted specimens of elasmosaurids were analyzed: the
elasmosaurids with high vertebral elongation, Elasmosaurinae Styxosaurus sp. (AMNH
5835, from [18], Supplementary Materials 2 Table S1), and the more conservative weddel-
lonectians Tuarangisaurus sp. (CM Zfr 115, from [4], Supplementary Materials 2 Table S2)
and Vegasaurus molyi (MLP 93-1-5-1, from [19], Supplementary Materials 2 Table S3). The
objective was to analyze the significance of the regression line between B value and cervical
position and its statistical significance (referred to as “complete analysis” hereafter). An
additional regression line was calculated using only the B values of the first and last ten
cervical centra (referred to as “reduced analysis” hereafter). As both regression lines are
statistically significant but extremely similar, it is assumed that the reduced regression line
could be used as an accurate proxy model of the complete regression lines, generating
a useful tool to estimate B values when there is a gap in the middle cervical series of
elasmosaurids but the number of missing values (missing or distorted vertebrae) is known.

Following this strategy, the original sequence of B values of ANSP 10081 is obtained
using a regression line of the first and last ten cervical centra of ANSP 10081, as they are less
deformed (first ten cervicals, ST2) or nearly undeformed (last ten cervical, Supplementary
Materials 1 Table S1). Lastly, using the estimated B values of ANSP 10081, an estimated
series of VLI is obtained (Supplementary Materials 1 Table S1). All of the analyses were
carried out with R software package stats and nortest [20,21]. The complete script is given
as supplementary data in Supplementary Materials 3. All of the analyses were performed
using R software [21], complete script and data used is given as Supplementary Materials 3.
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Figure 1. Cervical vertebrae of Elasmosaurus platyurus (ANSP 10081). (a) The 3-5th cervical vertebrae
in left lateral view, (b) 3rd cervical vertebra in posterior view, and (c) 3-5th cervical centra in ventral
view. (d—f) The 11th cervical centra in (d) left lateral, (e) posterior, and (f) ventral views. (g-i) The
27th cervical centra in (g) left lateral, (h) posterior, and (i) ventral views. (j-1) The 33rd cervical
vertebra in (j) left lateral, (k) posterior, and (1) ventral views. (m-o) The 68-69th cervical vertebrae in
left lateral view. (n) The 69th cervical vertebra in posterior view. (0) The 68-69th cervical vertebrae in
ventral view. Scale bar = 50 mm. cr, cervical rib, nc, neural canal.
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3. Results
3.1. Systematic Paleontology

Sauropterygia Owen, 1860 [22]
Plesiosauria de Blainville, 1835 [23]
Elasmosauridae Cope, 1869 [13]
Elasmosaurus platyurus Cope, 1868 [24]

Materials: ANSP 10081, skeleton, comprising both premaxillae, part of the maxilla, two
maxillary fragments with teeth, anterior part of dentaries, three jaw fragments, and indeter-
minable cranial fragments, 72 cervical vertebrae, including the atlas—axis complex, three
pectoral, six dorsal, four sacral, and 18 caudal vertebrae, and rib fragments. Additionally,
originally preserved pectoral and pelvic girdles are now missing.

Locality and Horizon. Near McAllaster, Logan Country, Kansas. Sharon Springs Shale
Member, Pierre Shale (lower Campanian).

3.2. Numeration and Order of Vertebrae

The vertebrae are labeled using paper labels, inked in black and labelled with white
circles (Figures 1 and S1). None of these are completely coincident. Here, the latter labels
(in white circles) are followed, except for vertebrae 9 and 10, which are interpreted as
inverted. Additionally, half of a centrum relocated by [2] is intercalated as vertebrae 14
(between the 14th and 15th labeled in white circles).

3.3. Taphonomic Distortion

The cervical region of ANSP 10081 is laterally compressed, but this compression is
variable along the neck and affects the vertebral centra, cervical ribs, and neural canal. The
atlas—axis complex shows a strong lateral compression, even showing an asymmetrical
distorted neural canal (Figure 1e k). The post-axis cervical vertebrae also show evidence of
distortion as the cervical ribs are unnaturally displaced to the sagittal plane (vertebrae 7-10,
Figure 1d-f). In ventral view, the third cervical vertebra shows the typical morphology, but
in the third post, the cervical shows a deep concavity formed partially by the displacement
of cervical ribs. The same is observed in vertebrae 11-18 (Figure 1f), with cervical ribs
misplaced to the sagittal plane, almost touching in the midline, and the distortion of
articular faces. The same vertebrae show that the neural canal is also strongly compressed.
The same pattern is observed in vertebrae 19-27, although the depression generated in
the ventral surface is more marked (Figure 1g—i). In the vertebrae 28-33 (Figure 1j-1), the
lateral compression becomes more marked, and cervical ribs are also displaced toward the
sagittal plane. The vertebrae 34—43 show an increased ventral concavity generated by the
displacement of the cervical ribs. Vertebrae 48-54 are not well prepared. Therefore, it is
impossible to evaluate them. Vertebrae 55-59 show a less depressed ventral surface, but the
ventral foramina are elongated. The vertebrae 60-64 show a less deformed vertebra, and
the ventral surface becomes flat to convex. Vertebrae 65-72 show the least distortion of the
series with a wide neural canal and visible and elliptical ventral foramina (Figure 1m-o).

3.4. Measures of Cervical Centra

The values of L, H, and B are given in Supplementary Materials 1 Table 51 and Figure 2.
In the cranio—caudal direction, the length (L) values increase approximately from the 45th
to the 55th cervical vertebrae and then tend to decrease until the posteriormost cervicals.
The height (H) values show a growing tendency in the cranio—caudal direction along the
neck, with few exceptions. Finally, the width (B) values show a clear growing cranio—
caudal sequence with a long plateau between the 35th and 50th cervical vertebrae and
middle cervicals.
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Figure 2. Values of length (L), height (H), and width (B) of cervical centra of the holotype of
Elasmosaurus platyurus (ANSP 10081). Black arrow indicate the vertebral range with the main
taphonomical distortion.

3.5. Estimation of Retrodeformed B Values in Elasmosaurus platyurus

The results of regression lines of the complete B value sequences and the first ten B
and last ten B values against the cervical position are given in Table 3. All (complete and
reduced data) show a high 12 value and are statistically significant (« < 0.05). Additionally,
the comparison between each part indicates that, in each case, the regression lines show
no significant differences. Therefore, the B value of the cervical centra of Elasmosaurus
platyurus (ANSP 10081) is estimated using the regression lines of reduced data (Table 4).

Table 3. Regression line of vertebral position vs. B values for first ten and last ten cervical vertebrae:
ac = linear coefficient of complete regression; ar = linear coefficient of reduced regression.

Regression 2 Regression Line p-Value ac/ar
SHYXOSAUTILS Sp. 09919676y =1.795x + 27.41 <2.10716
(complete) 0.988
StyX0Sauris sp. 0.9935 y = 1.816x + 29.625 <2.10716
(reduced)
Tuarangisaurus sp. 0.9848 y =1.08x + 36.8 <2.10-16
(complete) ’ ’ ’ ’ 1018
Tuarangisauriis sp. 0.9933 y = 1.06x +35.30 <2.10716
(reduced)
Vegasauruis molyi 0.979 y = 1.411x + 27.534 <2.10716
(complete) 1016
Vegasaurus molyi 0.9941 y = 1.389x + 25.837 <6.71.10716

(reduced)
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Table 4. Regression model obtained for B values of cervical centra of ANSP 10081 vs. vertebral

position.
Regression 2 Regression Line p-Value
Elasmosaurus 0.9828 y = 1.46x + 34.61 <2.20-16

platyurus (reduced)

The ten anteriormost cervicals of (ANSP 10081) show lateral compression (although
less than the middle cervical vertebrae). Therefore, although arbitrary, 10% is added
to the original B values in order to diminish its effect in the complete regression prior
to the calculation of the regression line. The regression line of vertebral position vs. B
values obtained for the first ten (corrected by adding 10% as they show a visible lateral
compression) and the posteriormost ten (mostly uncompressed) cervical vertebrae of
Elasmosaurus platyurus is given in Table 4.

4. Discussion
4.1. Elongation Pattern of Elasmosaurus platyurus

The first point to discuss is the differences in values between different versions of the
data sets of the VLI values of ANSP 10081 (Table 5) and graphs (Figure 3). The differences
between the data of Welles [8] and Sachs [16] are explicable as differences in measures
(including the articular face, which is considered an observational error) and some changes
in vertebral order. On the other hand, the differences between the latter two VLI sequences
and the VLI estimated here are quite high and require other explanations. The main
differences are explainable by the strong lateral compression suffered by the cervical
vertebrae, almost closing the neural canal, displacing the ribs and reducing the B values.
Additionally, the description reinforces this assumption regarding a significant distortion,
and indicates that the most affected zone is the middle cervical zone (also commented on
by Sachs, 2005 [16]), where the L values reach their maximum. The combination of the
latter two elements (high L values and B maximum reduction by deformation) generates
the highest VLI values of the neck of Elasmosaurus platyurus. These values correspond with
the middle cervical region of Elasmosaurus platyurus.

Table 5. Comparison of VLI mean value, VLI standard deviation, MAVLI, and Max VLI.

Data Source VLI Mean VLI sta. Devw. MAVLI Max VLI
Welles, 1952, O’Keefe and
Hiller, 2006 [4,8]. 137.72 27.15 150 174
Sachs, 2005 [16]. 136.07 22.73 143 175
New measures, this paper 129.72 23.22 141 160
Estimated measures, this paper 118.29 17.65 127 145

The estimation of the undeformed B and VLI values (Supplementary Materials 1
Table S1, Figure 3) indicates that Elasmosaurus platyurus, the iconic species of the elongated
group, seems to show a VLI lower than previously considered. Therefore, the definitions of
the neck elongation patterns should be modified. The division into fixed categories is not
possible at all. However, the diversity seems to fall into three main groups following the
ideas of [4,5], and some criteria appear to be valid. Particularly important is to remark on
the mean value of VLI in the anterior two-thirds of the neck (MAVLI, hereafter). The new
definitions of categories proposed here are given below (Table 6).
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Figure 3. Values of VLI (vertebral length index = 100*L/((H + B)/2) of cervical centra of the holotype
of (ANSP 10081) Elasmosaurus platyurus. (a) comparison of original VLI values and thse obtained
after correction of taphonomic distortion; (b), Comparison of VLI values after [8,16] and this paper
after retrodeformation.

Table 6. Definitions of categories of neck elongation patterns proposed in this contribution.

MAVLI Max VLI HI, BI Middle Cervical
Non-elongated MAVLI <95 <100 HI~100; BI > 140
Elongated 125 > MAVLI > 95 100 < max < 135 HI~70-80; BI < 140
Extremely elongated MAVLI > 125 >135 Some vertebrae HI < 65
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4.2. Classification of Elasmosaurid Neck Elongation Pattern

Each elasmosaurid is classified based on its neck pattern using the new criteria. In
cases where no complete neck is available, the possible category is discussed (Tables 6 and 7).
Among the basal elasmosaurids, Jucha squalea only preserves two groups of non-continuous
cervical vertebrae, of which one of them (UPM NV 15, [25]) has VLI values well above 100
but lower than 125. Therefore, J. squalea seems to exhibit an elongated neck pattern. The
holotype of Callawayasaurus colombiensis (UCMP 38349, Welles [8], Figure 4a (this paper)
shows VLI values higher than 100 but never reaching 110, thus fitting the elongated pattern.
There is no available list of vertebral measurements for Zarafasaura oceanis. However, based
on photos of the specimen (WDC CMC-01, Supplementary Material 1, Figure S8), the
cervical proportions indicate a non-elongated pattern.

Table 7. Plesiosauromoph taxa, MAVLI, MAX VLI, and Mean HI and BI values. For citation, see
Table 8. * indicate that is based on incomplete cervical regions, ~ indicate approximate values.

Mean HI/BI
Taxa MAVLI Max VLI of Middle Cervicals
Neoplesiosauria
Rhaeticosaurus mertensi - - -
Plesiosauroidea
Eoplesiosaurus antiquior - - -
Plesiosauridae
Plesiosaurus dolichodeirus 91 102 HI=103/BI =79
Microcleididae
Microcleidus tournemirensis 129 143 HI=61/Bl =86
Microcleidus homalospondilus - - -
Seeleyosaurus Quillelmiimperatoris 100 111 HI=101/BI=80
Cryptoclididae
Ophthalmothule cryostea 109 118 HI=77/BI =93
Spitrasaurus wensaasi 105 129 HI=67/Bl =87
Spitrasaurus larseni - 105? -
Muraenosaurus leedsi 103 109? HI=99/BI =83
Tricleidus seeleyi 92 98 HI =100/BI =80
Cryptoclidus eurymerus ~85 ~88 -
Colymbosaurus megadeirus ~85 ~94 -
Djupedalia engeri 85 88 HI=70/BI =95
Abyssosaurus nataliae 87 98 HI=98/BI =130
Picrocleidus beloclis 102? 106? HI=80/BI =89
Tatenectes laramiensis - - -
Kimmerosaurus langhami - - -
Colymbosaurus svalbardensis - - -
Leptocleididae
Brancasaurus brancai 94 110 HI =96/BI =95
Elasmosauridae
Callawayasaurus colombiensis ~96.3 107 HI =82/BI =109
Jucha squalea - 124 -
Zarafasaura oceanis - - -
Euelasmosaurida
Thalassomedon haningtoni 108 135 HI=78/BI =92
Libonectes morgani 108 128 HI=67/Bl =101

Cardiocorax mukulu - - _

10
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Table 7. Cont.

Mean HI/BI
Taxa MAVLI Max VLI of Middle Cervicals
Elasmosaurinae
Hydrotherosaurus alexandrae 105 118 HI=91/BI =102
Nakonanectes bradti * 91 100 HI =88/BI =134
Elasmosaurus platyurus (estimated) 127 145 HI = 65/HI =87
Styxosaurus sp. (AMNH 5835) 135 147 HI=63/Bl =89
Albertonectes vanderveldei * 139 141 HI=66/Bl=79
Terminonatator ponteixensis 129 151 HI = 65/BI =96
Weddellonectia
Kawanectes lafquenianum - - -
Vegasaurus molyi 97 108 HI =86/BI =120

Morenosaurus stocki - -
Futabasaurus suzukii - -

Aristonectinae
Wunyelfia maulensis - -
Kaiwhekea katiki - -
Aristonectes quiriquinensis * - ~87
Aristonectes parvidens * ~79 ~88

Table 8. Plesiosauromorph taxa, neck elongation pattern, and data source.

Taxa Neck Elongation Data Source
Neoplesiosauria
Rhaeticosaurus mertensi Non-elongated [7]
Plesiosauroidea
Eoplesiosaurus antiquior Non-elongated? [26]
Plesiosauridae
Plesiosaurus dolichodeirus Non-elongated [27]
Microcleididae
Microcleidus tournemirensis Extremely elongated [28]
Microcleidus homalospondilus Elongated? [29]: table V
Westphalisaurus simonsensii Elongated? [13]
Seeleyosaurus guillelmiimperatoris Elongated? [30]
Cryptoclididae
Ophthalmothule cryostea Elongated [31]
Spitrasaurus wensaasi Elongated [32]
Tricleidus seeleyi Non-elongated [33]
Cryptoclidus eurymerus Non-elongated [9]
Colymbosaurus megadeirus Non-elongated [34]
Djupedalia engeri Non-elongated [35]
Spitrasaurus larseni Non-elongated [32]
Abyssosaurus nataliae Non-elongated [36]
Picrocleidus beloclis Non-elongated [33]
Tatenectes laramiensis Non-elongated [37]
Kimmerosaurus langhami Non-elongated [38]
Colymbosaurus sp. Non-elongated [39]
Leptocleididae
Brancasaurus brancai Non-elongated [4]
Elasmosauridae
Callawayasaurus colombiensis Elongated [7]
Jucha squalea Elongated [25]
Zarafasaura oceanis Non-elongated [40]

11
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Table 8. Cont.

Taxa Neck Elongation Data Source
Euelasmosaurida
Thalassomedon hanintoni Elongated [15]
Libonectes morgani Elongated [18]
Cardiocorax mukulu Non-elongated [41]
Elasmosaurinae
Hydrotherosaurus alexandrae Elongated [15]
Nakonanectes bradti Non-elongated [6]
Elasmosaurus platyurus Extremely elongated [8]
Styxosaurus sp. Extremely elongated [8]
Albertonectes vanderveldei Extremely elongated [3]
Terminonatator ponteixensis Extremely elongated [42,43]
Weddellonectia
Kawanectes lafquenianum Elongated [44]
Vegasaurus molyi Elongated [19]
Chubutinectes carmeloi Elongated? [45]
Aristonectinae
Wunyelfia maulensis Non-elongated [46]
Kaiwhekea katiki Non-elongated [47]
Aristonectes quiriquinensis Non-elongated [48]
Aristonectes parvidens Non-elongated [49]

Among euelasmosaurians, Thalassomedon haningtoni (DMNS 1588 [18], Figure 4b
(this paper) has a cervical vertebra (numbered 35) with relatively high VLI values (134)
but lower than 135. Combined with the observation of probable lateral compression
of DMNS 1588 (reduction of B values), as well as MAVLI being 108, it indicates that
Thalassomedon haningtoni exhibits an elongated neck pattern. The VLI pattern of Libonectes
morgani (SMUSMP 69120, [18]: Table 1) shows VLI values lower than 135 and MAVLI of
108, fitting well with the elongated group. The holotype of Cardiocorax mukulu (MGUAN
PA103) only preserves a few cervical vertebrae, with one of them appearing to be anterior to
middle and showing a VLI value of approximately 98. Additionally, the specimen MGUAN
PA278, also referred to as C. mukulu [41], shows VLI values of the first seven post-axial
cervical vertebrae between 76 and 88 and middle cervical vertebrae with VLI values of 83
and 100. Therefore, C. mukulu seems to present a strong case for a non-elongated neck, but
as no complete neck is available, further evidence is needed to confirm this assumption.

Among the elasmosaurines, the VLI pattern of Hydrotherosaurus alexandrae (UCMP
33912, [15], Figure 4e) fits with the elongated group, as it exhibits middle cervical VLI
values higher than 100 but lower than 135, and an MAVLI of 105. The only specimen of
Nakonanectes bradti preserves only the anterior half of the neck, and its VLI sequence does
not reach 100 (MOR 3072, Serratos et al., 2017 [6]), indicating a non-elongated neck. There
are no complete sets of vertebral values available for Albertonectes vanderveldei; however,
the available (Max VLI 141 and MAVLI~139) data indicate a pattern similar to that inferred
for Styxosaurus (Figure 4f) and Elasmosaurus platyurus. Therefore, it is considered to exhibit
an extremely elongated pattern. The case for Terminonatator ponteixensis is quite easy to
determine as, although not complete, the neck is well preserved Sato (2002, 2003 [42,43]).
This gives an approximate MAVLI of 129 and an MAX VLI of 151, which indicate an
extremely elongated neck pattern, as concluded by (O’Keefe and Hiller, 2006 [4]).

12
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Among weddellonectians, the holotype of Morenosaurus stocki only preserves approxi-
mately the posterior half of the neck. The VLI pattern does not reach 95 (Welles, 1943 [15])
in any vertebra. Considering that the posterior cervical region usually shows a VLI lower
than the middle cervicals in elasmosaurids, it is impossible to determine the elongation
pattern as it falls on the boundary between elongated and non-elongated. A similar case
occurs with the holotype of Futabasaurus suzukii, where the neck of the holotype (NSM
PV15025) only preserves 15 cervical vertebrae representing the posterior half of the neck,
with relatively low VLI values ranging from 69 to 82 (Sato et al., 2006 [50]), probably
indicating a non-elongated neck. However, this assumption is weak as no complete neck is
available. A similar case is observed in Aphrosaurus furlongi, where only the 18 posterior-
most cervical centra are preserved. The neck of Vegasaurus molyi ([19], Figure 4c) exhibits
middle cervicals with VLI values around 100, falling within the lower limit of the elongated
neck pattern. No complete cervical region of Kawanectes lafquenianum is available; however,
the specimens at hand comprise middle cervical vertebrae with VLI values around 100 [44],
indicating that the neck probably fits well with the elongated pattern. A similar situation
happened in Chubutinectes carmeloi, and therefore, this species probably shows an elongated
neck pattern [45]

The holotype of A. parvidens (MLP 40-XI-14-6) only preserves the nineteen anterior
and middle cervical, with VLI values lower than 88. Therefore, it exhibits a non-elongated
pattern [49]. The holotype of Aristonectes quiriquinensis (SGO.PV.957, [48]) preserves anterior,
middle, and posterior cervical vertebrae. The maximum VLI value recorded is 95, indicating
that A. quiriquinensis shows a non-elongated pattern. There are no complete sets of vertebral
measurements available for Kaiwhekea katiki; however, Cruickshank and Fordyce [47]
indicate that the VLI of the anteriormost cervicals of the holotype varies between 61 and
75, fitting well with the non-elongated pattern. The VLI of the anteriormost five post-axial
vertebrae of Wunyelfia maulensis ranges from 82.9 to 89.4 [46], indicating a non-elongated
cervical pattern.

4.3. Plesiosauromorph Neck Elongation Pattern

The modification of the classification of neck elongation patterns and its application to
elasmosaurids opens questions about its application to other plesiosauromorph plesiosaurs.
The results of this are given in Tables 7 and 8. Although not a clear “plesiosauromorph,” the
oldest plesiosaur, Rhaeticosaurus mertensi, is considered here as non-elongated [51]. Among
Plesiosauroidea, the Hettangian Eoplesiosaurus antiquior is recorded as non-elongated with
doubts, as the B values are unavailable (Benson et al., 2012 [26]). Also, the iconic Sine-
murian Plesiosaurus dolichodeirus shows a non-elongated pattern (Table 1 [27] and Figure 5a
(this paper)).

Among microcleidids, Seeleyosaurus guillelmiimperatoris fits well with the elongated
neck definition even though only a small number of cervicals show VLI values above
100 ([30]: Table 1, Figure 5c (this paper)). The same is inferred from Microcleidus homa-
lospondilus based on Owen'’s description [29]. The Toarcian Microcleidus tournemirensis is
a plesiosauromorph with an extremely elongated neck (MAVLI 129; Max VLI = 143, data
from Bardet et al. [28], Figure 5b (this paper)), and therefore is the first appearance of
elongated patterns in plesiosaurian history.

The cryptoclidids Ophthalmothule cryostea, Spitrasaurus larseni, Spitrasaurus wensaasi,
Picrocleidus, Tricleidus seeleyi, Abyssosaurus nataliae and Muraenosaurus leedsi (Figures 5d-h
and 6a,b) are recorded as elongated plesiosauromorphs [32,33,36], while the other ana-
lyzed cryptoclidids, Cryptoclidus eurymerus ([9]: Figure 13), are not elongated. The case of
Kimmerosaurus langhami is complex as only the first seven cervical vertebrae are available
and show VLI values higher than 75 (Brown et al., 1986 [38]), indicating a probable non-
elongated pattern. However, this inference is weak due to the incompleteness of the neck.
Finally, among Leptocleididae, Brancasaurus brancai shows a non-elongated pattern [52].
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In summary, the redefinition of neck elongation patterns allows for a more compre-
hensive history of plesiosauromorphs. It indicates that the oldest appearance of elongated
necks (MAVLI > 100) most likely occurred during the Pliensbachian-Toarcian while the
appearance of the extremely elongated pattern (MAVLI > 125, represented by Microcleidus
tournemirensis) happened during the Toarcian as was previously briefly commented by
Benson et al. [26]. This shows that a complete diversity of neck elongation patterns was
present during the Early Jurassic and was mirrored during the Late Cretaceous, albeit in a
more extreme expression, mainly within elasmosaurids.

5. Conclusions

Partial retrodeformation of the cervical centra of the holotype of E. platyurus was
performed, leading to the conclusion that the natural sequence of VLI values is lower than
previously recorded.

A modification to the classification of neck elongation patterns in plesiosauromorphs
is proposed, introducing the following categories: extremely elongated (MAVLI > 125; Max
VLI > 135; some cervicals HI < 65), elongated (125 > MAVLI > 100; 100 < Max VLI < 135;
middle cervical HI~70-80; BI < 140), and non-elongated (MAVLI < 100; Max VLI < 100;
middle cervical HI~100; BI > 140).

The elongated pattern appears during the Pliensbachian-Toarcian, and the extremely
elongated necks are recorded for the first time in the Miclocleidid Microcleidus tournemirensis
(Toarcian). This indicates that the complete diversity of neck elongation was present during
the Early Jurassic and reemerged during the Late Cretaceous.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d16020106/s1, Supplementary Material 1: Table S1. Values of
L, H, B and HI, BI, BHI and VLI. Cervical position (TC, this contribution, S, [2,16]. Table S2 L, H
and B est. and resulting HI es, BI est, VLI est; Figure S1: ANSP 10081 (holotype of Elasmosaurus
platyurus). A, detailed of different labels. B-E, atlas-axis complex in B, right lateral; C, left lateral; D,
posterior and dorsal. Scale bar = 20 mm. Figure S2: ANSP 10081 (holotype of Elasmosaurus platyurus).
A, B, cervical vertebrae 1-10th in A, left lateral and B, ventral view (above) and some articular faces
(below). C, D, cervical vertebrae 11-18th in C, left lateral and D, ventral view (above) and some
articular faces (below). Scale bar = 50 mm. Figure S3: A, B, cervical vertebrae 19-26th in A, left
lateral and B, ventral view (above) and some articular faces (below). C, D, cervical vertebrae 27-32th
in C, left lateral and D, ventral view (above) and some articular faces (below). Scale bar = 50 mm.
Figure S4. A, B, cervical vertebrae 33-38th in A, left lateral and B, ventral view (above) and some
articular faces (below). C, D, cervical vertebrae 39-43th in C, left lateral and D, ventral view (above)
and some articular faces (below). Scale bar = 50 mm. Figure S5. A, cervical vertebrae 44—47th in
A, left lateral view and articular faces (below). Scale bar = 50 mm. Figure S6. A, cervical vertebrae
48-50th; B, cervical vertebrae 51-54th; C, D, cervical vertebrae 55-59th in C, left lateral and D, ventral
views. Scale bar = 50 mm. Figure S7. A, B, cervical vertebrae 60-64th in A, Ift lateral and B, ventral
views. C, D, cervical vertebrae 65-72th in C, left lateral and D, ventral views. A, B, Scale bar = 50 mm;
C, D, Scale bar = 100 mm. Figure S8. WDC CMC-01 Zarafasaura oceanis. Not in scale; Supplementary
Material 2: Table S1. Styxosaurus sp. (AMNH 5835).Values of L (length), H (higth), B (width), B
reduced, B estimated, VLI (vertebral length index) and VLI estimated. Taken from [18]. Table S2.
Tuarangisaurus sp. (Zfr115). Values of L (length), H (higth), B (width), B reduced, B estimated, VLI
(vertebral length index) and VLI estimated. Data taken from [4]. Table S3. Vegasaurus molyi (MLP
93-1-5-1). Values of L (length), H (higth), B (width), B reduced, B estimated, VLI (vertebral length
index) and VLI estimated. Data taken [19]; Supplementary Material 3: Script used for analysis.
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Abstract: Our knowledge of marine reptiles of the Callovian age (Middle Jurassic) is majorly based
on the collections from the Oxford Clay Formation of England, which yielded a diverse marine reptile
fauna of plesiosaurians, ichthyosaurians, and thalattosuchians. However, outside of Western Europe,
marine reptile remains of this age are poorly known. Here, we survey marine reptiles from the
Callovian stage of European Russia. The fossils collected over more than a century from 28 localities
are largely represented by isolated bones and teeth, although partial skeletons are also known. In
addition to the previously described rhomaleosaurid and metriorhynchids, we identify pliosaurids of
the genera Liopleurodon and Simolestes; cryptoclidid plesiosaurians, including Cryptoclidus eurymerus,
Muraenosaurus sp., and cf. Tricleidus, and ophthalmosaurid ichthyosaurians, including the iconic
Ophthalmosaurus icenicus. These findings expand the ranges of several Callovian marine reptile taxa
far to the Eastern Europe, and support the exchange of marine reptile faunas between Western and
Eastern European seas in the middle to late Callovian. However, some specimens from the lower
Callovian of European Russia show differences from typical representatives of the middle Callovian
Oxford Clay fauna, possibly representing the earlier stages of evolution of some of these marine
reptiles not yet recorded in Western Europe or elsewhere.

Keywords: Cryptoclididae; Ichthyosauria; Metriorhynchidae; Middle Jurassic; Middle Russian Sea;
Plesiosauria; Pliosauridae; Paleobiogeography; Thalattosuchia

1. Introduction

The fossil record of marine reptiles is strongly spatially and temporally biased [1,2].
For the Jurassic period, the main sources of information are several formations in West-
ern Europe, which have been the subject of intensive collecting and thus demonstrate
“Lagerstétten effects” [1], along with a persisting global imbalance in the distribution of
fossil data [3]. In the Middle Jurassic series, only its uppermost part, the Callovian, is well
characterized by marine reptile fossils, and this knowledge is based nearly exclusively
on the Oxford Clay Formation of England, which has yielded a diverse marine reptile
fauna, including plesiosaurians, ichthyosaurians, and thalattosuchians [4-11]. Other West-
ern European occurrences of Callovian marine reptiles in France and Germany yielded
similar but scarcer faunas [12-26], whereas outside Western Europe, Callovian marine
reptile occurrences are rarely reported. The records include localities in Argentina, Chile,
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Mexico [27-30], Arctic Canada [31,32], and European Russia [33—40]. Specimens reported
from these regions are mostly fragmentary and comprise isolated bones, teeth, and, more
rarely, bone associations, all of which are identified in open nomenclature and generally
referred to European taxa, with the only exception being a partial skeleton of a relict rhoma-
leosaurid, Borealonectes russelli, from Arctic Canada [31,32]. This situation hampers the
assessment of the diversity of Callovian marine reptiles outside of Western Europe and
demonstrates that our knowledge of Callovian marine reptile faunas is strongly spatially
biased. The question arises, how justified can an extrapolation of the knowledge of the
classic Oxford Clay fauna to a global scale be; whether marine reptile taxa were widespread
in the Callovian, or whether there was some provincialism? In this respect, the growing
number of discoveries of marine reptile remains from the Callovian of European Russia
can be a valuable contribution to our knowledge. Here, we review all the available remains
of plesiosaurians and ichthyosaurians from the Callovian of European Russia, taking into
account both historical materials and recent finds. We also report new thalattosuchian finds,
which supplement the recently described thalattosuchian specimens from Russia [40].

2. Historical Background

The earliest reports of marine reptile finds, probably from the Callovian Stage of
European Russia, were made by Riabinin [41] and Bogolubov [42]. Riabinin described a
pliosaurid bone association from the condensed upper Callovian and lowermost Oxfor-
dian deposits of the Unzha River, near Gradulevo Village (currently part of Manturovo
Town) in the Kostroma Region [41]. This specimen, now kept in the Mining Museum,
St Petersburg (MM 219), was referred to Peloneustes; however, it was later re-considered as
Pliosauridae indet. [43]. Bogolubov [42] described a new species, Cryptoclidus simbirsken-
sis, from Gorodischi, Simbirsk Province (currently Ulyanovsk Region). This taxon was
later considered Plesiosauria indet. [43,44]. The bones of “Cryptoclidus simbirskensis” were
collected ex situ; therefore, their precise stratigraphic position is uncertain. Their state
of preservation and color of the matrix occurs in the Callovian-lower Volgian interval of
the region, although near Gorodischi the Callovian deposits are unknown. Bogolubov
referred the specimen to the Callovian genus Cryptoclidus, based on its anteroposteriorly
short cervical vertebrae with concave articular surfaces [42]. Therefore, the suggestion that
this specimen is of Callovian age was the result of its taxonomic referral, not vice versa.
Considering the presence of other cryptoclidids with similar morphology of cervical centra
and propodials in stratigraphically younger deposits of the Arctic (i.e., Djupedalia [45] and
an indeterminate cryptoclidid from Greenland [46]), we tentatively consider Cryptoclidus
simbirskensis a nomen dubium, interpret its age as uncertain within the Callovian to lower
Volgian interval, and exclude it from further consideration in our work.

In 1911, Bogolubov described several other plesiosaurian specimens [33], now kept
in the V.I. Vernadsky State Geological Museum, Moscow (SGM). An elongated cervical
vertebra (SGM 1358-37) from the Callovian of Alpatyevo, Ryazan Region, was identified as
Muraenosaurus sp. Two articulated vertebrae from the lower Callovian of Gorky railway
station (currently Fruktovaya), Ryazan Region [33] (pl. 1), were identified as “sacral
vertebrae of Pliosaurus (Liopleurodon) sp.” However, our examination of this specimen,
SGM 1358-11, revealed that it is neither diagnostic nor complete enough to identify it more
precisely than as the ventral portions of the pectoral or sacral centra of Plesiosauria indet.,
although their relatively large size implies an affinity with pliosaurids or rhomaleosaurids.
A weathered caudal centrum (SGM 1358-53) from the middle Callovian of the Sysola River
(Komi Republic) was referred to as “(?)Cryptoclidus” [33], but it is not possible to identify
it more precisely than as Plesiosauria indet. An isolated tooth crown from the middle
Callovian of Rechitsy, Moscow region, was described as a new species, Thaumatosaurus
calloviensis [33]. This taxon was later referred to Simolestes as a valid species by Riabinin [47],
synonymized with Simolestes vorax by Tarlo [6], and finally considered as Pliosauridae indet.
by [43,44]. However, as argued by Tarlo [6] (p. 175), “ridges which begin part way up the
crown on the external surface” are a diagnostic feature of Simolestes, not yet found in any other
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pliosaurid genus (although, see “Morphotype 2” in [48]). Therefore, the Callovian tooth
described and figured by Bogolubov ([33] pl. 2, figs. 1 and 6) can be referred to Simolestes.
Unfortunately, this specimen is now lost.

In 1921, Milanovsky reported on the finding of a partial skeleton (SGM 1445-97—120,
dorsal and caudal centra, partial pelvis and phalanges) of a large plesiosaur from the lower
Callovian of the “Konnyi Barak” ravine, near the village of Verkhnaya Dobrinka, Zhirnovsk
district, Volgograd Region [34]. This specimen was more thoroughly described and referred
to as Rhomaleosauridae indet. by Benson et al. [36]

A finding of ichthyosaurian vertebra from the Callovian of Zamezhnaya, Komi Repub-
lic, was mentioned by Nesov et al. [49]. This specimen (ZIN PH 1/215) is depicted herein
for the first time.

In 1999, Arkhangelsky described a partial forelimb (SSU 104a/27) from the (?)upper
Callovian of Saratov Region [35]. He proposed a new genus and species Khudiakovia
calloviensis, which was later considered synonymous with Ophthalmosaurus icenicus [50-52],
or as a valid species of Ophthalmosaurus [53]. This specimen is reassessed herein.

More recent works on the Callovian marine reptiles from Russia include (in addition
to the aforementioned contribution of Benson et al. [36]) a short report on a finding of
the right maxilla of Simolestes from the lower Callovian of the Kostroma Region [37], a
report on a finding of a partial ophthalmosaurid skeleton from the lower Callovian of
the Republic of Mordovia [38], and an account of Jurassic marine reptiles from Moscow
and adjacent territories [39] that provided brief descriptions and figures of pliosaurid
and thalattosuchian tooth crowns, as well as several plesiosaurian and ichthyosaurian
bones from the middle and upper Callovian of the Moscow and Ryazan regions. Finally,
Young et al. [40] recently examined all the available thalattosuchian specimens from Russia
and described, among others, several metriorhynchid tooth crowns from the Callovian.

3. Geological and Paleogeographic Settings
3.1. Paleogeographic Position of the Region

The Middle Jurassic epoch was a time of distribution of marine environments over the
East European Platform. A transgression of shallow epicontinental seas far into its territory
led to the formation of the Middle Russian Sea, which connected the Boreal seas and Tethys
Ocean for a short time in the Early Bathonian [54-60]; then, after some regression during the
mid-Bathonian, the Boreal-Tethys connection through this sea resumed in the course of a
new cycle of transgression since the beginning of the Callovian [60-65]. Additionally, since
the earliest Callovian, the Middle Russian Sea became connected to the seas of Central and
Western Europe via the Dnieper-Donets basin and the sub-latitudinal Pripyat (Brest) Strait
(Figure 1). This is evidenced by the exchange of the earliest Callovian cephalopod faunas
between these regions [60,65-68]. This three-branch configuration of the Middle Russian
Sea, with wide systems of straits connecting it to the northern, southern, and western
seas and oceans, persisted to the early Volgian/Tithonian age of the Late Jurassic [69].
Thus, for circa 15 Myr, European Russia became a crossroad of migration routes between
the Arctic (Boreal), Western European (Sub-Boreal and Sub-Mediterranean), and Western
Tethys (tropical) sea basins. Besides, in the Callovian of the Middle Russian Sea, especially
in its early chrons, an active neo-endemic evolution of cephalopods took place [65,70]. The
eustatic sea-level fluctuations superimposed by non-uniform tectonic development of this
vast territory resulted in complicated and changing coastal outlines of the Middle Russian
Sea during its history and, consequently, complex stratigraphic architecture of the Jurassic
System in European Russia [69].
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Figure 1. Localities of known marine reptile fossils from the Callovian of European Russia shown
by red asterisks (B). Blue colorations on the map show outlines of the Middle Russian Sea during
the Callovian, based on [71]. The upper left (A) shows Callovian paleogeography of Europe (af-
ter [72]; modified according to the data of [69,71]), with red dots showing the main localities of
Callovian marine reptiles in Europe (i.e., numerous localities with the Oxford Clay Formation in
England [4-11,73], localities in Northern and Southern France [12-21,74], Spain [75], Switzerland [76],
Northern Germany [22-26], and Poland [77,78]). Dashed contour on (A) shows the area depicted
in (B).
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3.2. Localities with Marine Reptiles

At present, no less than 28 localities with Callovian marine reptile remains are known
in European Russia (Figure 1). Some of these localities are historical and are not accessible
for further excavation nowadays, and the knowledge of their geology is scarce, whereas
others are still available or have been discovered and studied in detail in recent decades.
We summarize the most important Callovian outcrops in Figures 2—4, based on published
literature and personal observations of some of the authors (D.G., AL, AS.,, M.A.).
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Figure 2. Stratigraphic sections of the Callovian marine reptile localities in the Unzha River basin
(Kostroma Region) and distribution of marine reptile remains. Abbreviations of ammonite zones
and subzones: Call/Callov, Calloviense; Curt/Curtilob, Curtilobum; En/Enod/Enodat, Enodatum;
G/Gal, Galilaeii; J, Jason.
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Figure 3. Stratigraphic sections of the Callovian marine reptile localities in Moscow and Ryazan
regions and distribution of marine reptile remains. For lithology and other symbols of the leg-
end see Figure 2. Abbreviations of ammonite zones and subzones: Athl, Athleta; C/Curt, Cur-
tilobum; Call/Callov, Calloviense; Cor, Coronatum; Cordat, Cordatum; Enod /Enodat, Enodatum;
Gal, Galilaeii; Gow, Gowerianum; Gr/Gross, Grossouvrei; Hen, Henrici; J/Jas, Jason; K/Koen,
Koenigi; Ku, Kuklikum; L/Lamb, Lamberti; M/Med, Medea; O/Obd, Obductum; Ph, Phaeinum; Pr,
Proniae. Mikhaylovcement section modified after [79]; Peski after [80]; Alpatyevo after [81].
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Figure 4. Stratigraphic sections of the Callovian marine reptile localities in Ryazan and Nizhny
Novgorod regions, Republic of Mordovia, and Saratov Region. For lithology and other symbols of the
legend, see Figure 2. Abbreviations of ammonite zones and subzones: Athl, Athleta; C, Curtilobum;
Call/Callov, Calloviense; Cor, Coronatum; Enod, Enodatum; G, Gowerianum; Galil, Galilaeii; Gr—
Grossouvrei; Jas, Jason; K, Koenigi; M, Medea; O/Obd, Obductum; Ph, Phaeinum; Pr, Proniae;
Praecord, Praecordatum; Scarbur, Scarburgense. Yelatma locality section modified after [82-84];
Uzhovka and Trofimovshchina-2 originally drawn herein based on A.I’s field descriptions; CHP-5
after [85]; Dubki after [86,87].
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3.3. Geological Features of the Callovian of European Russia and Patterns of Stratigraphical
Distributions of Marine Reptile Remains

The deposits of the Callovian age crop out in riverbanks, ravines, and quarries across
the European part of Russia, commonly transgressively overlying the Late Paleozoic-Early
Triassic and/or coastal-continental pre-Callovian Jurassic deposits in the western and
eastern peripheries, and coastal-marine and marine pre-Callovian Jurassic in the central
parts of European Russia [88,89]. Typically, bones and teeth of marine reptiles occur in
condensed beds or above erosional surfaces, therefore, it might be difficult to date them to
ammonite zone or even to the substage/stage level if they are found loose. The important
feature derived from such a confinement is that, in most cases, vertebrate fossils are
discovered only as disarticulated elements. Below, we list the most remarkable condensed
intervals, which yielded the findings described in the present paper and have the highest
potential for further discoveries of the Callovian marine reptiles.

At the north of the territory under consideration, in the Sysola River basin, there is
a slight condensation at the boundary of the sandy Sysola Formation (Bathonian) and
the clayey “Churkino” Formation (Callovian) [90-93], but the most prospective interval
is the uppermost lower-middle Callovian, which is strongly condensed and packed with
plenty of fossil invertebrates and vertebrates [90,91,93]. It is likely that most Callovian
vertebrate fossils ever found in the region originate from this interval. Another example
from the northern part of the region is shallow-water, strongly condensed sandy sections
of the Callovian, located along the eastern shore of the paleobasin, adhering to the Ural
Mountains (Adzvavom).

To the south, in the lower-middle reaches of the Unzha River Basin [84,94-96] (and
D.G.’s unpublished data; see Figure 2), reptile remains can be associated with condensed
sandy and sandy-clayey deposits of the lower Callovian (upper part of Paracadoceras elatmae,
Proplanulites koenigi, and Sigaloceras calloviense zones), as well as to the disconformity
between the middle Callovian and middle Oxfordian [41], and condensation sometimes
covering the stratigraphic interval from the top of the Kosmoceras jason Zone to the bottom
of the Cardioceras densiplicatum Zone.

Within the Callovian of the central part of European Russia (Figure 3), the condensed
interval encompasses most of the lower Callovian and the middle Callovian in full. A
very productive condensed interval is present at the transition from the Cadochamoussetia
subpatruus Zone to the base of the Pr. koenigi Zone. There is a well-defined erosional surface
at the base of the middle Callovian (represented by the K. jason or Erymnoceras coronatum
Zone), overlying different horizons of the lower Callovian. Finally, the remarkable erosional
event occurred around the Callovian/Oxfordian boundary. In many places, middle and
late Callovian strata are eroded to a significant depth, whereas the fauna of this age can be
redeposited at the base of the lower/middle Oxfordian.

In the Middle Volga region [61,84,89,94,97-100] (Figure 4), reptile remains are of-
ten confined to the usually eroded and chronostratigraphically sliding boundary (upper
Bathonian-lower Callovian) of the sandy Lukoyanov and clayey Yelatma formations. Thus,
some of the finds originate from the upper Bathonian Paracadoceras infimum Zone, while
some are from the lower part of the lower Callovian P. elatmae Zone. Furthermore, in
the same region, well-defined condensed horizons are confined to the base of the lower
Callovian Pr. koenigi Zone and to the base of the middle Callovian E. coronatum Zone.
In the first case, the condensation interval may cover the top of the P. elatmae Zone, the
entire C. subpatruus Zone, and the basal part of the Pr. koenigi Zone, while in the second, it
expands from the top of the P. elatmae Zone to the base of the E. coronatum Zone. At the
same time, the preserved deposits of the Pr. koenigi—E. coronatum zones are condensed and
represented by oolitic facies [69]. In well-studied sections near Saratov [65,94], the main
Callovian condensed levels fall on the boundary interval of the C. subpatruus and Pr. koenigi
zones, and S. calloviense/K. jason zones, and the largest one, between the middle and upper
Callovian, includes a biostratigraphic interval from the upper half of the K. jason Zone to
the base of the Lamberticeras lamberti Zone.
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In the western part of the former Middle Russian Sea, only the lower and middle
Callovian are known [65,101-103]. In some sections (Mikhaylovsky Quarry, Kursk Re-
gion), there is a remarkable hiatus between the coarse sands of the subcontinental Arkino
Formation (Bathonian?) and marine clayey deposits in the middle part of the P. elatmae
Zone. Here, a lensing bed of rolled belemnite rostra is observed, among which fragments of
hexacoral colonies occur (observed in 1997 by A.B. Guzhov, PIN RAS). In the same section,
significant erosion occurs at the boundary of the P. elatmae and C. subpatruus zones. The
middle Callovian is also present but not well-studied there [94]. The uppermost lower
to middle Callovian interval contains multiple minor disconformities, each containing
reworked fauna, and thus has a potential for marine reptile remains search.

4. Materials and Methods

More than a hundred of ichthyosaur, plesiosaur, and thalattosuchian specimens stored
in 13 institutions are known from the Callovian of Russia. These are summarized in Table 1.
The “Regional collection” of the Paleontological Institute RAS has a common catalogue
number, 5477, which is abbreviated as “R” herein.

Prior to photography, teeth were coated with ammonium chloride to highlight the
patterns of their enamel ornamentation.

The taxonomic frameworks used herein for reptilian taxa follow Benson and Drucken-
miller [104] for plesiosaurians, Zverkov [105] for ichthyosaurians, and Johnson et al. [106]
and Young et al. [107,108] for thalattosuchians. Ammonoid taxonomy and biostratigraphy
follow Gulyaev and Ippolitov [65], and Kiselev [91].

Institutional abbreviations: IG, A.A. Chernov Geological Museum, Institute of Geol-
ogy of the Komi Scientific Center of Ural Branch of RAS, Syktyvkar, Russia; MM, Mining
Museum, St Petersburg, Russia; MRUM, Mordovian Republican United Museum of Local
Lore, named after I.D. Voronin, Saransk, Russia; NHMUK, Natural History Museum,
London, UK; NNGASU, Museum of Nizhny Novgorod State University of Architecture,
Building and Civil Engineering, Nizhny Novgorod, Russia; PIN, Borissiak Paleontological
Institute, Russian Academy of Sciences, Moscow, Russia; PSM, Penza State Museum of
Local Lore, Penza, Russia; SGM, V.I. Vernadsky State Geological Museum of the Russian
Academy of Sciences, Moscow, Russia; SSU, Saratov State University, Regional Museum of
Earth Sciences, Saratov, Russia; SSTU MEZ, Museum of Natural History of Saratov State
Technical University named after Y.A. Gagarin, Saratov, Russia; TSNIGR, FEN. Cherny-
shev Central Research Geological Survey Museum, St Petersburg, Russia; UMLH, Ukhta
Museum of Local History, Ukhta, Russia; YSPU, Museum at K.D. Ushinsky Yaroslavl
State Pedagogical University, Yaroslavl, Russia; ZIN PH, Paleoherpetological Collection,
Zoological Institute of the Russian Academy of Sciences, St. Petersburg, Russia.
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5. Results of the Study of the Marine Reptile Material
5.1. Pliosaurids

The majority of marine reptile remains collected from the Callovian deposits of Euro-
pean Russia are plesiosaurian teeth and vertebrae. Among these, robust teeth of pliosaurids
are quite common.

5.1.1. Liopleurodon ferox

The specimen, PIN R-3573, is a very large caniniform tooth crown with a partial root.
The apicobasal length of the crown is 123 mm, and its basal diameter is 51 mm. This tooth
crown is the largest ever reported for Callovian pliosaurids, among which no specimens
with crowns exceeding 110 mm in apicobasal height were hitherto reported [85,116]. PIN
R-3573 can be referred to the genus Liopleurodon, as it is consistent with the holotypic crown
in its large size, circular cross-section, coarse enamel ridges triangular in cross-section,
rare on the labial surface, numerous on the lingual surface, and all reaching the base
of the crown [12,116]. The crown of PIN R-3573 is slightly curved and terminates in a
pointed, sharp apex. The labial (outer convex) side bears only two small ridges in its basal
part (Figure 5A); the rest of its surface is subtly rugose, with numerous small ridglets.
The lingual, mesial, and distal surfaces bear numerous sharp and nearly straight ridges,
which emerge at the base of the crown and extend towards the apex to a varying extent.
Only five of these reach the tip (Figure 5D). The ridges enlarge towards the apex, being
approximately 0.5 mm wide at the base of the crown and more than doubling in width
towards the apex.

In addition to PIN R-3573, the crown morphology described above is present in
three associated teeth, SGM 2007-6,7 (Figure 5]-M), from the lower Callovian of the Unzha
River. Furthermore, one tooth with such morphology (Figure 5E-I) was found in association
with the postcranial skeleton SGM 1807, which is described below. The largest of these
teeth (SGM 2007-7) is similar to the above-described PIN R-3573, whereas smaller teeth
are posterior “ratchet”-type teeth with stout and strongly curved crowns bearing frequent
ridges around their entire circumference (Figure 5E-L).

A partial skeleton of a large pliosaurid, SGM 1807, unearthed by Andrey V. Stu-
pachenko in the Makariev North locality at the Unzha River, Kostroma Region, is among
the most significant marine reptile discoveries in the Callovian of European Russia to date.
This specimen can be referred to the genus Liopleurodon based on the following features: a
tooth crown that is conical in shape, bearing well-spaced and coarse ridges, all reaching
the crown base, and the femur with elongated diaphysis giving the bone “almost parallel
sides for the essential part of its length”, as diagnosed by Tarlo [6] (p. 167). No cranial remains
were found for SGM 1807, except a single tooth (Figure 5E-I). The total length of the tooth,
including the crown and root, is 56 mm. The crown apicobasal height is 18 mm, and the
basal diameter is 13 mm.

The vertebrae are not preserved in SGM 1807; however, the cervical, dorsal, and
sacral ribs are present. Anterior cervical ribs are robust, double-headed, with widely
spaced capitulum and tuberculum (Figure 6P-V). Their anterolateral edge is tapered, their
posterior surface bears a pronounced trough (Figure 6T,U), and their distal end is expanded,
forming anterior and posterior processes, with the posterior process being more prominent
than the anterior (Figure 6P-S). Five complete dorsal ribs and multiple rib fragments are
preserved. The dorsal ribs are large and massive (the longest preserved rib is 550 mm
long and 45 mm in cross-section diameter). The dorsal ribs are curved and circular in
cross-section (Figure 6W-Y). One sacral rib is preserved; it is short and robust, possessing
anteroposteriorly expanded proximal and distal ends, which are twisted relative to one
another (Figure 6Z).
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Figure 5. Teeth of Liopleurodon ferox from the Callovian of European Russia. Mesial (“caniniform”
type) teeth PIN R-3573 (A-D) from the middle Callovian of Ryazan Region, and SGM 2007-7 (M)
from the lower Callovian of Makariev, Kostroma Region. Distal (“ratchet” type) teeth SGM 1807 (E-T)
and SGM 2007-6 (J-L) from the lower Callovian of Makariev, Kostroma Region. Views: anterior or
posterior (D,E,G,L), lingual (C,F,K), labial (B,H,J), and apical (D,I).
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Figure 6. Postcranial skeleton of Liopleurodon ferox, SGM 1807. Right coracoid (A-D) in dorsal (A),
glenoidal (B), mesial symphysial (C), and anterior (in articulation with the medial portion of left

coracoid) (D) views. Partial right hindlimb in ventral view (E); right femur in dorsal (F), posterior (G),
proximal (H), and distal (I) views. Phalanges (J). Interclavicle (?) in dorsal (K) and anterior (L) views.
Left ischium in dorsal (M), acetabular (N), and mesial, symphysial (O) views. Cervical ribs (P-V) in
dorsal (P,R), ventral (Q,S), anterior (T), posterior (U), and proximal (V) views. Dorsal ribs (W-Y) and
sacral rib (Z,Z’). Reconstructed outlines of broken parts are shown in gray.
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Both coracoids are partially preserved, lacking posteromedial portions of the plates. They
are large and thin elements with a mediolateral width of 450 mm. The thickest part of the bone is
the glenoid region. The angle between the glenoid and scapular surfaces is obtuse and measures
about 150°. The glenoid contribution is strongly inclined anteriorly, with its posterior portion
markedly protruding laterally, unlike in any other Callovian pliosaurid, except for Liopleurodon
(N.Zs pers. obs. on NHMUK PV R2738; see text-fig. 5 in [5]). This is an additional feature
supporting our generic referral of SGM 1807. The scapular facet is triangular in outline and
gradually transitions medially into the anterior coracoid shelf (Figure 6B,D). The medial articular
facet of the coracoid is S-curved with convex dorsal and concave ventral surfaces in the thickest
part (Figure 6C). The anteromedial process is thus directed anteroventrally. A bilateral element
of problematic identity may represent an interclavicle. It consists of two slender and compressed
rami and a short posterior process (Figure 6K,L). It is 40 cm wide. If such identification is correct,
SGM 1807 is among the very few post-Liassic pliosaurids known to have a clavicle and/or
interclavicle (clavicles and/or interclavicles are reported for Peloneustes [5,10], Marmornectes [9],
and Eardasaurus [11]).

The pelvic girdle is preserved as two fragmental pubes and an almost complete
left ischium. The ischium measures 750 mm anteroposteriorly, from its posterior end to
the anterior surface of the acetabular facet. It is 445 mm wide mediolaterally, from the
acetabulum to the medial symphysis, and therefore has a length-to-width ratio of 1.69. The
medial and lateral surfaces of the ischiadic blade are approximately parallel posteriorly,
converging only weakly. The ischial neck, connecting the acetabular process to the ischial
blade, is relatively wide due to shallow excavations of anterior and posterior edges, and its
anterior border is sharply edged. The acetabular process of the ischium is 230 mm long
anteroposteriorly and 110 mm high dorsoventrally. It is divided into facets for the ilium
(facing posterolaterally), acetabulum (facing laterally), and pubis (facing anteriorly). Overall,
this element is in agreement with the ischia of Liopleurodon from the Oxford Clay [5].

A partial right hindlimb is preserved, including the femur in articulation with the tibia
and mesopodial elements, as well as several isolated phalanges (Figure 6E,]). The femur is
535 mm long proximodistally and 238 mm wide anteroposteriorly at its distal end. The
femur has a long shaft with almost parallel anterior and posterior sides for the essential
part of its length (Figure 6E,F). The proximal portion is expanded to form a capitulum
and dorsal trochanter (Figure 6H). The distal end bears two subequal facets for the tibia
and fibula, making an obtuse angle to one another. The tibia is isometric, as long as it is
wide (120 mm). It has a convex and tapered anterior edge and concave posterior edge that
contribute to the extensive spatium interosseum between the tibia and fibula.

The distal expansion of the femur in SGM 1807 is less pronounced than that in any
known Oxford Clay Liopleurodon specimen [5,117], which may suggest that SGM 1807
represents a distinct species of this genus.

5.1.2. Simolestes sp.

The left maxilla SGM 1574-1 is anteroposteriorly short and massive; it bears a small
rounded external naris and its posterior edge is irregularly digitated for contacts with other
cranial elements (i.e., frontal, prefrontal and lacrimal), which is typical for pliosaurids [118].
It lacks the orbital contribution known for rhomaleosaurids and plesiosauroids [119]. The
posterior edge of the bone is incomplete ventrally. The preserved length of SGM 1574-1 is
260 mm, maximum dorsoventral height is 90 mm. There are nine alveoli on the preserved
part, and several smaller alveoli could have been present on the broken posteroventral
portion. The first two alveoli do not exceed 20 mm in diameter (Figure 7B), and the diameter
of the subsequent alveoli increases abruptly, reaching 33 mm at the third alveolus. Starting
from the sixth, the diameter of the alveoli decreases (Figure 7B). The body of the bone
expands laterally in the region of the third to fifth alveoli, which had the largest caniniform
teeth. The significant anteroposterior shortening, robustness, and circular outline of the
external naris and alveolar pattern allow the referral of SGM 1574-1 to Simolestes, the only
Callovian pliosaurid genus with such a short and robust snout [5,6,116].
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Figure 7. Pliosaurid remains. Left maxilla of Simolestes sp. SGM 574-01 (A—C), in lateral (A) and
ventral (B) views. (C) Position of the element in the skull (in orange). Femur of Simolestes sp. SGM
569-1 (D-G), in dorsal (D), posterior (E), proximal (F), and distal (G) views. Proximal portion of a
large propodial (likely femur), NNGASU 147/2080 (H-K), in anterior or posterior (H), dorsal (I),
and proximal (J) views. (K) Position of the fragment (in orange). Articular portion of the vertebral
centrum, YSPU M/F-45, in (?) dorsal (L) and articular (M) views. Pliosaurid sacral vertebra, TsSNIGR
157a/649, in articular (N) and right? lateral (O) views. Abbreviations: 1-9, positions of maxillary
alveoli; na, external nares; tub, dorsal trochanter/tuberosity.

40



Diversity 2024, 16, 290

The teeth of Simolestes are distinctive in having fine apicobasal enamel ridges, more
numerous on the lingual surface of the crown [116]. The ridges on the labial surface always
begin some distance from the base, which is a constant feature of the teeth of this taxon
used in its recognition [5,6,116]. The largest teeth of Simolestes have no ornamentation
on the labial surface of the crown; the individual enamel ridges are narrower, less raised
from the surface of the enamel, and apparently do not coarsen upwards in comparison to
Liopleurodon, the individual ridges can be irregularly roughened and wavy [116]. A tooth
crown described by Bogolubov [33] from the middle Callovian of Gzhel greatly matches
these characteristics, and we concur with Tarlo [6] in its referral to Simolestes. Two other
teeth from the middle and upper Callovian of Moscow and Ryazan regions (PIN R-3589
from Gzhel and specimen in the private collection of V. Bakhtin from the Zmeinka Quarry,
see [39]) match some, or all of, the above characteristics (Figure 8A-C); therefore, they are
here referred to Simolestes sp.

Figure 8. Pliosaurid teeth from the Callovian of European Russia. Pliosauridae cf. Simolestes PIN
R-3589 (A-C) from the middle Callovian of Gzhel; Pliosauridae indet., PIN 5818/8 (D-G) from the
middle Callovian of Rechitsy; Pliosauridae indet. PIN R-3574 (H-K) from the middle Callovian of
Nikitino; Pliosauridae indet. PIN R-3575 (L-N) from the upper Callovian of Dubki; lost holotype of
“Thaumatosaurus calloviensis” (O,P), referred to Simolestes sp. herein, from the middle Callovian of
Rechitsy, reproduced from Bogolubov [33] (pl. 1L, figs. 1 and 6); Pliosauridae indet. SGM 2007-5 (Q)
from the lower Callovian of Mikhalenino, Kostroma Region. Views: labial (A,E,H,L), lingual (D,I),
mesial or distal (B,F,G,J,M,P,Q), apical (C,K,N), and oblique labial from the apex (O).
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Of interest is a large propodial, SGM 569-1 (Figure 7D-G), from the lower Callovian
of the Unzha River. It is 58 cm long proximodistally, 31 cm wide anteroposteriorly at the
distal end, and 11 cm thick distally. Its capitulum is largely broken off, so the complete
length of the bone could have reached 60 cm. The great distal expansion of the propodial
clearly marked off from the shaft allows the referral of SGM 569-1 to Simolestes, which
shares such propodial configuration [5], differing it from other Middle and Late Jurassic
pliosaurids [5,6]. If this referral is correct, SGM 569-1 is among the largest representatives
of the genus, as it is 16% longer than the femur of the holotype (NHMUK PV R 3319).

5.1.3. Pliosauridae gen. et sp. indet.

There are several specimens, represented by fragmentary tooth crowns and some
postcranial remains attributable to pliosaurids, but not diagnostic at the genus level.

Tooth crown fragments from Dubki (PIN R-3575), Nikitino (PIN R-3574), Gzhel (PIN
5818/8), and Mikhalenino (SGM 2007-5) localities (Figure 8) do not show distinct features
for referral to a particular pliosaurid genus, although the relatively large size of PIN R-3575
and PIN R-3574 and the semicircular cross-section of enamel ridges suggest the referral to
Simolestes, rather than Liopleurodon.

NNGASU 147/2080 is the proximal portion of a very large propodial bone from the
Kama River basin (Figure 7H-J). Its preserved length is 37 cm, and the diameter of the
capitulum is 23 cm. The precise locality and age of this specimen is not recorded. Based on
the museum label, it is Middle Jurassic in age, which implies the Callovian age, although the
Bathonian age cannot be ruled out, considering the stratigraphy of the region, e.g., [71,114].
This specimen is equally large to the “Stewartby Pliosaur” NHMUK PV R 8322 from the
E. coronatum Zone of the UK [120] and indicates the presence of large pliosaurids, around
8-9 m long, in the Middle Jurassic of European Russia.

A sacral vertebra TSNIGR 157a/649 (Figure 7N,O), from Yelatma, Ryazan Region, has
moderate size with a 115 mm maximum diameter. A slightly larger (143 mm in maximum
diameter) is the articular surface of a centrum, YSPU M/F-45, from the lower Callovian of
the Makariev locality at the Unzha River (Figure 7L,M).

A partial postcranial skeleton MM 219 was described and figured by Riabinin [41],
who somewhat conventionally referred it to Peloneustes philarchus. However, apart from
the relatively small size for a pliosaurid, no distinct character supports this referral. There-
fore, we follow the opinion of other researchers [43,44] and consider this specimen as
Pliosauridae indet.

5.2. Plesiosauroids
5.2.1. Cryptoclidus eurymerus

The specimen PIN R-3600 is a partial postcranial skeleton comprising several cervical,
pectoral, dorsal, and caudal vertebrae, rib fragments, some gastralia, fragments of girdle,
and limb elements (Figures 9 and 10). This specimen originates from the middle Callovian
of Nikitino, Ryazan Region. It was excavated by the Club of Junior Paleontologists of
the Paleontological Museum, Moscow, led by one of us (A.S.) in the summer of 2014
and 2015. This specimen can be positively referred to Cryptoclidus eurymerus based on
anterior expansion of the humeral distal portion bearing the radial facet and the respectively
enlarged anterior expansion of the radius portion bearing the humeral facet, which is more
than twice as long as the facet for the radiale (autapomorphies of C. eurymerus [7]). Neural
arches fused with the centra and radii angular and tightly articulated with humeri indicate
that the specimen is an osteologically mature individual [7]. This is also supported by the
size of preserved elements; the humerus is 34.5 cm long and the femur 33.5 cm long, which
agrees with the dimensions of large C. eurymerus specimens reported by Andrews [4], and
indicates the total length of PIN R-3600 being around 4.2 m.
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Figure 9. Postcranial elements of Cryptoclidus eurymerus, PIN R-3600, from the middle Callovian of
Nikitino, Ryazan Region. Left humerus in articulation with the radius in dorsal (A) and anterior (B)
views; reconstruction of their position in the limb (in orange), left humerus in ventral (C) and distal
(D) views. Right radius in dorsal view (E). Partial pubis in dorsal view (F). Left femur in ventral (G),
anterior (H), dorsal (I), and distal (J) views. Partial right femur in dorsal view (K). Two gastralia (L),
dorsal rib in anterior view (M), and in articulation with dorsal vertebra (N).
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Figure 10. Vertebrae of Cryptoclidus eurymerus PIN R-3600, from the middle Callovian of Nikitino,
Ryazan Region. Cervical vertebrae (A-F) in anterior (A,D), left lateral (B,E), and ventral (C,F) views.

Pectoral vertebra (G-I) in anterior (G), right lateral (H), and ventral (I) views. Dorsal vertebra in
anterior (J) and left lateral (K) views.

The preserved cervical and pectoral vertebrae have concave articular surfaces (com-
monly referred to as amphicoelous type), oval in outline (Figure 10A,D,G). The cervical
and pectoral centra are mediolaterally wider than they are long anteroposteriorly and high
dorsoventrally (Figure 10A-I). There are no ventral and lateral keels. The prezygapophyses
are trough-like, with articular surfaces faced anteromedially, they are not fused medially
and their combined width is narrower than the centrum width. The preserved middle dor-
sal vertebra has circular in outline articular facets (Figure 10J), its transverse processes are
raised high dorsally, and the long axis of the rib facet is nearly vertical (Figure 10K). When
articulated with the rib, it results in a marked posterior inclination of the dorsal rib and a
more dorsoventrally compressed body cross-section (Figure 9N) than that reconstructed
by O’Keefe et al. [121] (fig. 7B). This indicates that Cryptoclidus was more similar to the
Oxfordian Tatenectes in its low body shape than was previously thought [121].

From the forelimbs, the left humerus and both radii are preserved, although heavily
weathered (Figure 9A-E). As noted above, the humeri and radii are diagnostic in Crypto-
clidus eurymerus in forming a strong anterior protrusion of the leading edge of the forelimb,
which is well pronounced in PIN R-3600. In the left forelimb, the radius and humerus are
so tightly articulated that they become partially fused anteriorly.

The left femur is nearly completely preserved, with its proximal portion only slightly
weathered (Figure 9G,H), whereas the right femur is heavily weathered (Figure 9K). The
femora are well consistent with the femora described and figured for Cryptoclidus eu-
rymerus [4,7]. The femur has a slender and long shaft and is not as greatly expanded
distally as the humerus (Figure 9F-H). The distal end of the femur is dorsoventrally thicker
than that of the humerus (45 vs. 37 mm).

Other plesiosaurian specimens known from the Callovian of European Russia are
represented by isolated bones (mostly vertebrae) and teeth. The teeth of the Oxford
Clay cryptoclidids have been demonstrated to be diagnostic [7,122]. In the available
plesiosaurian teeth from the Callovian of European Russia, three morphotypes occur,
which are in agreement with the teeth of Muraenosaurus, Cryptoclidus, and Tricleidus ([7]
and N.Z.’s pers. obs. on NHMUK specimens).
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5.2.2. Isolated Plesiosauroid Teeth

Several teeth (SGM 2007-3/1-3/5; PIN 5819/3) are referable to Muraenosaurus. The
largest of these (SGM 2007-3/1) has a tooth crown 38 mm high. The tooth crown is
slender and gently curved, subcircular in cross-section, becoming more oval to the apex
(Figure 11E ER). Its labial side is largely smooth, with a band of short and discontinuous
ridges present at the base (Figure 11D,J,U). The lingual side is ornamented by numerous
ridges, some of which extend almost to the apex, but none reach it (Figure 11B,H,0). The
ridges are straight and sparse in the upper half of the crown; to the base, they became
numerous and form a vermiculation pattern (Figure 11A,B,G,H,S,T). This morphology per-
fectly matches that described for Muraenosaurus leedsii by Brown [7] and among Callovian
plesiosaurians found only in this species (Cryptoclidus has small teeth with rare ridges,
Tricleidus has ridges on the labial surface [7]).

Figure 11. Isolated cryptoclidid teeth from the lower Callovian of Kostroma (A-J, N-Z") and Ryazan
(K-M) regions. Muraenosaurus sp. SGM 2007-3/1 (A-E), SGM 2007-3/2 (F-J), SGM 2007-3/3 (N-Q),
PIN 5819/3 (S-V). Cryptoclidus sp. PIN R-3621 (K-M). cf. Tricleidus SGM 2007-4 (W-Z’). Views:
mesial or distal (A,C,G,LK,N,P,S,W,Y), labial (D,J,L,Q,U,Z), lingual (B,H,M,0O,X), apical (E,FR,V,Z’).
Occlusal wear facets are visible at the tooth root on (C) and (G,H). K-M are SEM photographs with
the bottom row magnified x2 relative to the top row and schematic cross-section of the crown with
apicobasal lingual grooves shown below.
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One small tooth crown, PIN R-3621, from the lower Callovian of Mikhaylovcement
Quarry has a peculiar cross-section, slightly flattened on the labial side and undulating
on the lingual side, due to the two apicobasal grooves separating the lingual surface onto
three lobes. The ridges are rare; the two longest mesial and distal ridges separate the
smooth labial surface from the ridged lingual side, and between them, there are ten fine
ridges on the lingual side, none of which reach the apex (Figure 11M). This morphology
perfectly matches that of Cryptoclidus eurymerus, described by Brown [7], and although
Brown had not described the trilobate cross-section of the teeth in C. eurymerus, this is
confirmed by our personal observations (N.Z.’s pers. obs, on NHMUK PV R3730, April
2019). Therefore, we refer this tooth crown to Cryptoclidus sp.

A tooth crown, SGM 2007-4, from the lower Callovian of the Unzha River differs
from other teeth in its more robust ridges, not that sparse, as in Cryptoclidus, and not that
frequent, as in Muraenosaurus. Six of the ridges reach the apex. The ridges on the labial
surface are rarer and finer than those on the lingual side. Brown [7] provided restricted
information on the teeth of Tricleidus seeleyi, and in his fig. 24 [7], the tooth of T. seeleyi
appears superficially similar to that of M. leedsii. However, personal examination of the
type specimen (N.Z.’s pers. obs, on NHMUK PV R3539, April 2019) confirms that the teeth
of T. seeleyi differ from those of other Oxford Clay cryptoclidids by having more robust
ridges, lack of dense vermiculation pattern at the base (characteristic of M. leedsii), the
presence of sparse but prominent ridges on the labial side, and several (more than two)
ridges reaching the apex (no ridges reach the apex in M. leedsii and only two reach the
apex in C. eurymerus). All these features are present in SGM 2007-4, therefore, we refer
it to as cf. Tricleidus. An interesting feature of SGM 2007-4 is that the ridges, reaching
the apex, curve and form a spiral pattern (Figure 11X,Y,Z’). To our knowledge, such a
condition has not been reported for plesiosauroids and may represent some abnormality of
tooth development.

5.2.3. Isolated Plesiosauroid Vertebrae

We identify two morphotypes of plesiosauroid cervical vertebrae in the available material.

To Morphotype 1 (Figure 12) we refer vertebrae with flat or only slightly convex
articular surfaces (platycoelous to acoelous type). Among Oxford Clay cryptoclidids, this
condition is present in Muraenosaurus and Picrocleidus ([7] and N.Z.’s pers. obs.).

In Muraenosaurus, the articular surfaces are only slightly wider than they are high,
and are semicircular in cross-section, whereas in Picrocleidus, the articular surfaces are
markedly wider than they are high, oval in outline, and bear distinct depression under the
neural canal floor [4]. Furthermore, Picrocleidus is a small taxon, with the longest cervical
vertebral centra of the largest known specimen being 39 mm long [4], whereas most of the
vertebral centra of Morphotype 1 are larger (44 mm and longer). Therefore, these vertebrae
are referred to cf. Muraenosaurus. In the smaller anterior to middle cervical vertebrae, the
anteroposterior length equals or slightly exceeds the mediolateral width (Figure 12B,E).
In larger posterior cervical vertebrae, mediolateral width (W) exceeds the dorsoventral
height (H) and anteroposterior length (L), so that W > H > L (Figure 12G-T). There are
no lateral and ventral keels. A slight depression on the dorsal side of the articular surface
under the neural canal is present. The cervical ribs are dorsoventrally flattened at the
base and fused with the centrum without visible sutures in all vertebrae of Morphotype 1
(Figure 12B,E,J,N,Q,T), indicating the maturity of the specimens (sensu Brown [7]). The
neural arches are also fused to the centrum, however sutures are noticeable in some
specimens (Figure 12B). At present, six vertebrae of Morphotype 1 are identified from the
Callovian of European Russia, they all are depicted in Figure 12.
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Figure 12. Cervical vertebrae of cf. Muraenosaurus (Morphotype 1). Anterior cervical vertebra SGM
1358-37 from the (?)lower Callovian of Alpatyevo (A-C), originally described by Bogolubov [33].
Anterior cervical vertebra SGM 1891-08 (D-F) from the lower Callovian of Mikhalenino. Posterior cer-
vical vertebrae SGM 1891-10 (G-J) and SGM 1891-9 (K-N) from the lower Callovian of Mikhalenino.
Middle to posterior cervical vertebra PIN R-3590 (O-Q) from the upper Callovian of Peski. Posterior
cervical vertebra PIN R-3595 (R-T) from the middle Callovian of Mihailovcement. Views: anterior
articular (A,D,G,K,R), lateral (B,E,J,N,Q,T), ventral (C,F,I,M,P,S), and dorsal (H,L).
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To Morphotype 2 (Figure 13A-H) we refer proportionally shortened (W > H > L)
cervical vertebrae with markedly concave articular surfaces (amphicoelous type), which
are known for Callovian cryptoclidid genera Cryptoclidus and Tricleidus [7], and for the
Oxfordian cryptoclidid Tatenectes [123]; therefore, these vertebrae are referred to Cryptocli-
didae indet. There are only three isolated vertebrae of this morphotype. Two associated
centra from the middle Callovian of Peski Quarry, PIN R-3591-3592, belong to a small,
osteologically immature individual (Figure 13A-D), with their neural arches and ribs not
fused to the centrum (criterion of immaturity, sensu Brown [7]). Specimen PIN R-3670,
from Mikhaylovcement Quarry, belongs to a larger, osteologically mature individual with
the neural arch and ribs fused to the centrum without any visible suture (Figure 13E-H).
Furthermore, there are proportionally short pectoral and sacral vertebrae with concave
articular facets from the Callovian of Mikhaylovcement Quarry (Figure 13U-B’).

A small anterior dorsal vertebra (Figure 131-K) was collected in association with the
skeleton of Liopleurodon SGM 1807 and possibly represents its gastric contents. This vertebra
has neural ach fused to the centrum, thus it belongs to an osteologically mature individual,
although its small size (length 33 mm) indicates that it belonged to a small-bodied taxon,
such as Picrocleidus or Tricleidus [4].

Another dorsal vertebra TSNIGR 144 /1712 belongs to a large and osteologically mature
plesiosaurian. Its articular surfaces are nearly flat, transverse processes are horizontal, and
the long axis of the fib facet is nearly vertical (Figure 13M), all of which is characteristic of
Muraenosaurus [4,121]. Therefore, we identify this specimen as cf. Muraenosaurus.

The dorsal vertebra YSPU M /F-44, in contrast, has concave articular surfaces and
dorsally deflected transverse processes. These characters, together with the relatively large
size allow the referral of YSPU M/F-44 to cf. Cryptoclidus.

Several isolated dorsal and caudal vertebral centra cannot be identified further than
Plesiosauria indet. These are shown in Figure 13Q-T and C’-I". The dorsal centrum, SGM
1891-05, belonging to a juvenile individual, is interesting in terms of its great anteroposterior
shortness. A poorly preserved anterior caudal centrum, PIN R-3201, lacks chevron facets
and has a rib facet confluent with the neural arch facet. A small posterior caudal centrum,
PIN R-3596, has large chevron facets, and its rib and neural arch facets are also confluent.

48



Diversity 2024, 16, 290

Figure 13. Plesiosauroid vertebrae from the Callovian of European Russia. Cervical vertebrae of short-
necked cryptoclidids (Morphotype 2) (A-H); juvenile PIN R-3591 (A-D) and osteologically mature
PIN R-3670 (E-H). Anterior dorsal vertebra of osteologically mature small cryptoclidid collected
in association with Liopleurodon skeleton SGM 1807. Dorsal vertebra cf. Muraenosaurus TsNIGR
144/1712 (L-N). Dorsal vertebra cf. Cryptoclidus YSPU M/F-44 (O,P). Dorsal centrum of osteologically
immature plesiosaurian SGM 1891-05 (Q-T). Pectoral PIN R-3709 (U-X), sacral PIN R-3606 (Y-B’), and
caudal PIN R-3201(C’-E’) and PIN R-3596(F'-1") vertebrae. Views: articular (A,E,ILL,O0,Q,UY,C" F’),
dorsal (B,G,J,S,W,E’ H’), ventral (C,HK,T,X,B’,I), lateral (D,F,M,P,V,Z,D’,G’), cross-section (A’).
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5.3. Ichthyosaurians
5.3.1. Ophthalmosaurian Ichthyosaurs

The first documented finding of an ichthyosaur in the Callovian of Russia was made
in 1925, near Rybkino Village (at present, the Republic of Mordovia), by a prominent
Russian geologist and paleontologist, Alexander A. Stuckenberg (according to PSM archive
records). The excavated specimen is represented by a nearly complete sclerotic ring, small
jaw fragments with associated teeth, several vertebral centra, fragmental neural arches,
proximal portion of the humerus, and complete radius and ulna (Figure 14). However,
this specimen, PSM 3999-4004, has not been described and figured until now. It is worth
mentioning that in 2014, another skeleton referable to Ophthalmosaurus was excavated
not far from this locality [38], in the lowermost Callovian strata, near Sinyakovo Village,
Krasnoslobodsk District (Figure 14N). The preserved portions of the jaws of PSM 3999-4004
bear small teeth with roots circular in cross-section and slender crowns ornamented by
rather sparse striations (Figure 14B-E). The crowns are 10-12 mm high and 5-7 mm at
the basal diameter; they are very similar to those of Ophthalmosaurus icenicus, both in
size and morphology [52]. The ulna and radius of PSM 3999-4004 are quite large (6 and
6.5 cm anteroposteriorly long, respectively), indicating a moderately large individual
of approximately 3 m in length (estimated compared to known O. icenicus specimens;
e.g., radius and ulna are each ~7-8 cm long in the holotype NHMUK PV R2133; N.Z.’s
pers. obs.). The ulna of PSM 3999-4004 is proximally wider than the radius (Figure 14L).
Its posterior edge is convex and demonstrates unfinished ossification, compared to the
straight or concave and proximodistally long posterior edge of the ulna in O. icenicus
from the Oxford Clay [52]. In this aspect, the ulna of PSM 3999-4004 is more similar to
those of Late Jurassic Arthropterygius spp. [124], Nannopterygius borealis [125], and to the
yet undescribed Bajocian ophthalmosaurian from Luxembourg [126]. The radius of PSM
3999-4004 has an oval outline with poorly demarcated facets, unlike a pentagonal outline
in many ophthalmosaurids, including all the known specimens of O. icenicus, regardless of
their ontogenetic state (N.Z.’s pers. obs. on numerous specimens in NHMUK and CAMSM
collections, 2018-2019). This outline of the radius suggests the presence of two anterior
surfaces, one for articulation with the preaxial accessory element and another free of
contact with other elements. Among ophthalmosaurids, such a condition is present in
Ophthalmosaurus natans, e.g., [127], some specimens of Nannopterygius enthekiodon [125], and
Ophthalmosaurus calloviensis [35] (redescribed below). The sclerotic ring of PSM 3999-4004
(Figure 14A) is similar to that of many other ophthalmosaurids, with peripheral portions of
the individual plates rather thin (Figure 14A). The preserved posterior caudal vertebrae
are similar to those of O. icenicus [52], and the apical and fluke centra lack chevron facets
(Figure 14H-K). In summary, despite the similarity of teeth to O. icenicus, the epipodial
elements of PSM 3999-4004 are dissimilar to this species and resemble those of some other
ophthalmosaurids, thus allowing its identification as Ophthalmosauridae indet. However,
given its provenance and similarity to O. calloviensis from the Callovian of Saratov Region,
PSM 3999-4004 may belong to this species, which is characterized below.
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Figure 14. Ophthalmosaurus specimens from the lower Callovian of the Republic of Mordovia. Partial
skeleton of Ophthalmosaurus cf. calloviensis PSM 3999-4004 (A-M) from Rybkino locality. Sclerotic ring
(A). Dentigerous bone fragment (likely maxilla) in lateral (B) and ventral (C) views. Magnified teeth
(D,E). Caudal preflexural (F,G), apical (H,I) and postflexiral, “fluke” (J,K), centra in articular (F,1]J)
and lateral (G,H,K) views. Radius and ulna in proximal (L) and dorsal/ventral (M) views. Skull of a
partial skeleton of Ophthalmosaurus sp. (N) from the lower Callovian of Sinyakovo locality reported
by [38], in oblique anterolateral view. Isolated radius of Ophthalmosaurus cf. calloviensis (SGM 1891-06)
from Trofimovshchina-2 locality in dorsal/ventral (O) and proximal (P) views. Abbreviations: faae,
facet for anterior accessory element; fe, free surface; fim, facet for intermedium; fre, facet for radiale.
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The first Callovian ichthyosaur that was formally described from Russia [35] is an
incomplete forelimb, SSU104a/27, found in a trench near Dubki Village, Saratov Re-
gion. It was initially referred to a new genus and species, Khudiakovia calloviensis, by
Arkhangelsky, 1999, and consequently synonymized with Ophthalmosaurus icenicus [50-52].
Arkhangelsky [53], however, retains this taxon as a valid species of Ophthalmosaurus. Our
re-examination of this holotype specimen allows the definition of some difference to O. iceni-
cus specimens from the Oxford Clay. With the humerus being 176 mm long, SSU104a /27
is a moderately large ophthalmosaurid within the size range of Ophthalmosaurus [4,52].
The humerus of SSU104a/27 is overall similar to that of O. icenicus [52] and lacks the
constriction between the radial and ulnar facets known for Arthropterygius [124]. The
presence of an accessory epipodial element, posterior to the ulna, suggested by Arkhangel-
sky [35], cannot be confirmed. However, the posterior edge of the ulna in SSU104a/27 is
proximo-distally short, convex, and has unfinished ossification; the radius of SSU104a/27
has an oval outline with poorly demarcated facets (Figure 15A,B), implying the presence of
two anterior surfaces rather than one convex facet, as interpreted by Arkhangelsky [35].
Both the radius and ulna of SSU104a /27 are similar to those of the above-described PSM
3999-4004. The intermedium of SSU 104a/27 has two distal facets of subequal size for
articulation with the fourth and third distal carpals, as in many ophthalmosaurids with
“latipinnate” condition [52,124].

The morphology of the humerus in SSU104a/27 supports its referral to Ophthal-
mosaurus. However, the morphology of its epipodial elements questions the assignment to
O. icenicus and demonstrates affinities to a wider range of ophthalmosaurids. The similarity
of epipodial elements in SSU104a/27 and PSM 3999-4004 suggests that PSM 3999-4004
can represent the same taxon as SSU104a/27, for which the species name O. calloviensis,
Arkhangelsky, 1999, is available. However, due to the fragmentary nature of both spec-
imens, we consider Ophthalmosaurus calloviensis as species inquirenda, pending more
complete materials.

An isolated radius, SGM 1891-06 (Figure 140,P), from the lower Callovian (P. elatmae
Zone) of the Trofimovshchina-2 locality, Republic of Mordovia, is also similar to the above-
described specimens in being oval in dorsal view and having two anterior surfaces, further
supporting this feature a as characteristic of early Callovian ophthalmosaurians of the
Middle Russian Sea.

Another specimen of interest is an incomplete and poorly preserved skeleton, SSTU
MEZ 3/4, found from the lower Callovian near Gvardeyskoe Village, Saratov Region
(Figure 15F-W). The specimen has “lateral wings” over the external nares (Figure 15F),
tapered anterior extremity of the dentary (Figure 15H), a scapula with a well-developed
acromial process and short, mediolaterally compressed shaft (Figure 151]), intermedium
rhomboid in dorsal view bearing two distal facets subequal in size (Figure 15R), and
dorsoventrally thickened and rounded phalanges (Figure 155-W). All this makes it possible
to attribute the specimen to cf. Ophthalmosaurus.
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Figure 15. Ophthalmosaurids from the Callovian of Saratov Region. Holotype forelimb of Ophthal-
mosaurus calloviensis SSU 104a/27 (A-E) in dorsal (A), ventral (B), anterior (C), posterior (D), and
proximal (E) views. Fragments of a partial skeleton SSTU MEZ 3/4 (F-W). Articulated nasals in
dorsal view (F), partial premaxilla (G) and dentary (H) in lateral views. Right scapula (with associated
rib fragments and distal limb elements) in dorsal (I), ventral (J), and proximal (K) views. Anterior
dorsal (L,M), and posterior dorsal to anterior caudal (N-Q) centra in articular (L,N,P) and lateral
(M,0,Q) views. Intermedium in dorsal/ventral (R) and proximal (S) views. Anterior accessory
element in dorsal/ventral (T) and posterior (U) views. Phalanges in dorsal/ventral view (V,W).
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In May 2022, a partial skeleton, SGM 1961, referable to Ophthalmosaurus icenicus, was
discovered from the middle Callovian of the Perebory locality, Yaroslavl Region. The skull
is poorly preserved and fragmented. Among the available parts, the most informative is
the condylar portion of the left quadrate (Figure 16 A—C), which has a shape and size typical
for the Oxford Clay O. icenicus specimens. Vertebral centra from all regions of the spinal
column are preserved, including the atlas—axis complex (Figure 17A-E). They also agree
with the vertebral morphologies described for O. icenicus [52]. Among the interesting traits
is that the third centrum has diapophysis and parapophysis fused into the dorsoventrally
elongated synapophysis (Figure 17C,F), which is probably a malformation. Of interest is
that the surface of the floor of the neural canal is roughened, bearing undulating longitu-
dinal striations (Figure 171, M,P,T). This condition is present in all Oxford Clay O. icenicus
specimens, but is not seen in any other ophthalmosaurian (N.Z.’s pers. obs.), thus it likely
represents an autapomorphy of O. icenicus. In every aspect, the humerus is similar to that
of the O. icenicus paratype, NHMUK PV R2134, although the anterodistal edge in SGM 1961
is broken. The proximodistal length of the humerus is 14 cm, which corresponds to the size
of young adult O. icenicus specimens [4]. Epipodial and autopodial elements are all typical
for O. icenicus; the ulna is proximodistally elongated with a straight and dorsoventrally
compressed posterior edge, the radius has a pentagonal outline dorsally, the intermedium
bears two distal facets of subequal size, and the distal autopodial elements are rounded
and dorsoventrally thick.

B

fspl
5cm

|
Figure 16. Cranial elements of Ophthalmosaurus icenicus, SGM 1961, from the middle Callovian of
Perebory, Yaroslavl Region. Ventral portion of the left quadrate in posteromedial (A), condylar (B)
and dorsal (C) views. Partial left angular in anterior cross-sectional (E), lateral (D), posterior (F),
dorsal (G), and medial (H) views. Abbreviations: fqj, facet for quadratojugal; fspl, facet for splenial;
fst, facet for stapes; fsur, facet for surangular.
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Figure 17. Vertebral centra of Ophthalmosaurus icenicus, SGM 1961, from the middle Callovian of

Perebory, Yaroslavl Region. Atlas—axis complex in anterior (A) and posterior (B) views; articulated
with the third centrum in left lateral (C), dorsal (D), and ventral (E) views. Third centrum in
anterior articular view (F). Anterior dorsal (G-M), posterior dorsal (N-T), and caudal (U-G’) centra,
in articular (G,K,N,R,U,Y,C’,D’), lateral (H,L,O,S,V,Z,E’), dorsal (ILM,P,T,W,A’F’), and ventral
(J,Q,X,B’,G’) views.
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Another partial forelimb, PIN R-4956 (Figure 18I-N), from the upper Callovian of
Mikhaylovcement Quarry, with the humerus 16 cm in proximodistal length, belongs to a
larger individual. The humerus is nearly completely preserved and is indistinguishable in
its shape from the O. icenicus NHMUK PV R2134 paratype humerus. Most noticeable is
the anteriorly acute, triangular in outline facet for the preaxial accessory epipodial element
(Figure 18N). This condition occurs only in O. icenicus and allows for the robust referral of
the specimen to this species [128]. Associated with the humerus, the radius, intermedium,
and a carpal element are also typical of O. icenicus in their shape and proportions.

The isolated premaxilla, SGM 2000-1 (Figure 19P,Q,R), is 50 cm long and 6 cm in
maximum height. It has a characteristically anteriorly tapered and acute tip, which diverges
from the sagittal plane anteriorly (Figure 19P). This anterior divergence of the premaxillae
was reported to be unique to O. icenicus among Jurassic ichthyosaurians [52].

Some other less complete specimens are also attributable to ophthalmosaurids and
likely belonged to Ophthalmosaurus. Among these are several specimens from the lower
Callovian of the Unzha River, including a partial mandible with teeth (SGM 1891-20;
Figure 19A-D), and collected in association with it, an anterior dorsal centrum (SGM 1891-
02; Figure 20A—C). The teeth are small (crowns 14 mm in maximum height and 7 mm at
basal diameter) with slender curved crowns (Figure 19B-D), and weak roots of semicircular
cross-section (Figure 19A-D), similar to Ophthalmosaurus [52] and Arthropterygius [124]. The
anterior dorsal centrum has undulating longitudinal striations on the neural canal floor,
which implies its affinity to O. icenicus (see above). The jugal SGM 1891-22 (Figure 19N,O)
is a slender J-shaped element with anteroposteriorly narrow dorsal portion, very similar to
that of O. icenicus [52]. The isolated left quadrate (SSU uncatalogued; Figure 19K-M) is also
most similar in its morphology to O. icenicus, see [4,52]. An isolated tooth (SGM 2007-8;
Figure 19E-H) and tooth crown (PIN 5819/4; Figure 191,]) are small and slender, similar to
the above-described teeth of SGM 1891-20 and PSM 3999-4004.

An isolated limb element, PIN R-2516 (Figure 180,P), from the upper Callovian of
Mikhaylovcement Quarry is rounded in outline and compressed at one of the edges. It
likely represents an anterior accessory element, or one of the elements from the anterior or
posterior digits of the limb. In its rounded outline and large size (6 cm in diameter), it is
similar to the respective elements of Ophthalmosaurus [52] and Arthropterygus [124].

5.3.2. Indeterminate Ichthyosaurians

Numerous isolated ichthyosaurian vertebrae are known from the Callovian strata of
European Russia. Some of these are the only finds from certain localities, including the
northernmost occurrence in European Russia, Adzvavom [110] (see Table 1 for details).
Some of these specimens are depicted in Figure 20. We omit the description of these
specimens here, as in the present state of knowledge, it is not possible to identify them more
precisely than Ichthyosauria indet., although they most likely belong to ophthalmosaurians.
Therefore, these specimens only demonstrate the ubiquitous presence of ichthyosaurians in
the Middle Russian Sea during the Callovian.
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Figure 18. Forelimb remains of Ophthalmosaurus. Partial right forelimb of Ophthalmosaurus icenicus,
SGM 1961, in dorsal view (A). Humerus of SGM 1961 in ventral (B), anterior (C), posterior (D), distal
(E), and proximal (F) views. Ulna of SGM 1961 in posterior view (G), and proximal surfaces of the
ulna and radius (H). Partial left forelimb of Ophthalmosaurus icenicus PIN R-4956 (I-N) from the upper
Callovian of Zmeinka Quarry, Ryazan Region, in dorsal (I) and ventral (K) views. Humerus of PIN
R-4956 in anterior (J), posterior (L), proximal (M), and distal (N) views. Anterior accessory epipodial

element (?) of cf. Ophthalmosaurus PIN R-2516 (O,P), from the upper Callovian of Mikhaylovcement
Quarry, Ryazan Region in dorsal/ventral (O) and anterior (P) views.
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Figure 19. Ophthalmosaurid cranial remains from the Callovian of the Unzha River basin, Kostroma
Region. Partial mandible with teeth SGM 1891-20 (A-D), on (B-D) magnified teeth. Isolated tooth
SGM 2007-8 (E-H) and tooth crown PIN 5819/4 (L ]) in labial (E,J), anterior or posterior (F,C), lingual
(B,G,D), and apical (H,I) views. Left quadrate, SSU uncatalogued, (K-M) in posteromedial (K),
posterior (L), and condylar (M) views. Left jugal SGM 1891-22 in lateral (N) and medial (O) views.
Left premaxilla SGM 2000-1 (P-R), in dorsal (P), lateral (Q), and ventral (R) views.

5.4. Thalattosuchian Crocodylomorphs

Recently Young et al. [40] described isolated thalattosuchian teeth from the Callo-
vian of European Russia, therefore, we refer the reader to that contribution for details.
Young et al. [40] identified three teeth from the lower Callovian of Unzha Village as Metri-
orhynchidae indet., and one more crown, from nearby Mikhalenino Village, as Geosaurini
indet. (NB localities “Unzha” and “Mikhalenino” may represent different records of
one natural outcrop near the villages Unzha, Mikalenino, and Popovo). A tooth crown
from the lower Callovian of CHP-5 locality in Saratov, Saratov Region, originally de-
scribed and figured by Arkhangelsky [35], was referred to Geosaurini indet., although
it represents a taxon different to the Unzha geosaurin. One tooth crown from the lower
Callovian of Gumny village, Republic of Mordovia, and another from the middle Callo-
vian of the Mikhaylovcement Quarry, Ryazan Region, were referred to cf. Thalattosuchus.
Two crowns from the middle Callovian of Gzhel and Mikhaylovcement were referred to
emphTyrannoneustes sp. [40].
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Figure 20. Ichthyosaurian veretebral centra from the Callovian of European Russia. Anterior dorsal
centra SGM 1891-02 (A-C) and IG 93/13 (D). Middle dorsal centra ZIN PH 1/215 (E-G) and SGM
1891-04 (I-K). Posterior dorsal centra PIN R-3200 (H), SGM 1891-25 (N-P), SGM 1891-15 (Q-S).
Anterior caudal centrum SGM 1891-19 (L,M). Posterior preflexural caudal centra SGM 1891-14
(T-V), PIN R-3593 (W-Z) and SGM 1891-24 (A’-D’). Series of postflexural (fluke) vertebrae SGM
1891-21 (E’,F’). Views: articular (A,D,G,H,I,LN,Q,T,W,A’,F), lateral (B,F,J,O,R,U,X,B’ E’), dorsal
(CEXK,\V,)Y,C), ventral (M,P,S,Z,D’).
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In autumn 2023, a cervical vertebra (SGM 2007-02) from the Callovian of Mikhaylovcement
Quarry was donated to SGM by Konstantin Volkov. The vertebral centrum (Figure 21A-F) has
approximately equal height and width (50 and 49 mm, respectively), and its length (53 mm)
only slightly exceeds the width. The anterior articular surface is flat to slightly convex, and
the posterior articular surface is concave. The ventral hypapophyseal keel is well-developed
and somewhat convex ventrally (Figure 21D). It is narrowest in the central part and expands
into triangular surfaces anteriorly and posteriorly. These surfaces have a conspicuously
rugose, mammilated surface (Figure 21E). The parapophyses are protruding and oval in
outline, located closer to the anterior surface. The anterior surfaces of parapophyses are
rugose (Figure 21D). The subequal length and width of the centrum suggest its referral to a
geosaurine metriorhynchid, as metriorhynchine metriorhynchids have posterior cervicals
that are slightly shorter than wide ([78]; M.T. Young pers. comm. 2023).

Furthermore, in SGM collection, there is a long bone from the lower Callovian of the
Unzha River basin (Figure 21G-K), which likely represents a thalattosuchian metacarpal or
metatarsal. It is a slender, 65 mm long element with a triangular to teardrop cross-section.

5cm

Figure 21. Metriorhynchid cervical vertebra SGM 2007-02 from the Callovian of Mikhaylovcement
Quarry in anterior (A), posterior (B), left lateral (C), ventral (D), and dorsal (E) views. Thalattosuchian
metacarpal or metatarsal SGM 1891-01 (F-J) from the lower Callovian of Mikhalenino.
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6. Discussion

The fossil record of marine reptiles since the middle Toarcian and to the middle Callo-
vian is extremely poor globally [1,2,126,129-136], which makes it hardly possible to assess
any turnovers during this time interval, or trace patterns of marine reptile distribution [126].
Furthermore, our knowledge of marine reptile fauna of the only well-characterized middle
Jurassic stage, the Callovian, is largely based on the Oxford Clay Formation of England,
with less sound records from coeval strata of other countries of Western Europe [12-26], and
extremely limited data on Callovian marine reptiles outside of Europe [27-32]. Moreover,
for many Callovian marine reptile specimens from the Oxford Clay, precise information
on their stratigraphic position was not recorded [4,5,137-139]. According to the exist-
ing records and later collections, the majority of marine reptile remains from the Oxford
Clay Formation, particularly articulated skeletons and bone associations, appear to come
from the basal beds of the Peterborough Member (Middle Callovian, lower part of the
Kosmoceras jason Subzone of K. jason Zone; Figure 22) [8,139-141]. This is partially due
to the peculiarities of clay extraction, both manual and mechanical, such that Gryphaea
beds and concretionary nodules, especially abundant in Bed 10 [141], as well as the poorer
quality of these basal beds due to frequent shells, resulted them becoming the predomi-
nant area for fossil collecting [139], even though a few finds from the below (uppermost
lower Callovian Catasigaloceras enodatum Subzone of S. calloviense Zone [9]) and above
(middle to upper Callovian Erymnoceras coronatum, Peltoceras athleta and Lamberticeras lam-
berti zones [8,83,139]) intervals of the Oxford Clay Formation are also known. Therefore,
the taxonomically rich Callovian herpetofauna of England largely characterizes a short
episode in the Middle Callovian. Brown and Keen [122] also described the marine reptile
fauna from the uppermost lower Callovian (C. enodatum Subzone of S. calloviense Zone)
sands of the Kellaways Formation of the UK. They identified Liopleurodon, Cryptoclidus,
Muraenosaurus, as well as teleosaurid and metriorhynchid teeth. Thus, they demonstrated
that at least some reptile genera of the Oxford Clay were present already in the lower Callo-
vian Kellaways Sands. Early Callovian marine reptile fauna of European Russia provides
additional data for this poorly characterized time interval and for older intervals within the
Callovian. Similarly to Brown and Keen [122], we identified Liopleurodon, Muraenosaurus,
and Cryptoclidus in the lower Callovian of Russia, but also documented Simolestes and cf.
Tricleidus herein. Thus, the lower Callovian plesiosaurians of European Russia are similar
to those from the Kellaways and Oxford Clay formations of the UK, at least at the genus
level. The fragmentary nature of the available lower Callovian specimens in both the UK
and European Russia complicates further comparisons of these faunas with each other and
with younger Oxford Clay fauna. However, it is possible that new findings will reveal
some anatomic differences to characterize the temporal and/or geographic separation of
the early Callovian marine reptile fauna of the Middle Russian Sea.

Of interest is the presence of a relict rhomaleosaurid in the lower Callovian of Rus-
sia, which is in line with the finds from the lower Callovian of Arctic Canada, as well
as Callovian records from Argentina and the UK [36]. This probably shows that early
Callovian marine reptile faunas particularly retained stratigraphically older taxa from
poorly characterized faunas of the Aalenian—Bathonian [126].

Among metriorhynchids, Young et al. [40] reported several indeterminate metry-
orhynchid teeth, cf. Thalattosuchus, and two morphotypes of Geosaurini indet. from the
lowermost Callovian of Russia. The tooth crowns referred to Geosaurini represent two
distinct morphotypes, different from known European taxa, and imply that thalattosuchian
fauna in the earliest Callovian of European Russia was partially different from that of the
middle Callovian of Western Europe.
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Figure 22. Stratigraphic distribution of marine reptiles in Western Europe (left) and European Russia
(right). Ammonite zones/subzones highlighted in gray are the main levels with marine reptile fossils.
For Western Europe, data on stratigraphic distribution of reptiles follow [8,9,73,122,139,142], and
partially follow [78,143] for thalattosuchians. Occurrences with some uncertainties are shown in
boxes with dashed margins; light shades indicate potential ranges based on ambiguous evidence
or uncertainties in the age of specimens. Some ranges for early and late Callovian plesiosaurians in
Western Europe are expanded according to Bardet [19,20] and Sachs and Nyhuis [25].

Similarly, early Callovian ophthalmosaurians of European Russia demonstrate some
differences from the only known Callovian ophthalmosaurian taxon, Ophthalmosaurus iceni-
cus, from the middle Callovian of Western Europe; whereas diagnostic specimens of middle
to late Callovian ichthyosaurians in European Russia are referable to O. icenicus, supporting
the connection of herpetofaunas of the Middle Russian Sea and seas of Western Europe.
For this time interval, we also observe other typical representatives of the Oxford Clay
herpetofauna in the Middle Russian Sea; plesiosaurians Cryptoclidus eurymerus, Liopleurodon
ferox, Simolestes sp., and metriorhynchids cf. Thalattosuchus and Tyrannoneustes sp. [40],
all of which have no marked differences from their contemporary congeners of Western
Europe. This is not surprising, as the invertebrate faunas of the middle and late Callovian
are also highly similar in these basins [91,144]. However, the studied area is still quite close
to Western Europe on a global scale, and further data on Callovian marine reptiles from
other regions of the world, especially those showing significant differences in invertebrate
fauna, are required.

Some differences between the early Callovian ichthyosaurian and thalattosuchian
taxa from European Russia and the known Callovian taxa of Western Europe could be
explained by the older age of the Russian fauna, rather than its geographic position. How-
ever, the presence of several common genera implies that younger middle-late Callovian
herpetofaunas inherited most of it. Thus, the earliest Callovian marine reptiles of European
Russia expand our knowledge of the global diversity of marine reptiles of this age and are
likely to represent the fauna ancestral to that of the middle Callovian age. Post-Callovian
marine reptile faunas of Europe are less well known, as reptile remains are very rare and
fragmentary in the Oxfordian of European Russia and Western Europe [145]. In this respect,
it is still difficult to trace the patterns of marine reptile fauna evolution and geographic
distribution during the Middle and early-Late Jurassic epochs in Europe and globally, and
the Callovian remains a narrow, 4-million-year-long “window” into the Middle Jurassic
marine reptile world, surrounded by the Aalenian-Bathonian and Oxfordian intervals of
blurred marine reptile fossil records.
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Abstract: The first record of well-preserved chondrocranial elements in mosasaurids is here described.
These elements are preserved in situ in a Coniacian skull found in north-central Colombia, inside
a calcareous concretion. Based on a 3D model generated from computed tomography scans, we
identified elements of the nasal and orbitotemporal regions. Our descriptions show that in this
specimen, the chondrocranium was reduced, more so than in most lacertilians (including their closest
recent relatives, the varanids), but not as severely as in snakes or amphisbaenians (which have an
extremely reduced chondrocranium and limbs). The new evidence suggests that the reduction in
the chondrocranium in mosasaurids could be related to modification of their limbs when adapting
to aquatic environments, but also that in mosasaurids, the olfactory tract was reduced, and the
optic muscle insertions occurred mainly in the interorbital septum. The exceptional preservation
of the chondrocranial elements in the specimen is facilitated by a gray mineralization covering
them. XRD analysis and thin section observations indicated that this mineralization is composed of
microcrystalline quartz and calcite. We infer that this material was produced by a partial silicification
process promoted by lower pH microenvironments associated with bacterial breakdown of non-
biomineralized tissues during early diagenesis.

Keywords: mosasaurid; chondrocranium; Coniacian; Colombia

1. Introduction

The chondrocranium is the cartilaginous portion of the vertebrate braincase [1-3].
Among gnathostomes, the chondrocranium has six recognizable components during de-
velopment [2,3]: the nasal capsules, which support the nasal apparatus and may form the
ethmoid plate; the orbital cartilages, located medial to the eyes; the otic capsules, which
contain the inner ear; the parachordals, which form the posterior base of the braincase; a
pair of rod-like trabeculae cranni that sit between the parachordals and the nasal capsules
beneath the orbital cartilage and the interorbital septum; and the occipital and preoccipital
arches, which enclose the posterior part of the brain. The trabeculae cranii eventually meet
in the midline anteriorly to form the internasal septum [2,3], which ossifies to constitute the
ethmoid and sphenethmoid bones [4]. The parachordals give rise to the basal plate, which
ossifies to constitute the basioccipital-basisphenoid region of the skull [4]. The otic capsules
ossify to form the prootic, opisthotic, and epiotic, and the occipital arch ossifies to form the
supraoccipital and the exoccipitals [4] (Figure 1A). The nasal and orbital cartilages remain
cartilaginous in adulthood [4]. The chondrocranium varies greatly among taxa regarding
its frame-like structure, mineralization, and when and to what extent it is replaced by
bone during ontogeny [1,3]. In reptiles, the grade of ossification and chondrification varies
greatly [5]. In this group of vertebrates, the adult chondrocranium is divided into three
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regions: the nasal, the orbitotemporal, and the otic-occipital region [2,6-9]. Anteriorly, the
nasal region is formed by the nasal capsules, which are separated by the nasal septum, and
posteriorly, it is formed by the planum antorbitale [9]. The orbitotemporal region is formed
by the interorbital septum, the planum supraseptale, and the taeniae and pilae chondrified
in diverse degrees [9]. The otic and occipital regions are formed by the otic capsules and
the basal plate [9].

Figure 1. (A) Schematic diagram of a lizard-like chondrocranium in right lateral view (redrawn
and modified from [2,3]) adapted to a mosasaur-like skull silhouette. (B-E) IGMp879524 skull
showing the preserved in situ chondrocranial elements. (B,C) Photographs of the skull in (B), right
lateral and (C) dorsal views. (D) Opaque 3D model of the skull in right lateral view (3D Slicer
option CT-AAA). (E) Transparent 3D model of the skull in dorsal view (3D Slicer option CT-X-
ray). The preserved chondrocranial elements are highlighted in blue. Part of the mandible and the
braincase are not included in the 3D model. Abbreviations: bpl, basal plate; ¢, coronoid; d, dentary;
f, frontal; ios, interorbital septum; j, jugal; Mc, Meckel’s cartilage; mx, maxilla; nca, nasal capsules;
ns, nasal septum; oa, occipital arch; or, orbit; orc, orbital cartilage; otc, otic capsule; p, parietal;
pof, postorbitofrontal; prf, prefrontal; pls, planum supraseptale; ps, parasphenoid; q, quadrate;
sa, surangular; tr, trabeculae cranii. Scale bars: 100 mm.

In lepidosaurs, a significant portion of the chondrocranium is generally retained
into adulthood [3]. In most adult lepidosaurs, the nasal capsules, a nasal septum, an
interorbital septum, and a central framework of slender bars (taeniae and pilae) are re-
tained [3]. In some lizards, parts of the taenia medialis and pila metoptica ossify, forming
the orbitosphenoid [2].
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In mosasaurs (Late Cretaceous marine lepidosaurs), the chondrocranium is almost
unknown. Camp [10] described an orbitosphenoid in a Plotosaurus (Kolposaurus) skull
from the Maastrichtian (Upper Cretaceous) of California. According to this author, the
orbitosphenoid encloses the optic chiasma and provides support to the ventrolateral wall
of the cerebrum. Additionally, Camp [10] described a brownish stain accompanied by
bone granules and identified it as a partially preserved interorbital septum anterior to the
orbitosphenoid. Bellairs [5], based on descriptions of the chondrocranium development
in sauropsids, including varanids, stated that the partially interorbital septum identified
by [10] might be called septosphenoid. In some specimens of Platecarpus and one of
Mosasaurus, a bone with a similar form of the orbitosphenoid of Plofosaurus has been
interpreted as orbitosphenoid [11].

Another mosasaurid specimen preserving chondrocranial elements was reported
by [12]. It consists of a skull (IGMp879524), reported by [12] under the catalog number
IPN-2, preserving in situ an almost complete chondrocranium. The specimen was found
in Coniacian beds from north-central Colombia and constitutes the first record of well-
preserved chondrocranial elements in a mosasaurid. The osteo-anatomic description
and the taxonomic determination of the specimen is currently under publication. In this
contribution, we fully describe and identify the preserved chondrocranial elements of this
specimen, discuss the probable functional implications of their anatomy, and comment on
their preservation features.

2. Materials and Methods

The specimen (IGMp879524) is housed in the paleontological collection of the Museo
Geoldgico Nacional José Royo y Gomez at the Servicio Geoldgico Colombiano (SGC). It
consists of a good portion of an articulated three-dimensionally preserved skull, lacking its
anterior end, and maintaining some delicate intracranial structures, such as chondrocranial
elements (Figure 1A,B). It was found in a calcareous concretion from Coniacian beds [12] of
the Galembo Formation [13], a geologic unit formerly known as the Galembo Member of
the La Luna Formation [14]. The specimen was collected in the surroundings of the Lebrija
municipality, Santander department, northern Colombia [12].

The preparation of IGMp879524 was mainly performed chemically, with an initial
mechanical treatment. The chemical preparation revealed the presence of a gray miner-
alization, indissoluble in acid, which was found coating a large part of the bone surfaces
and forming some laminae in the concretion matrix. This material was also found firmly
adhered to intracranial thin and delicate bones and cartilages, as the chondrocranium
components. In these cases, we preserve the coverage without subjecting the specimen to
mechanical preparation to avoid compromising the integrity of the fossilized bones or car-
tilages. The position of some bones of the skull, as the quadrates, which are displaced and
rotated dorsally into the temporal fenestrae, suggests that the skull was deposited upside
down. This is important because a few delicate detached fragments found on the ventral
surface of the frontal could correspond to separated elements from the chondrocranium
that fell upon the internal surface of the frontal.

To describe and identify the chondrocranial elements of the skull (IGMp879524),
we built a 3D model from computed X-ray tomography (CT) scans of the specimen
(Figure 1C,D). Most of the mandibles and some fragments of the occipital region, which
are separated from the main skull piece, were not joined for scanning given the fragility
of these elements. The CT scan was performed at the Clinica SHAIO, Bogota, Colombia,
using a Canon Aquilon One with a precision of 0.5 mm, KVP: 120, head protocol, and bone
filter. The final voxel size was 0.25 mm. A 3D model was made using the open-source
software 3D Slicer 5.2.2. The identification of the chondrocranial elements follows [5-7].
We adopted the terminology used by these authors in their description of the development
of the chondrocranium in squamate reptiles.

To evaluate the composition of the gray mineralization, we performed an X-ray
diffraction (XRD) analysis of a sample of this material recovered from the concretion. Also,
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to contrast the matrix and the gray mineralization composition, we made observations on
three thin sections: one of the calcareous matrix with bone, one of the gray mineralization,
and one including both the mineralization and the calcareous matrix. The XRD analysis
was performed at the Lithogeochemical Characterization Laboratory of the Departamento
de Geociencias of the Universidad Nacional de Colombia. The sample was prepared for
the XRD analysis following the parameters established by [15,16]. The measurements were
taken using a Bruker Co. Karlsruhe, Germany D2 PHASER with a copper lamp, and the
results were interpreted using the software Difract. EVA.V4.2.1. The thin sections were
made at the Petrographic Techniques Laboratory of the Departamento de Geociencias of
the Universidad Nacional de Colombia. All the figures in this contribution were assembled
using the open-source software Inkscape 1.3.2.

3. Anatomical Description

Based on direct observations on the fossil, as well as on the CT scan slices and 3D
model, we identified the following chondrocranial elements (see Figures 2 and 3): some
poorly preserved nasal elements, which probably represent remains of the nasal capsules
and fragments of the nasal septum; orbitotemporal elements, including well-preserved
planum supraseptale and interorbital septum with the posterior septal fenestra, the taenia
medialis, the cartilago hypochiasmatica, and the trabecula communis. All these elements
were preserved covered by a gray mineralization. Nevertheless, the surfaces of these
elements, mainly the interorbital septum, show a porous texture, indicating a cartilaginous
origin (Figure 2F).

Figure 2. Location of the chondrocranial elements in IGMp879524 skull. (A-E) Three-dimensional
model (left) and cross-section scans (right) of the skull without the complete mandible. The chondrocranial
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elements are highlighted in blue. The black planes and arrows in the 3D models indicate the position
and orientation of the cross-sections shown on the right side. (F) Detail of the interorbital septum in its

left side showing its porous texture. Abbreviations: f, frontal; ios, interorbital septum; Inc?, probable
element of the left nasal capsule; pl, palatine; pns?, probable element of the posterior region of
the nasal septum; pof, postorbitofrontal; prf, prefrontal; ps, parasphenoid rostrum; pss, planum
supraseptale; rnc?, probable element of the right nasal capsule; tc, trabeculae comunis. Scale bars:
(A-E) 50 mm; (F) 30 mm.

\/ ‘iﬂ
Inc?
- Orbitotemporal region Nasal region

Figure 3. Three-dimensional model of the chondrocranial elements and contacting bones of
IGMp879524 in (A) dorsal, (B) posterior, (C) right lateral, (D) anterior, and (E) ventral views.
Abbreviations: ans?, probable element of the anterior region of the nasal septum; ch, cartilago
hypochiasmatica; f, frontal; ios, interorbital septum; Inc?, probable element of the left nasal capsule;
pns?, probable element of the posterior region of the nasal septum; prf, prefrontal; ps, parasphe-
noid rostrum; psf, posterior septal fenestra; psr, parasphenoid rostrum; pss, planum supraseptale;
rnc?, probable element of the right nasal capsule; tc, trabeculae comunis; tm, taenia medialis. Scale
bar: 50 mm.

3.1. Nasal Region

We recognize three chondrocranial structures preserved in the nasal region. Anteriorly,
there are two irregular bulbous masses, one on each side of the sagittal plane, contacting
the prefrontals (Figures 2A and 3C). The right one, the best preserved, increases its size
anteroventrally reaching the palatine. It has an internal narrow canal, almost vertical in
cross-section (Figure 2A). The left mass seems incomplete; it is dorsoventrally compressed
and slightly inclined anteroventrally and shows an internal space, but in this case, it is a
narrow subhorizontal canal (Figure 2A). According to the Varanus cross-sections presented
by [17], the canals of these two structures in IGMp879524 could represent the olfactory
chambers for the nasal sacs, since they are located between frontal and palatine. However,
in this same anatomical position, Konishi [18] proposes the presence of salt-glands in a
halisaurine mosasaur. The third structure, a probable element of the nasal septum, is located
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posterior to the described masses and is a mid-sagittal structure that dorsally contacts
the anterior end of the frontal internarial bar (Figure 2B). This structure is posteriorly
short and subreniform in cross-section, and anteriorly it increases in height and becomes
subtriangular in cross-section, pointing ventrally and with a small canal located in the
dorsal midline (Figure 2B).

The preserved nasal elements, as well as the presence of a narrow canal in the lateral
masses, are reminiscent of the morphology of the nasal septum and nasal capsules described
by [7,9,17]. However, the poor preservation of these structures prevents us from confidently
affirming their identification as the nasal septum and capsules.

3.2. Orbitotemporal Region

In the orbitotemporal region, the interobital septum, the planum supraseptale, the
taeniae medialis, the trabecula communis, and the cartilago hypochiasmatica are preserved
in situ. The taenia marginalis is completely absent on both sides of the skull, and no
pilae are preserved in situ. However, since the skull was deposited in an upside-down
position, a few small fragments of flattened rod-like structures laying on the ventral surface
of the frontal, at the level of the anterior interorbital septum and near both displaced
epipterygoids, could be interpreted as broken fragments from both pilae metoptica that
have become detached by the thrust of the falling epipterygoids. No orbitosphenoids
were identified among these fragments. Considering the symmetric absence of the taeniae
marginalis, and the presence of the gray mineralized coverage in all other anterior and
posterior intracranial elements, we consider that the absence of these elements is not due to
preservation effects; instead, it is because they were not originally present.

The interorbital septum is the main element preserved in the orbitotemporal region.
It is a thin mid-sagittal plate dividing both orbits (Figure 2D,E). It is anteriorly reduced
and does not contact the nasal elements of the chondrocranium (Figure 3). The interorbital
septum, together with the planum supraseptale, form a Y-shaped structure in vertical cross-
section (Figures 2E and 3B). Ventrally, the interorbital septum thickens in the trabecula
communis (Figures 2E and 3B,D) and reaches the slender anterior rostrum (cultriform
process) of the parasphenoid. Due to taphonomic processes, the interorbital septum does
not coincide exactly with the parasphenoid rostrum in the sagittal plane (Figure 2C,D). The
interorbital septum is perforated on its upper half by a large oval foramen (Figure 3C),
which is recognized as the posterior septal fenestra (following [7]).

The planum supraseptale is formed by two short latero-dorsally directed ala-like
plates, which form a dorsal angled concavity (Figure 2D,E). It extends anteroposteriorly in
two different planes. Anteriorly, the planum supraseptale is horizontal or parallel to the
ventral surface of the frontal, whereas posteriorly it is inclined, separating it from the skull
roof (Figure 3C). The planum supraseptale ventrally connects to the interorbital septum and
forms a portion of the dorsal margin of the posterior septal fenestra (Figures 2D and 3C).
Dorsally, in its horizontal portion, the planum supraseptale reaches the frontal, just where
the anterior end of the cerebral hemispheres and the olfactory canal are located on the
ventral surface of the frontal.

The trabecula communis forms a wedge-shaped thickening of the ventral border of
the interorbital septum (Figure 2D, E). It shortly projects posteriorly from the posteroventral
margin of the interorbital septum (Figure 3). Above this short projection of the trabecula
communis there is a small bulge directed dorsally that could be identified as the cartilago
hypochiasmatica (Figure 3C). The taeniae medialis are represented by two short bars
projected posterodorsally from the posterior ends of the planum supraseptale (Figure 3).
The posterior margin of the interorbital septum, the ventral margin of the taenia medialis,
and the preserved dorsal margin of the cartilago hypochiasmatica should have formed
the anterior and part of the dorsal and ventral margins of the optic fenestra, as has been
illustrated for most lacertilians [2,5,7].

74



Diversity 2024, 16, 285

4. Functional Implications

The chondrocranium in IGMp879524 is comparable to that of nearly all described
extant lepidosaurs [2,5,9,19-21]; it has similar components arranged in the nasal and
orbitotemporal regions. This condition, previously unknown in mosasaurids, allows us to
project some of the morphofunctional studies carried out on the chondrocranium of recent
lepidosaurs, towards the functionality of the chondrocranium in mosasaurids.

In the studied specimen (IGMp879524), the nasal region, although poorly preserved,
allows us to affirm that the chondrification of the internasal septum was very reduced. The
orbitotemporal region is also reduced; the planum supraseptale is narrow even though
the skull is wide; it is not laterally expanded, differing from most other lizards [5,22]; the
pilae are completely absent, except for probable detached fragments of the pila metoptica,
and from the taeniae, only a reduced taenia medialis is present. Following the parameters
used by [22] to evaluate the reduction degree of the chondrocranium in lepidosaurs, this
condition shows that the orbitotemporal region of the chondrocranium of IGMp879524 is
reduced, although not extremely reduced. According to these features, some functional
implications can be analyzed.

Following the anatomical description of the chondrocranium of some lizards presented
by [2,22], the planum supraseptale supports the olfactory tract dorsally, and posterodorsally
it supports parts of the telencephalon and diencephalon. The reduced planum supraseptale
contacting the frontal in IGMp879524 forms a narrow cavity for the olfactory tract, suggest-
ing this tract was slender in this specimen. In addition, Bellairs [2] and Jones et al. [20] show
that in most lizards, behind the posteroventral border of the interorbital septum, the optic
nerves (nerve II) enter the brain (optic chiasma), delimited posteriorly by the pila metoptica
on each side, and dorsally by the taenia medialis on each side of the interorbital septum. In
IGMp879524, each of the taenia medialis and pila metoptica, forming the foramen for the
optic nerve, seems greatly reduced, suggesting a narrow foramen for these nerves.

Although it has been proposed that the structural variation of the chondrocranium in
squamates could have functional implications in skull mechanics, its biomechanical role in
vertebrates remains poorly understood [20]. Jones et al. [3] found no evidence to support
a vertical strut role for the chondrocranium in adult lizards. In contrast, according to [3],
the role of the chondrocranium is more evident in an adequate growth of the skull during
the embryologic development. Jones et al. [20], modeling the responses of strains on the
chondrocranium of a lizard (Salvator merianae), shows that the chondrocranium only helps
to dampen the load on the cranial bones from the stresses generated by the tensions and
compressions when biting. These observations could indicate that in mosasaurids, as in
most vertebrates, the chondrocranium played an important role during the embryologic
development, to obtain an undeformed cranial morphology in the adult. They also indicate
that, in the adult stage, the chondrocranium helped to dampen the loads on the cranial
bones when biting, as well as to protect the olfactory tract and support muscles and other
soft tissues.

According to [21], in the embryos of Tuatara punctatus, there are some muscles for
moving the eye that are inserted mainly into the interorbital septum, but also into the
planum supraseptale and the pila metoptica. The latter is highly fused with the pila
antotica and pila accesoria, forming a continuous plate in T. punctatus. This shows the
great importance of these parts of the chondrocranium in the proper functioning of the
eye. The well-preserved interorbital septum and the absence of a fused pilae plate in
IGMp879524 suggest that the optic muscle insertions in this mosasaur occurred mainly in
the interorbital septum.

Yaryhin et al. [22] suggested that the reduction in the chondrocranial elements could
be related to modifications on the appendicular skeleton. These authors show how in
lepidosaurs with reduced limbs, there is a tendency for the chondrocranium to shrink.
Mosasaurs had not been analyzed in this aspect because of the lack of information on their
chondrocranium. Our description provides for the first-time reliable information on the
chondrocranium of mosasaurs and shows that, in these aquatic lizards, the chondrocranium
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was reduced, more than in most lacertilians, including their closest recent relatives, the
varanids, but not as much as in snakes or amphisbaenians, which have an extreme reduction
in their chondrocranium and their limbs [22]. The reduced chondrocranium of IGMp879524
constitutes a new datum for future analyses. Although much information is still lacking,
the reduction in the chondrocranium in our specimen allows us to suggest that a reduction
in the chondrocranium in mosasaurs could be related to the modification of their limbs for
adaptation to an aquatic life.

5. Preservation

The specimen IGMp879524 is preserved in a concretion (nodule) found in a limestone
sequence of the Galembo Formation. The skull has a gray mineralization that is indissoluble
in formic acid, firmly adhered, and covering a large part of the bone surfaces and all
preserved chondrocranium elements (Figure 4A,B). This mineralization is also present in
the concretion matrix as irregular laminae (Figure 4A,B). The XDR analysis performed
on this gray mineralization shows that it is composed of Quartz (66.2%) and Calcite
(33.8%) (Figure 4C).
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Figure 4. (A,B) Gray mineralization in the IGMp879524 skull. (A) Left lateral view of the skull
within the concretion before acid preparation. (B) Left lateroventral view of the skull and concretion
during chemical preparation. (C) Diffractogram of the gray mineralization; Abbreviations: gm, gray
mineralization. Scale bar in (A,B): 10 cm.

Our petrographic observations of the thin sections indicated that the gray mineraliza-
tion is mineralogically composed mainly of microcrystalline quartz (15 um approximately)
and, in a smaller proportion, of microcrystalline calcite (micrite) randomly distributed
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(Figure 5A). Some poorly preserved round structures resembling those of calcareous di-
noflagellate cysts (following [23] (Figure 9C)) were identified in the gray mineralization
(Figure 5D). The calcareous matrix of the concretion is mainly composed of micrite with
a small proportion of pseudosparite and scattered clusters of microcrystalline quartz
(Figure 5B). A few chloritized pseudosparite calcite crystals were found throughout both
the gray mineralization and concretion. Thus, the main difference between the gray min-
eralization and the calcareous matrix is the amount of quartz (Figure 5C). The bone is
composed of phosphate, and its pores are filled with sparitic calcite crystals (Figure 5E).
Near the bone, there are small veins filled with microcrystalline quartz (Figure 5F).

200 ym
—

= 500,m §

Figure 5. Thin section microphotographs. (A,B) With plane polarized light PPL (left) and crossed
polarized light XPL (right). (A) Gray mineralization showing microcrystalline quartz with a smaller
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proportion of microcrystalline calcite; (B) calcareous matrix showing microcrystalline calcite with scat-
tered clusters of microcrystalline quartz. (C) Contact between the gray mineralization rich in quartz
(left) and the matrix rich in calcite (right) (XPL). (D) Dinoflagellate cysts in the gray mineralization
(PPL); (E) phosphatic bone with sparitic calcite crystals filling its pores (PPL). (F) Microcrystalline
quartz filling veins in the calcareous matrix (XPL). Abbreviations: b, bone; dc, dinoflagellate cyst;
mc, microcrystalline calcite; mq, microcrystalline quartz; mqc, microcrystalline quartz cluster.

In the Galembo Formation, where IGMp879524 comes from, the presence of beds and
lenses of chert is frequent [13]. According to [24], silicification is found as a replacement
feature in limestone sequences, usually as nodules and occasionally as beds. Trewin and
Fayers [24] and Knauth [25] established that authigenic quartz is found abundantly in
sedimentary rocks in the form of chert, commonly as granular microcrystalline quartz
or microquartz (diameter generally less than 5-20 um) that has replaced (silicified) pre-
existing sediments such as carbonate, opal, or evaporite minerals. The presence of chert in
the Galembo Formation and microcrystalline quartz and micrite in the gray mineralization
and the concretion matrix of IGMp879524 suggests a partial silicification in the specimen
IGMp879524 and an authigenic quartz replacing part of the calcite.

In the gray mineralization of the specimen, the silicification is around 60-70%, and
in the concretion matrix, it is around 10-30%, showing a higher silicification in the gray
mineralization than in the matrix surrounding the fossil. According to [24], the silicification
process is promoted by a high concentration of carbonate ions, organic matter, and reduced
pH; the silica is soluble in alkaline waters with a pH above 9, whereas calcite solubility
increases with decreasing pH. Diagenetic waters undergoing a decrease in pH (acid) can be
expected to dissolve calcite while silica precipitates, promoting the silicification of carbon-
ates [24,25]. According to [25], the earliest stages of silicification in carbonate sequences
occur in shell material, in which localized silica precipitation/carbonate dissolution are
promoted by the bacterial breakdown of organic matter. This occurs because the decay of
the organic matter (decaying tissues) contributes to the development of microenvironments,
which geochemically differ in various ways from their immediate surroundings [26,27].
These microenvironments may form internally or externally of carcasses, and their geo-
chemical conditions might promote the precipitation of minerals, such as silica [26,27].
Thus, selective silicification may result in scattered silicified fossils or fossil parts within
limestone [24], as we found in our specimen. The scattered silicification in IGMp879524 in-
dicates that there were spots of dissolution of calcite and precipitation of silica promoted by
the formation of microenvironments with lower pH, probably associated with the bacterial
breakdown of the non-biomineralized tissues. Nonetheless, microenvironment develop-
ment only leads to mineral formation if the chemical species that precipitate in response to
microbial metabolisms are present in sufficient supply [27]. Therefore, we can deduce that
for silicification to occur, the concentration of dissolved silica in the diagenetic waters must
be enough so it can precipitate and replace carbonates when the geochemical conditions
are appropriate. The availability of silica in the environment during the deposition of the
Galembo Formation is evidenced by the presence of beds of chert. The dinoflagellate cysts
found in the gray mineralization suggests that the dissolution of dinoflagellate skeletons in
the water could have been a source of silica.

Silicification in limestone sequences appears to be a relatively early diagenetic process,
taking place during shallow burial [24,25]. The presence of silicification in the concretion
containing IGMp879524 probably comes from the silicification of carbonates during early
diagenesis. That is supported by the presence of calcite within the skull cavities, the gravity-
displaced position of some bones in the skull, and the preservation of some chondrocranial
cartilages, which indicate that the more labile cranial soft tissues were decaying during the
diagenesis of the concretion. This decay process generated the acid microenvironments
optimal for the dissolution of calcite and silicification.
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6. Conclusions

In this study, we describe the exceptionally preserved chondrocranial elements found
in a skull of a mosasaurid collected in north-central Colombia (specimen IGMp879524). We
identified the interorbital septum, the planum supraseptale, parts of the trabeculae comunis,
and remains in the position of the nasal septum and nasal capsules. The chondrocranium
in IGMp879524 is greatly reduced, with the taeniae and pilae very poorly represented.

The chondrocranium of IGMp879524 has a narrow planum supraseptale that contacts
the frontal, creating a narrow cavity for the olfactory tract. The well-preserved interorbital
septum and absence of a fused pilae plate in IGMp879524 indicate that the optic muscle
insertions were primarily inserted in the interorbital septum in this mosasaurid. Our
results suggest that the chondrocranium in mosasaurids was reduced, more than in most
lacertilians, including their closest recent relatives, the varanids. Nonetheless, this reduc-
tion was not as severe as that seen in snakes or amphisbaenians, which have extremely
reduced chondrocranium and limbs. Although much information is still lacking, the new
evidence presented in this contribution suggests that the reduction in chondrocranium in
mosasaurids could be related to the modification of their limbs by adaptation to aquatic life.

We established that the concretion containing IGMp879524 suffered a partial and scat-
tered silicification during early diagenesis, which allows the exceptional preservation of the
chondrocranium. This silicification was possible by the supply of sufficient concentration
of dissolved silica in the diagenetic waters during the formation of the concretion. We inter-
pret that the silicification process was promoted by the formation of microenvironments
with lower pH, associated with the bacterial breakdown of the non-biomineralized tissues
of the skull.
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Abstract: After the end-Triassic extinction, parvipelvian ichthyosaurs diversified and became domi-
nant elements of marine ecosystems worldwide. By the Early Jurassic, they achieved a thunniform
body plan that persisted for the last 100 m.y.a of their evolution. Diversification and extinctions
of thunniform ichthyosaurs, and their swimming performance, have been studied from different
perspectives. The transformation of limbs into hydrofoil-like structures for better control and stability
during swimming predates thunniform locomotion. Despite their importance as control surfaces,
fin evolution among thunnosaurs remains poorly understood. We explore ichthyosaur fin diversity
using anatomical networks. Our results indicate that, under a common hydrofoil controller fin, the
bone arrangement diversity of the ichthyosaur fin was greater than traditionally assumed. Changes
in the connectivity pattern occurred stepwise throughout the Mesozoic. Coupled with other lines
of evidence, such as the presence of a ball-and-socket joint at the leading edge of some derived
Platypterygiinae, we hypothesize that fin network disparity also mirrored functional disparity likely
associated with different capabilities of refined maneuvering. The ball-and-socket articulation indi-
cates that this local point could be acting like a multiaxial intrafin joint changing the angle of attack
and thus affecting the maneuverability, similar to the alula of flying birds. Further studies on large
samples and quantitative experimental approaches would be worthy to test this hypothesis.

Keywords: anatomical networks; ichthyosaur fins; evolution

1. Introduction

Ichthyosauromorphs diversified in the aftermath of the Permo-Triassic mass extinc-
tion [1,2]. The macromorphological evolutionary changes in their body plan provide
canonical examples of convergence among tetrapods secondarily adapted to the marine
environment (SECAD from hereon) [3]. As early as the Anisian (Middle Triassic), some
ichthyosauromorphs evolved fusiform bodies with dorsal and well-developed caudal
fins [4]. Since then, and throughout the Jurassic and much of the Cretaceous, Ichthyosauria
Ichthyosauriomorphs (ichthyosaurs from hereon) have been dominant elements in marine
ecosystems worldwide. Within this clade, thunnosaurian ichthyosaurs are easily recog-
nizable by their streamlined body deepest at the pectoral region and tapering posteriorly
to the peduncle of the lunate caudal fin [5,6] (Figure 1). Alongside Neoceti cetaceans,
ichthyosaurs were the only tetrapods to evolve a thunniform body plan suitable for long-
distance cruising [7-9] and the first vertebrates to achieve thunniform bodies [10].

As required, throughout the wide arc of SECAD lineages, the shift from continental to
marine lifestyle was coupled with the transformation of the columnar and weight-bearing
limbs of continental forms into paddles or fins, both for propulsion and/or steering during
swimming [11-13]. Both functional categories of modified limbs (paddle-shaped limb or
hydrofoil-shaped) imply the enclosing of limb bones into soft-tissue envelopes and the
lengthening of the distal region by the addition of bones [14]. As a result, all SECAD have
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better-integrated limbs in comparison with their terrestrial ancestors. However, among
them, the evolutionary strategy and adaptation path followed by ichthyosaurs were unique.
Network analysis by Fernandez et al. [15] showed that the most widespread evolutionary
strategy among SECAD was the enclosing of limb bones in soft-tissue “envelopes” (like
“baby mittens”), without drastically impacting the underlying connectivity pattern of the
bones. In contrast, the strategy depicted by ichthyosaurs involved “zipping up” their
fingers so that digital bones (transformed into carpal-like elements) were connected not
only proximodistally with the surrounding bones but also laterally. This strategy resulted
in highly integrated and homogeneous forefins in ichthyosaurs, allowing them to explore
new regions of the morphospace [15].

In the last decades, the knowledge of the speed and mode of ichthyosaur evolution
and extinction increased significantly. Integrative analyses of disparity and evolutionary
rates indicate that the evolution of the lineage was characterized by a Triassic early burst
followed by an evolutionary bottleneck leading to a long-term reduction of the evolutionary
rates and disparity throughout the Jurassic and Cretaceous [2]. On the other hand, disparity
and diversity data of Cretaceous forms show that the extinction of ichthyosaurs was char-
acterized by a two-phase pathway: an early Cenomanian extinction that radically reduced
their ecological diversity, and a final extinction event at the end of the Cenomanian [16].
However, within this general framework, two key episodes of ichthyosaur evolution are
particularly significant due to their impact on the diversity and morphological innovation
of the group, and both had ophthalmosaurian parvipelvians as their main protagonists:
the Early /Middle Jurassic and the Jurassic/Cretaceous transitions. This clade of parvipel-
vians accounts for more than half of the entire evolutionary history of ichthyosaurs and is
known for drastic transformations in their forefins, including the emergence of pre-radial
and post-ulnar zeugopodial elements and numerous accessory digits. The Early /Middle
Jurassic transition, although poorly documented [17-19], witnessed the emergence of the
ophthalmosaurians. In contrast, the Jurassic/Cretaceous transition marks a profound drop
in the diversity (and probably disparity) of the clade [16,20].

Understanding the evolutionary transformation of ichthyosaur fins is crucial for taking
the first steps in comprehending the role of forefins during swimming in these marine
reptiles, particularly as they evolved into efficient thunnosaurian cruisers. Here we analyze
the morphological disparity of ichthyosaurs by exploring how the underlying connectiv-
ity pattern of fins transformed during ichthyosaurs” evolutionary history. We increased
the taxon sample of anatomical networks of fins from 3 [15] to 16 including forefins of
Mixosaurus cornalianus and 14 parvipelvians. Finally, framed against the phylogeny, we
track the changes in the connectivity pattern of ichthyosaur forefins over 147 million years
(from the Annisian up to the Albian) comprising most of the evolutionary history of the
ichthyosauromorphs.

The results of analyses of the fin networks highlighted that, within a clear trend
towards better integrated and modular forefins, ichthyosaurs depicted a broad array of
connectivity patterns. The overall similarity of the fin morphology (i.e., hydrofoil design)
hides a striking underlying disparity of bone arrangements. We also found that major
evolutionary changes in fin networks occur stepwise. Given the significance of forefins
as control surfaces during swimming we proposed that the forefin disparity mirrored
functional disparity as well, likely associated with disparity of the refined maneuverability
principally among derived thunniform swimmers.
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Figure 1. Ichthyosaurus somersetensis holotype from the Hettangian of England modified from [21]
(A). Left forefin on dorsal view (B). Anatomical network model of the forefin (C).

2. Materials and Methods

We built undirected and unweighted anatomical network models of the forefin for
a total of 16 Ichthyosaurian taxa (Supplementary Material, Table S1), in addition to the
SECAD dataset of [15]. For the selection of taxa and specimens, we chose complete fins in
their anatomical position without any deformation. In cases where this was not possible,
we reconstructed the missing parts using all available information, ensuring that at least the
minimum number of fin elements were positioned in their most conservative configuration.
Anatomical network analysis seeks to describe and analyze the underlying connectivity
pattern of the bone elements and their connections, being sutures, contacts, and articula-
tions. This kind of analysis adapts concepts of network analysis to anatomy, where network
metrics are interpreted as metrics of anatomical complexity, integration, heterogeneity,
and modularity (following [22] and references therein). Each element of the forefin is
represented as a node, and contacts among them are depicted as links connecting the nodes.
Osteological information is based on personal examination (MF, LC, AM) and published
specimens. Network models were created in the open-source software Gephi v.0.10.0 [23],
which was implemented for calculation of the network’s descriptors, including those de-
scriptors developed specifically for anatomical networks (heterogeneity and parcellation
based on [22]). These metrics are anatomically interpreted as measures of the complexity
of connections (density, number of connections divided by the maximum possible number
of connections), anatomical integration both locally (average clustering coefficient, number
of connections between the neighbors of a node divided by the maximum possible number
of connections in the neighborhood, on average) as well as along the entire length of the
structure (average path length, average of the path length between any pair of nodes), the
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variability of connections (heterogeneity, standard deviation of connections divided by
the mean number of connections), and anatomical modularity (parcellation, based on the
number of modules and the number of nodes in each module). For a detailed description
of the network metrics and how they are calculated see [22] and references therein. Data
from ichthyosaur limbs was subjected to two PCA analyses: one with the complete SECAD
dataset from [15] adding new network models obtained herein (Figure 2) and a second
considering solely the ichthyosaur information to gain detailed observations (Figure 3).
A major change compared to the [15] analysis, is that we now include the average path
length metric as well, under normalized variance—covariance correlation because the av.
path length is measured in different units compared to the other metrics. Finally, based on
the phylogenetic hypothesis presented in [24], a reconstruction of the ancestral states was
made in TNT v. 1.6 [25] by mapping the network metrics as continuous characters using
the built-in optimization.
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Ichthyosauria forefin morphospace occupancy over time derived from the second PCA (Figure 3),
from Late Triassic represented by Mixosaurus up to the Albian (Late Cretaceous) represented by
Platypterygius hercynicus, there were no major shifts in the fin morphospace occupation but an
overall trend toward better integrated and more modular fins. Thus, this long-term tendency
spanned for approximately 137 million years comprising most of the evolutionary history of
the Ichthyosauriomorpha.

3. Results
3.1. Morphospace Analyses

The increased taxon sampling and the inclusion of another descriptor in the analyses
(average path length) complemented previous results. As in the former analysis including
only three ichthyosaurs, the increased sample shows that the limb-to-fin transition of
ichthyosaurs followed a unique strategy among SECAD. After the initial shift between
the pattern of the basal ichthyosauromorh (e.g., Nanchangosaurus and Hupehsuchus) and
ichthyosaur fins, ichthyosaurs explore new regions of the morphospace. As depicted in
Figure 2, the morphospace occupied by ichthyosaurs does not overlap with that of any
other SECAD, a difference that is also confirmed statistically with a PERMANOVA analysis
(Supplementary Material File S1). Nonetheless, this finding should be interpreted with
caution until more taxa from other lineages of marine reptiles can be incorporated into
the study. Within a general path to homogeneous reintegration (sensu [15]), the pattern
of connectivity changes depicted by their networks indicates that the disparity among
ichthyosaur fins was greater than previously assumed. Thus, the morphospace is expanded
in all directions.

After the Triassic/Jurassic crisis, ichthyosaurs occupied a large morphospace (in blue
color on Figure 3) spreading alongside positive values on PCA1 and PCA2 except for
the outlying Temnodontosaurus with low negative values on PC1. Within the common
path to complex reintegration of their fore appendages, Jurassic forms spread across the
empty morphospace. Some of them, like Chacaicosaurus, Hauffiopteryx, and Ophthalmosaurus,
have the proximal elements better connected than phalanges resulting in relatively more
heterogeneous networks. On the other hand, the connections of Ichthyosaurus and Cay-
pullisaurus fins are distributed almost evenly across the networks resulting in a relatively
more homogeneous fin. Temnodontosaurus trigonodon is the only parvipelvian with a di-
verging pattern (less homogeneous connectivity across the fin). The disparate location of
this taxon is not surprising as this taxon reduced the number of primary digits to three.
Cretaceous Myobradypterygius hauthali and Platypterygius hercynicus are clustered together
and separated from the Jurassic thunniforms; this is due to their distinctive fin morphology
characterized by the increased number of tightly packed phalanges resulting in extremely
homogeneous and better-integrated fins. However, the low sampling of Late Cretaceous
taxa could underestimate the morphospace occupation during the last episodes of the
evolutionary history of the lineage.

3.2. Connectivity Changes in the Forefins across Phylogeny

The analysis of the anatomical networks of SECAD fins [15] indicated that as early
as the Middle Triassic, the evolutionary strategy in ichthyosaurs of “zipping-up” their
fingers was established and that, through the Jurassic, thunniform ichthyosaurs followed an
adaptation path to homogeneous reintegration of their forefins. The analysis of an expanded
sample (Table S2), mapped across phylogeny under maximum parsimony, indicates four
points where major changes happen and that these evolutionary changes occurred stepwise
(Figures 4 and S1). The first step is noted at the Ichthyosauria node, denoted the early and
drastic changes in the underlying connectivity pattern of limb elements, promoted by the
“re-integration” of the fingers, that clearly impacted the network parameters. The whole
fin integration increases but without losing much of its modularity. While nodes, edges,
and average clustering coefficient increase, heterogeneity and parcellations decrease. At
the Parvipelvian node, no major changes occurred except for the ongoing trends toward
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more homogeneous fins expressed by a decrease in heterogeneity (H) values. The second
step likely occurred in the Early Jurassic. At this point, the fins became larger, but slightly
less integrated and modular. After relatively long stability, two successive steps took place
during the Middle and Late Jurassic. The last step is the one that registers the most abrupt
change in the values of the network descriptors, marking a notable increase toward even
more integrated and homogeneous networks.
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Table 1. Network properties of analyzed ichthyosauromorphs. C, average clustering coefficient;
D, density; E, edges; H, heterogeneity; N, nodes; P, parcellation; PL, average path length. Complete
dataset in Supplementary Materials Table S2.

Taxa Nodes Edges Density Clustering  Path Length ~ Heterogeneity Parcellation Group

Aegirosaurus leptospondylus 109 199 0.034 0.141 8.079 0.253 0.854
Brachypterygius extremus 70 139 0.058 0.262 5.761 0.337 0.825
Chacaicosaurus cayi 48 84 0.074 0.227 5.213 0.381 0.795
Cryopterygius kristiansenae 77 155 0.053 0.307 6.504 0.322 0.817
Hauffiopteryx typicus 59 108 0.063 0.224 5.745 0.350 0.798
Macgowania janiceps 65 138 0.066 0.331 5.726 0.322 0.825

Myobradypterygius hauthali 198 453 0.023 0.332 11.364 0.255 0.865 ICHTHYOSAURS
Ophthalmosaurus icenicus 61 113 0.062 0.207 5.198 0.346 0.816
Platypterygius hercynicus 193 436 0.024 0.303 9.803 0.242 0.869
Stenopterygius quadriscissus 89 163 0.042 0.167 7.484 0.279 0.823
Temnodontosaurus trigonodon 50 114 0.093 0.494 5.442 0.263 0.799
Undurosaurus nessovi 97 187 0.040 0.259 8.419 0.406 0.840
Ichthyosaurus somersetensis 113 252 0.040 0.420 6.965 0.334 0.871
Caypullisaurus bonapartei 103 245 0.047 0.433 6.685 0.280 0.844
Mixosaurus cornalianus 78 171 0.057 0.425 5.861 0.362 0.804
Hupehsuchus 37 49 0.074 0.230 5.041 0.446 0.873

Nanchangosaurus 56 76 0.049 0.160 6.097 0.495 0.884 REPTILE SECAD

4. Discussion
4.1. Morphospace Occupation

Analyses of ichthyosaur disparity, based on phylogenetic data sets [2,26], identified
clear differences in morphospace occupation between Triassic and post-Triassic forms.
These contributions proposed that ichthyosaurs passed through an evolutionary bottleneck
close to the Triassic—Jurassic boundary and that after this key period, ichthyosaur evolution
showed a long-term reduction in evolutionary rates and disparity. Other approaches inte-
grating ecomorphological metrics and functional disparity for ecospace modeling [27-29]
agreed with these general results. Particularly, [28] found that, after the Triassic—Jurassic cri-
sis, ichthyosaurs again achieved relatively high diversity in the Early Jurassic but through-
out the Middle and Late Jurassic, the proportional disparity of ichthyosaurs becomes
increasingly diminished. However, these general outcomes do not match with the disparity
of the connectivity pattern of the forefins found here (Figure 3). The analysis of the forefin
networks showed no evidence of disparity retraction after the Early Jurassic as depicted by
the morphospace occupation of the Middle Jurassic and younger thunnosaurs. Noteworthy,
within a general tendency towards more integrated and modular fins, the thunnosauria
morphospace is expanded in all directions. Similar results have been obtained through the
analysis of humerus and zeugopodium morphology among ophthalmosaurids [20]. Other
lines of evidence, like those provided by bone microanatomy, e.g., [30,31], also suggest that
thunnosaurs, and particularly ophthalmosaurids, were ecologically diverse throughout
the Jurassic.

4.2. Fin Connectivity and Functional Disparity

The exploration of functional disparity focuses on morphological diversity (and its
innovations) with a recognized impact on the way of life of animals [28,32]. In the particular
case of the Mesozoic SECAD, since the pioneering contributions of Massare [5,33], most of
the ecomorphological approaches have been focused on the feeding apparatus [34-36] and
paleohistology [37,38]. However, swimming performance is a key factor for the SECAD
not only for dispersal during steady swimming but also for foraging. Thus, the skeletal
thunniform body plan has been linked to the ecological abilities for the capture of fast
pelagic prey such as fast swimming belemnite cephalopods [10]. The evolution of the
thunniform body plan of ichthyosaurus has also been explored in terms of energetic
performance. Assuming that all post-Triassic ichthyosaurs were thunniform swimmers, it
has been proposed that body size was a key factor in the evolution of swimming [39]. These
contributions deal mainly with the steady locomotion of ichthyosaurs; however, different
maneuverability performances are crucial for surviving escaping from predators and/or
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capturing elusive prey. Although belemnites were important items of thunnosaur diets, the
gut content of Cretaceous Platypterygiinae, as well as tooth and skull morphology [16,40],
indicate that they probably fed on a wide range of prey, including other vertebrates.

The role of the pectoral appendages of vertebrate swimmers as control surfaces is
well known. Changes in the orientation of the control surfaces with respect to the body
axis, as well as small changes in orientation at the leading and trailing edges, have an
impact on stability and maneuverability. This is true for flexible pectoral fins of fishes [41]
but also, although to a lesser extent, in relatively stiff flippers like those of sharks and
odontocetes. Among odontocetes, the lack of maneuverability is compensated by changing
small turn radii of flexible forms for higher turning rates and they depict different turning
performances [42]. In sharks, the majority of the pectoral fin area is internally supported by
collagenous ceratotrichia, which cannot be actively moved [43]. Most of the stabilization
relies on changes in the angle of attack or asynchronous pectoral fin movement [44,45].
Despite ichthyosauromorphs being axial swimmers through their evolution and having
paired fins that must have acted on stability and maneuverability, the disparity of hydro-
foils across thunnosaur clades has not been explored other than as an eventual source of
phylogenetic or taxonomic information [24,46]. Given the functional relevance of fins as
control surfaces, features such as density, clustering, or path length of their bone arrange-
ments could be considered not only as expressions of morphological disparity but also as
functional disparity among thunnosaurs and, thus, suggests different ecological niches.

In addition to the observed disparity of connectivity patterns of the forefin of ichthyosaurs,
an eloquent feature that still remains undescribed must be addressed. This is the presence of
a ball-and-socket joint between the distal end of the humerus and extra-zeugopial accessory
elements on the leading edge of the forefin of some Late Jurassic-Cretaceous ichthyosaurs.
Thus in Platypterygius australis QM F3348 [47] and in the Late Jurassic Platypterygiine MLP
85-1-15-1 [48] (Figure S2) the proximal surface of the extra zeugopodial element anterior to
radius is short (antero-posteriorly) and notably convex and articulates with a strongly con-
cave and small distal articular surface of the humerus. A similar condition occurred in the
forefin of the Late Jurassic Platypterygiine Sumpalla [20] although in this taxon the articular
facet on the distal humerus is not so well demarcated. This peculiar ball-and-socket joint be-
tween the humerus and the pre-radial accessory fin elements indicates that this local point
could be acting like a multiaxial joint. If so, then subtle, intrafin movements at this point
would indicate considerable changes on the leading edge. That is as a vortex generator that
increases the lift force and enhances maneuverability during locomotion analogous to the
function of the alula in flying birds [49]. Noteworthy, the forefin of Platypterygius americanus
(UW 2421, Figure S2) [50], shows another very interesting condition: a ball-and-socket
joint occurs on the trailing edge between the humerus and a pisiform. This condition
suggests that the diversity of maneuvering abilities among derived ichthyosaurus may
have been even greater. Quantitative experimental approaches would be worthy to test
this hypothesis.

Unfortunately, the fins of QM F3348, MLP 85-1-15-1, and UW 2421, which are eloquent
examples of ball-and-socket joints, could not be modeled for this study because they
are very incomplete. It is expected that the exploration of deposits such as those of
the Cretaceous Zapata Formation in Southern Chile [51,52] may provide more complete
specimens in the near future.

4.3. Stepwise Evolution of Ichthyosaur Hydrofoils

Along the phylogeny is a clear trend, expressed across the succession of major steps of
connectivity changes, towards better integrated, more modular, and more homogeneous
fins in ichthyosaurs (Figure 4). These major changes could be interpreted as steps of a
stepwise evolutionary pattern of limb-to-controller hydrofoil transition within ichthyosaurs.
It is known that, on very broad scales, morphological iteration (and convergence) occurs
frequently [53,54]. Whether this stepwise pattern denotes, at the lowest scale, a morpho-
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logical iteration in the evolution of more efficient controller flipper-hydrofoils is a worthy
question to be empirically tested in the future.

The results of network analysis framed against phylogeny show that the underlying
connectivity patterns changed as ichthyosaurs evolved thunniform body plan very early in
phylogeny. Thus, the first step of the connectivity changes coincides with the emergence
of Ichthyosauria soon after the emergence of Ichthyosauromorhs at the Olenekian [1].
Some noteworthy modifications on the forefin, as the lack of centralia [55] pre-dated these
changes. The ongoing fin evolution throughout the Early Jurassic indicates that morpho-
logical changes that accompanied the emergence of parvipelvians and thunnosaurs, such
as mesopodialization and the development of the thunniform body plan, respectively,
predate the next steps of important changes in bone connectivity. The paucity of Aalenian—
Bathonian records [56] obscures understanding of the fin transition between the Early
and Middle Jurassic and the sudden appearance of ophthalmosaurid ichthyosaurs. Unfor-
tunately, the most complete specimens of early ophthalmosaurids (i.e., Mollesaurus and
Argovisaurus) lack their fins [19,57]. However, the comparison between Chacaicosaurus and
Ophthalmosaurus icenicus, as well as the ancestral reconstruction using parsimony analysis of
the network parameters (Figure 4), suggest that the complexity of the propodeal-epipodial
joint (as was the morphological innovation of the appearance of the pae) did not produce
drastic changes in the connectivity pattern. In the same way, the rise of Platypterygiine by
the Late Jurassic is not mirrored by changes in the fin networks. It is likely that along evolu-
tion, the morphological innovations of the forefins (associated with the emergency of major
clades) provided the structural framework that allowed the subsequent diversification of
the bone connectivity that ultimately triggered an ecological diversity (e.g., diversity of
refined maneuverability among thunniform swimming).

Noteworthy, as also indicated by other ecological and diversity parameters [16,20],
the Jurassic—Cretaceous transition seems to reduce the disparity of the forefin. The only
survival lineage shows the most extreme pattern of homogeneous integration but also a
restricted occupation of the morphospace.

5. Conclusions and Future Directions

The generalized hydrofoil design of ichthyosaur fins hides a great diversity of bone
arrangements. The occupation of the morphospace through time shows a clear evolu-
tionary trend towards better integrated and modular forefins. Within this common path,
the disparity of thunnosaurs (as mirrored by the large occupation of morphospace areas)
persisted throughout the Jurassic. A key period occurred at the Jurassic—Cretaceous bound-
ary. Late Cretaceous-derived Platypterygiine explores a vacant restricted new area of the
available space.

The connectivity pattern diversity (i.e., variations of density, clustering, path length,
and nodes and edge values) may also represent functional diversity. Based on the role of
the forefin as the control surface of swimming, we argue that the morphospace occupation
can be interpreted in ecological-functional terms. The controller hydrofoils of ichthyosaurs
are assumed to be relatively stiff and with restricted mobility [37]. However, the number of
nodes, density, clustering, and path length of their bony arrangement indicate that not all
fins should have had the same performance in terms of partial surface deformation and/or
in terms of relative stiffness. Noteworthily, some derived Platypterygiines had a ball-and-
socket joint point on the leading edge of their fins that could have facilities for localized
bending of the leading edge substantially affecting the angle of attack during swimming.
Based on the integration of the outcomes of network analysis and gross anatomy of the
leading edge we propose diverse maneuverability capacities among members of the large
clade Platypterygiine. Further studies on large samples and quantitative experimental
approaches would be worthy to test this hypothesis. The mapping of the bone arrangements
of the forefin on phylogeny shows that evolutionary changes occurred stepwise along
the Mesozoic.
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lyzed taxa; Figure S2: Forefins showing ball-and-socket joints; File S1: Results of PERMANOVA;
Table S1: List of the specimens used for the construction of the anatomical networks of the forefin;
Table S2: Network properties of analyzed taxa.
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Abstract: A partial ichthyosaur skeleton from the Toarcian (Lower Jurassic) bituminous shales of the
‘Schistes Carton” unit of southern Luxembourg is described and illustrated. In addition, associated
remnant soft tissues are analyzed using a combination of imaging and molecular techniques. The
fossil (MNHNL TV344) comprises scattered appendicular elements, together with a consecutive
series of semi-articulated vertebrae surrounded by extensive soft-tissue remains. We conclude
that TV344 represents a skeletally immature individual (possibly of the genus Stenopterygius) and
that the soft parts primarily consist of fossilized skin, including the epidermis (with embedded
melanophore pigment cells and melanosome organelles) and dermis. Ground sections of dorsal
ribs display cortical microstructures reminiscent of lines of arrested growth (LAGs), providing an
opportunity for a tentative age determination of the animal at the time of death (>3 years). It is further
inferred that the exceptional preservation of TV344 was facilitated by seafloor dysoxia/anoxia with
periodical intervals of oxygenation, which triggered phosphatization and the subsequent formation

of a carbonate concretion.

Keywords: bone histology; ichthyosaur; molecular paleontology; paleocolour; phosphatization;
Schistes Carton; soft tissues

1. Introduction

Since the original description in 1699 [1], ichthyosaurs (marine ‘fish lizards’ of the
Mesozoic) have been the subject of extensive research. Owing to numerous fossil findings,
many of which are preserved in a pristine condition, our understanding of ichthyosaur
ecology and phylogeny is relatively comprehensive [2]. In addition, recent structural and
molecular analyses of ichthyosaur soft tissues have enabled inferences to be made about
certain aspects of their biology [3], thereby strengthening hypotheses regarding similarities
between derived ichthyosaurs and extant toothed whales [4].

Ichthyosaur soft-tissue remains were first described in 1836 by William Buckland, in
the form of presumed skin associated with a Lower Jurassic specimen from Lyme Regis,
southern England. Since then, numerous finds of ichthyosaur soft parts have been made,
mainly from Jurassic Konservat-Lagerstitten in Germany and the United Kingdom [2].
These findings comprise several different types of organs and tissues, including skin [3,5-7],
connective tissue [8] and internal organs (e.g., liver, intestines and stomach) [3,7,9]. Re-
garding skin, all three layers of the amniote integument, i.e., the epidermis, dermis and
hypodermis, have been documented in ichthyosaur fossils [2,3]. Furthermore, remnant
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cells and endogenous biomolecular traces, including melanophores (pigment cells) and
melanosomes (melanin-bearing cellular organelles), have been retrieved from some spec-
imens [3,10]. The distribution of melanophores and melanosomes in ichthyosaur fossils
additionally has shown that at least some species were countershaded in life [3]. This
color scheme likely served a variety of functions, including camouflage, thermoregulation
and protection against harmful ultraviolet (UV) radiation [3]. Blubber is another type of
peripheral tissue that has recently been documented in ichthyosaurs [3], emphasizing the
evolutionary convergence between these ancient marine reptiles and modern odontocetes
(toothed whales).

In this contribution, an ichthyosaur fossil (hereafter referred to by its accession number,
MNHNL TV344), represented by both incomplete postcranial elements and extensive
soft tissues, from Toarcian (Lower Jurassic) strata of southern Luxembourg is described
and illustrated.

Institutional abbreviations. MH, Urweltmuseum Hauff, Holzmaden, Germany;
MNHNL, National Museum of Natural History Luxembourg.

2. Geological Setting

TV344 was collected from a temporary outcrop exposing Lower Toarcian sediments
near the town of Dudelange in southern Luxembourg (Figure 1). In this area, the Jurassic
marine strata are sub-divided into the Dactylioceras tenuicostatum, Harpoceras serpentinum

and Hildoceras bifrons ammonite zones.
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Figure 1. Geological map of Luxembourg and its surroundings, with the study area indicated by a
green star (modified from Figure 1 in Ref. [11]). White lines indicate national borders.

Global oceanic anoxia occurred periodically during the Early Jurassic, promoting the
formation of organic-rich black shales across large parts of what is now Europe [12]. The
Toarcian Oceanic Anoxic Event (hereafter referred to as the T-OAE) is thought to be one of
many environmental perturbations caused by the Karoo-Ferrar Large Igneous Province in
present-day Southern Africa and Antarctica [13].

The Posidonienschiefer Formation of Germany comprises an extensive accumulation
of bituminous and highly fossiliferous black shales with intercalated limestone horizons,
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formed during the T-OAE [14]. Roughly contemporaneous and lithostratigraphically
equivalent to the Posidonienschiefer Formation is the ‘Schistes Carton” unit of southern
Luxembourg [15,16]. The strata of the ‘Schistes Carton’ unit have been subjected to exten-
sive compression and are in at least three levels rich in carbonate concretions, which have
yielded numerous vertebrate and invertebrate remains [15,17,18]. The fossil-producing
nodules are generally grey, ovoid, of decimeter-size or more, and have a finely laminated
internal texture. The lithological similarity between these nodules and the surrounding
host rock implies that the formation of the former took place at about the same time as
the main sediments were deposited. This, in turn, suggests that fossilization within the
nodules occurred synsedimentary [18,19]. It has been argued that the formation of the
nodules was initiated as a result of sulfate-reducing bacteria locally increasing the pH of
the pore waters, causing intense local carbonate precipitation [20].

The ‘Schistes Carton’ unit contains a diverse fossil macrofauna. In addition to numer-
ous ichthyosaur specimens, plesiosaurs and metriorhynchoids have also been recorded
from these strata [20,21]. Aside from marine reptiles, fish, squids, belemnites, ammonites,
gastropods, bivalves, and insects have further been documented [20]. The presence of
abundant insect fossils supports an interpretation that the sediments of the “Schistes Carton’
unit accumulated in a relatively nearshore environment [20,21].

3. Materials and Methods

TV344 was acquired from an amateur paleontologist who collected the fossil from
a temporary exposure of marine strata of the ‘Schistes Carton’ unit at a construction site
near the town of Dudelange, Luxembourg, in the early 1990s. No data concerning the exact
position or orientation of the nodule in the stratigraphic succession is available. However,
lithological comparisons with similarly-looking nodules suggests that it originates from a
bed within to the Harpoceras serpentinum ammonite Zone (Harpoceras exaratum ammonite
Subzone), immediately below a level interpreted to be stratigraphic equivalent to ‘Unterer
Stein’ in south-western Germany and roughly corresponding to the base of the Jet Rock
series of Yorkshire, England [15,17,22-24]. The specimen was initially prepared by the
collector; however, the methods employed were not documented. Nonetheless, it can be
inferred that mechanical preparation beyond initial cracking of the nodule was minimal,
and that the exposed surfaces were treated with an organic preservative.

We photographed the ichthyosaur fossil under both polarized and UV light using a
Nikon D3500 camera equipped with a 18-55 mm zoom lens and a Laowa 60 mm macro lens.
Images were produced using the methods outlined in [25] for polarized light photography
and [26] for UV photography.

To gain a better understanding of the structural layering of the various tissues, two
petrographic sections were produced from an area with both soft tissues and skeletal
elements (Figure 2A). A sample was removed from the fossil and embedded in epoxy. Two
slices were then produced using a slow-speed diamond saw and ground using a Struers®
(Copenhagen, Denmark) RotoPol-25 with a 600 grit diamond plate. The rock chips were
mounted on glass slides using epoxy resin and ground to adequate thickness (70-100 um)
using the Struers RotoPol-25 and alternating between 600 and 1200 grit diamond plates.
Finally, the ground sections were polished using 1 um and then 0.25 um diamond paste.

Soft-tissue samples for ultrastructural and molecular analyses were collected by re-
moving some of the surrounding sediment, thereby revealing a previously unexposed part
of the fossil. From there, two soft-tissue samples were extracted; these were demineralized
using 0.5 M ethylenediaminetetraacetic acid (EDTA) and then rinsed with Milli-Q water.
Ultrastructural and molecular analyses were conducted using a combination of scanning
electron microscopy and mass spectrometry, as described below.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was employed to as-
sess the molecular composition of the soft-tissue samples. The sample which provided
the most distinct molecular signal was then selected for a subsequent scanning electron
microscopy investigation.
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(A)

__ Unknown material
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Figure 2. TV344, a partial ichthyosaur from the ‘Schistes Carton” unit of Luxembourg. (A): Photograph
taken under polarized light. The sample site for the petrographic sections is marked with a red
rectangle, whereas the samples used in our molecular analyses are demarcated by a green rectangle.
The scale bar represents 5 cm. (B): Sketch map outlining the different components of the fossil and its
surrounding matrix.

Field Emission Gun Scanning Electron Microscopy (FEG-SEM) was employed in two
ways: firstly, it was used to analyze one of the samples that had previously undergone
ToF-SIMS analysis. This was done using a Zeiss® (Jena, Germany) Supra 40VP FEG-SEM at
RISE in Boras, Sweden. Before being placed in the microscope, the sample was coated with
15 nm chromium. Secondly, FEG-SEM coupled with EDX was employed to investigate the
petrographic sections and to obtain an overview of the chemical composition of the various
skin layers and bones. A Tescan® (Brno, Czechia) Mira3 High Resolution Schottky FEG-
SEM at the Department of Geology, Lund University, was used for producing micrographs,
and a Oxford Instruments® X-MaxN 80, linked to this instrument, was used for the EDX
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analysis. Before being placed in the microscope, the petrographic sections were coated with
5 nm of a platinum/palladium mixture.

4. Systematic Paleontology

ICHTHYOSAURIA de Blainville, 1835 [27].
NEOICHTHYOSAURIA Sander, 2000 [28].

5. Results
5.1. General Description

The carbonate nodule that houses TV344 measures approximately 38 cm in total length
and 16 cm in maximum width. The nodule has been cracked into part and counterpart
sections, revealing a semi-articulated vertebral column that comprises 54 consecutive
vertebral centra (Figure 2). The largest of these measure ~1.9 cm in height and ~0.6 cm in
length, whereas the smallest ones measure ~0.5 cm in height and ~0.3 cm in length. Towards
the posterior end of the specimen, the vertebral centra rapidly decrease in size. Vertebrae
and associated bone fragments are hereafter referred to by the following numbers: V1-
V54 (referring to vertebrae) and F1-F111 (other bone fragments), respectively (Figure 2B).
V45-V54 bend sharply downward relative to V1-V44.

Owing to the presence of one set of ribs on either side of the vertebral column, and
that the backbone is mostly articulated, the animal is interpreted to have settled on the
seafloor on its back. Therefore, the area below the vertebral column (when the anterior end
is facing towards the left; Figure 2) is hereafter referred to as the left side of the animal,
whereas the area above the vertebral column is considered to be the right side. It should be
noted, however, that this is only a preliminary assessment as there are no accompanying
field data indicating which direction is stratigraphically up in the nodule.

5.2. Vertebral Column

As a result of the nodule being broken into part and counterpart sections, the vertebral
centra have been split along their longitudinal axis. The bony tissues have a spongious inner
texture. Moreover, the centra have an amphicoelous shape characteristic of ichthyosaurs,
with a notochordal foramen visible in eight of these skeletal elements (Figure 2). F38-39
and F42—-48 are located directly above and between the vertebral centra (Figure 2B). Based
on their shape and distribution, they likely represent remains of neural arches. Between
V1-10 and V13-17, as well as above F44-46, ossified matter is preserved that resembles
bone in color and luminescence but is not readily identifiable as vertebrae (Figure 2, A1).
This material is tentatively interpreted as cartilage (Figure 2B).

The ribs of TV344 transition from longer to shorter between V11 and V17. Based on
this, the trunk-tail transition likely occurs in the area between V11 and V17. Consequently,
F88-F90, and possibly also F101, likely constitute parts of the pelvic girdle. This assess-
ment is corroborated by the number of caudal vertebrae present in the fossil. Vertebral
columns of the common Early Jurassic genera Ichthyosaurus and Stenopterygius generally
have 25 to 35 vertebrae in the region between the pelvis and onset of the tail bend [29].
TV344 has 33 vertebral centra between the inferred pelvic girdle and tail bend, which is
consistent with these numbers. This inference would mean that V1-V11 are all dorsal
vertebrae, whereas V12-V54 represent caudal ones.

5.3. Ribs

Two sets of ribs are present in TV344, one on either side of the vertebral column. The
ribs positioned on the left side of the body (F55-87) are exposed at lower angles than those
on the right side (F1-26). F1-26 and F55-87 presumably represent dorsal ribs, owing to
their elongate appearance and distance to the vertebrae, whereas the shorter F30-37 and
F91-100 likely are the remains of sacral and caudal ribs.

F33-37 and F30-32 are oriented in the same direction as the dorsal ribs, and positioned
immediately to the right of the vertebral column. F33 and F34 both have a dichocephalous
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shape at the end facing the centra, to suggest that they—alongside the fragments surround-
ing them—represent smaller rib fragments. F91-100 are located directly to the left of the
vertebral column. They are of sub-centimeter size, and mostly oriented at the same angle as
the rib section F55-87; thus, they likely also represent remnant ribs. F88-90 are positioned
next to the left set of ribs, and directly to the left of the vertebral column, and the individual
elements measure between 1 and 2 cm in length. F101 is located near these fragments and
is of similar size as the former elements.

Twelve dorsal ribs are visible in cross-section in the petrographic slides; two occur near
the surface of the sections and ten in a gently bent row underneath (Figure A3). The two
surficial ribs are sectioned more proximally than are those in the underlying row. While
the two upper ribs are entirely cancellous and sub-circular in cross-section (Figure 3B), the
ribs of the underlying row display circular cortical bone, an inner ring of cancellous bone,
and a medullary cavity (Figure 3A,C). In the lower rib sections, at least three, but possibly
four, regularly spaced, concentric lines can be seen in the peripheral cortex (Figure 3C).
Osteocyte lacunae additionally occur throughout the peripheral bony tissues (Figure 3C).

Lacunae

\&
g

Figure 3. Petrographic section produced from a set of ribs on the left-hand side of TV344. (A): Upper
part of the section, showing a more proximally located section through a rib. Scale bar represents
1 mm. (B): Lower part of the petrographic slide, showing a distal cross-section of a rib. Scale bar
represents 500 um. (C): Magnification of (B), as indicated by red frame. Cortical bone, cancellous
bone and the medullary cavity are all indicated. Circumferential lines in the cortex are highlighted by
arrowheads. Lacunae are indicated by white lines. Scale bar represents 50 pum.
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5.4. Soft Tissues

Most of the soft-tissue structures preserved in TV344 are identifiable as traces of the
animal’s integument (see also Section 6.1), and are therefore treated as such in the fol-
lowing description. Assuming that the animal came to rest on its back (see above), the
integumentary tissues surrounding the skeleton all likely derive from the dorsal side. The
externalmost layer (facing the sediment) is light in color (Figure 4B), highly luminescent
under UV-light (Figure A1), and is herein interpreted as the epidermis. The inner termina-
tion of the epidermis interfingers with an underlying material, a boundary that is evident
in the elemental maps where the epidermis can be seen as a phosphorus-enriched layer
into which calcium- and magnesium-rich ridges (~50 um in diameter) protrude (Figure 5).
These ridges have localized concentrations of iron and sulfur, likely stemming from pyrite,
and correlate with dense, angular grains visible in the backscatter electron images (Figure 5).
The undulating surface at the bottom of the epidermis corresponds to a layer of ridges
that is observable under light microscopy (Figure 4A,B). These ridges extend parallel to
the longitudinal axis of the fossil, thereby corresponding in orientation to dermal ridges of
odontocetes [30].

Figure 4. Detailed photographs of TV344. (A): Ribs from the left side of the fossil covered by rippled
skin (indicated by an arrowhead). (B): Close-up view of skin covering the ribs, showing the transition
between the epidermis and underlying ridged layer (indicated by arrowheads).

Figure 5. FEG-SEM and EDX micrographs of TV344 integument. Back-scattered electron image to
the left and EDX elemental maps to the right. Note dermal ridges protruding into the phosphatized
epidermis, and localized concentrations of iron and sulfur in the ridges. Scale bars represent 50 um.
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At higher magnification, dark, branching bodies about 10-20 um in diameter can
be seen (Figure 6A). These also occur in SEM micrographs as clusters of small (~1 pm),
oblong bodies at and near the boundary between the epidermis and dermis (Figure A4).
ToF-SIMS analysis of TV344 did reveal a chemical signature broadly comparable to that of
eumelanin at two sites in one of our samples (Figure A2); however, the mass spectra also
revealed peaks characteristic of phthalates and other components that can be assigned to
epoxy resins, indicating contamination by the preservative used to consolidate the fossil.
Under FEG-SEM, microbodies were identified at the sites from where the eumelanin-like
signal originated (Figure 6C,D). The similarity in shape and size between these microbodies
and previously identified remnant melanosomes [3,31] suggests that these microstructures
likewise are fossilized pigment organelles. Wherever melanosomes were found, they were
always bunched together into dense clusters. However, these aggregations were sparsely
distributed, which might explain the ambiguity of the ‘melanin’ signal.

il

I

T T =g -

Figure 6. Pigmentation in ichthyosaur fossils. (A): Epidermis of TV344 displaying dark, branching
bodies (highlighted by arrowheads) with a diameter of ~10-20 um. Scale bar represents 100 pum.
(B): Epidermis of Stenopterygius specimen MH 432 similarly displaying dark, branching melanophores
(see [3]). Melanophores highlighted by arrowheads. Scale bar represents 200 um. (C,D): FEG-SEM
micrographs of demineralized TV344 integument showing remnant melanosomes embedded in
amorphous organic matter. Scale bars represent 1 um.

Visible in Figure 4A,B are ripple-like structures interpreted as skin folds, similar to
what have previously been described from preserved ichthyosaur integument [3,32]. Such
ripples might form when the integument loses its structural integrity during the initial
stages of decomposition [3].
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6. Discussion
6.1. Integument of TV344

Based on both ultrastructural and compositional similarities with previously docu-
mented soft-tissue ichthyosaurs [3], the topographically outermost layer in TV344 most
likely represents the epidermis. Furthermore, in the lower part of this stratum, along its
undulating inner termination, clusters of small, oblong bodies occur (Figure A4). These are
consistent with melanosomes in both size and shape [3,31].

Immediately underlying the epidermis is a layer of ridge-like structures oriented
longitudinally to the main axis of the body (Figures 3A,B and 6A,C). Similar structures
have been observed in other ichthyosaur specimens and interpreted as integumental
fibers [33-35]. In the aforementioned studies, the authors also reported additional fiber
layers extending in opposing directions, collectively forming a cross-layered structure.
Alternatively, ridges in ichthyosaur skin have been interpreted as representing the interface
between the epidermis and dermis [3]. Owing to the position of this layer in TV344 directly
underneath the epidermis and the lack of structures running in opposing directions, we
here favor the second interpretation (which is also consistent with the architecture of
odontocete integument [30]).

TV344 exhibits signs of what could be a dark skin pigmentation, similar to what has
previously been documented in other ichthyosaur fossils [3,6,10]. Under light microscopy,
dark, branching bodies that bear superficial resemblance to melanophores are observed
(Figure 6A,B). Melanosomes were subsequently identified using FEG-SEM, occurring as
small clusters (Figure 6C,D). Based on these observations, the integumental layers have
been reconstructed in Figure 7.

Melanophores
Epidermis

Epidermis-
dermis |:

interface

Melanosomes

]

Figure 7. Principal sketch of the inferred layering of the integument in TV344.

6.2. Ontogenetic Stage

When considering the age of the animal at the time of death, there is plenty of evidence
that TV344 represents a juvenile individual, including the appearance of the vertebral
centra. In juvenile ichthyosaurs, the spongiosa tend to grow continuously denser during
ontogeny [36]. The osseous trabeculae of the vertebral centra in TV344 are set widely apart
relative to larger and thus presumably skeletally more mature ichthyosaurs. Furthermore,
the open notochordal foramen and absence of secondary osteons are additional indicators
of skeletal immaturity in TV344.

A more precise age could be determined by analyzing the peripheral lines visible in
one of the rib sections (Figure 3C). If these markings represent annual lines of arrested
growth (LAGs), then the animal was at least three years old at the time of death. Notably,
LAGs have been previously reported in ichthyosaur cortical bone, e.g., in Mixosaurus [37].
Annuli have also been observed in a number of ichthyosaurs, e.g., in Ichthyosaurus and
Stenopterygius [38—40].
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The notion that the animal which ultimately gave rise to TV344 could have been at least
three years old when it died would imply that this individual exhibited a long-lasting juvenile
stage and slow growth rates for at least the first few years of its life. Growth rates of derived
Jurassic ichthyosaurs are generally considered to have been rapid, as indicated by their highly
vascularized fibrolamellar bone [41] and purported absence of LAGs. Nonetheless, slow
growth in juveniles followed by more rapid growth as adulthood approaches have been
previously documented in many vertebrates, both extant and extinct ones [42].

6.3. Implications of Rib Anatomy

In contrast to previously described Early-Middle Jurassic ichthyosaurs, such as
Stenopterygius and Mollesaurus [40,43], the ribs of TV344 have an open medullary cav-
ity. This cavity is rather small at the proximal end but considerably larger towards the
distal termination. An open medullary cavity has been previously observed in the Triassic
ichthyosaur Omphalosaurus [41], as well as in both juvenile and adult specimens of the
Late Jurassic to Early Cretaceous genus Caypullisaurus [44]. However, this condition has
hitherto not been reported in any Early Jurassic ichthyosaur. Instead, published histological
studies of Early Jurassic ichthyosaurs have noted an absence of a medullary cavity (for
instance, the medullary region in the ribs of a Stenopterygius quadriscissus has a rounded
intertrabecular region [40]). Since TV344 represents an immature individual, this could
imply that an open medullary cavity is a juvenile feature in Early Jurassic ichthyosaurs.
Secondary bone would then deposit in the medullary region as the animal aged.

In S. quadriscissus, it has also been noted that the internal morphology of the rib varies,
with thicker cortical bone and fewer vascular canals near the mid-shaft than at the proximal
and distal ends [40]. This parallels with the rib morphology of TV344, which shows that
the mid-distal portion is less spongy than the proximal part.

6.4. Taphonomy

In cases where the integument survives degradative processes, fossilization usually is
facilitated by rapid mineral precipitation [31]. Phosphatization, i.e., replacement of organic
matter with phosphatic minerals, is a common mode of fossilization of soft tissues [45].
For phosphatization to occur, the depositional environment must be supersaturated with
calcium and phosphate ions and a pH below 6.4 must prevail to prevent the formation of
carbonates [46]. Microbes, specifically sulfate-oxidizing bacteria, are presumed to have a
significant function in this process [47]. As a carcass decomposes, the bacteria lower the pH
of the surrounding environment, thereby contributing to the release of phosphate from the
decaying body—a process that is enhanced under dysoxic and anoxic conditions [48,49].
The combined effect of dysoxia/anoxia and a lowered pH is enhanced precipitation of
calcium phosphate. Furthermore, when these processes take place during early taphonomic
stages, they can even facilitate the preservation of endogenous biomolecules [31].

In the ‘Schistes Carton’ unit, the first phase of fossilization presumably took place
during a period of seawater oxygenation in the otherwise dysoxic/anoxic Tethys Ocean.
Reactive iron oxides can cycle phosphate ions into the bottom waters by reacting with ions
in the upper water column, subsequently releasing phosphorous into the bottom waters in
a process known as the ‘iron pumping cycle’ [31]. This cycling of phosphates was enhanced
by seasonal contributions of oxygenated waters. These caused the redox chemocline to
move from the water column into the sediment, which enabled sulfate-oxidizing bacteria
to absorb phosphates [31]. The build-up of phosphate ions below the chemocline was
further increased by downfall of organic detritus materials, such as plankton, from the
surface. Sulfate-oxidizing bacteria in the soupy substrate locally lowered the pH to enable
precipitation of calcium phosphate, which then rapidly encrusted and entombed the carcass,
thereby facilitating the preservation of soft parts. Phosphate precipitation may have been
further facilitated by an overall lowered seawater pH during the T-OAE [50]. The phosphate
and calcium ions in the seawater and/or sediment stemmed both from the decaying carcass
itself and, in the case of phosphate ions, from phosphates participating in the iron pumping
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cycle (Figure 8). This specific mode of preservation, where seasonal input of oxygenated
waters facilitates mineralization, has been described in several Toarcian formations across
the Tethys and Panthalassa oceans [31,51]. Carbonate ions might also have been present,
originating from decaying organic matter and calcium carbonate shells [52], but were
not favored in the precipitation process because of the relatively low pH. Precipitation of
calcium phosphate likely occurred during a relatively brief time span [53] and during one
of the oxygenation intervals that led to phosphatization also in other Early Toarcian strata.

OXYGENATED PERIOD ‘ ANOXIC PERIOD 1

pH pH
IONS IN SEAWATER + SEDIMENT 2- IONS IN SEAWATER + SEDIMENT
PO,* : CO; 2 -
W Ca h PO43 From organic Ca CO3
pumping cycle CO%' : detritus PO} .
PO -2+ | DN 3 _ 2+ |
4 Ca l U, (_a l

o O
® O
‘ ( Ca3(PO4)2 D ) Cacoio Microbial mat

Carcass

L

Figure 8. Model for the taphonomic conditions that enabled the fossilization of TV344. The carcass
is covered by a microbial mat containing both sulphate-oxidizing and sulphate-reducing bacteria.
During brief oxygenated periods (upper left half of figure), sulphate-oxidizing bacteria (black ovals)
locally lower the pH, thereby enabling ions in the seawater and sediment to form a sheet of calcium
phosphate on top of the carcass. During dysoxic/anoxic periods (upper right half of figure), sulphate-
reducing bacteria (white ovals) locally elevated the pH, thereby facilitating the formation of a calcium
carbonate nodule from ions in the seawater and sediment.

The second fossilization phase followed in between periods of oxygenation, when the
bottom waters were again dysoxic/anoxic. During this phase, sulfate-reducing bacteria
locally elevated the pH, enabling precipitation of calcium carbonate (Figure 8). Phosphate,
calcium and carbonate ions were still available, but carbonate ions were favored over
phosphate ions due to the elevated pH. The concentration of phosphate ions might further
have been lower, as the redox chemocline would have been lifted out of the sediment and
into the water column, thereby reducing the amount of trapped phosphates. Hence, the
combined effects of an elevated pH and a relatively higher concentration of carbonate ions
caused the precipitation of calcium carbonate [23]. Furthermore, it has been suggested that
nodule beds in shales formed during the T-OAE correspond to a general rise in oceanic pH
caused by higher fluxes of organic matter [51]. The formation of carbonate concretions was
by all likelihood rapid. In addition to altering the pH of the seawater surrounding a carcass,
microorganisms might also have shielded the decomposing organic matter through the
formation of microbial mats.

As a result of these taphonomic processes, the integument of TV344 was preserved as
an outer phosphatized layer (the epidermis), underlain by the epidermis-dermis interface
and the dermis, which are diagenetically altered to varying extent. During decomposition
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and subsequent fossilization, sediments likely infiltrated the carcass; this is inferred from
the extensive fragmentation of the integument. This intrusion likely led to large portions
of the lower epidermis being consumed by microbes, in turn leading to a concentration
of melanosomes. Some epidermal melanophores remained, however, as evidenced in
Figure 6A. Similarly, the dermis was extensively infiltrated by sediments, leading to large-
scale replacement of the organic matter, as shown by the ridging remaining as impressions
in the overlying epidermis. While several integumental layers are observable to the naked
eye (Figure 4), they are not readily apparent in the petrographic sections. This is presumably
because these layers are unevenly distributed across the body due to patchy preservation.
In some parts, the dermis presumably was lost altogether.

The preservation of skeletal elements in TV344 is incomplete; the vertebral column
is intact, but many of the appendicular elements have been lost, presumably due to post-
depositional disturbance of the bones. Furthermore, a significant portion of the animal’s
body is missing from the fossil. This can be attributed to the nodule being partial; the
appearance of the nodule (one rounded edge and one edge which appears to have been
broken off) suggests that there originally was another part present. The anterior continua-
tion of the body likely was preserved in this remaining nodule; however, the MNHNL is
not in possession of any additional nodule material.

7. Conclusions

This study presents the first thorough description of a soft-tissue ichthyosaur (TV344)
from the Toarcian ‘Schistes Carton” unit of southern Luxembourg. We conclude the following:

e TV344 represents an incomplete juvenile individual belonging to the clade
Neoichthyosauria, and possibly the genus Stenopterygius;

e  The fossil comprises a consecutive series of 54 vertebral centra, associated ribs, 20
bone fragments, as well as extensive soft-tissue remains;

e  The soft tissues surrounding the vertebral column are largely integumentary in nature.
In addition, there is a distinct layering of the skin, where the epidermis, dermis
and epidermis—dermis interface are preserved. Furthermore, the epidermis contains
melanophores and melanosomes;

e  Concentric ring-like structures observed in sectioned ribs of TV344 may represent annual
LAGs, to suggest that the animal was at least three years old at the time of death;

e The taphonomic conditions that enabled the exceptional preservation of TV344 in-
cluded a combination of seafloor dysoxia/anoxia with periodical oxygenation, thus
facilitating rapid phosphatization of the soft tissues during oxygenated periods and the
formation of the carbonate nodule during dysoxic/anoxic intervals. Microbial activity
aided by lowering the pH during the oxygenated phases, which further enhanced
phosphate precipitation.
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Appendix A

Figure A1. TV344 photographed under ultraviolet light.
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Figure A2. (A): ToF-SIMS images of negative ions taken at Sample Point #5 on the right-hand
side of the fossil (see Figure 2A), representative of nitrogen-containing organics (CN™), epoxy
(C4H50,7), silica (SiO, ™) and sulfate (SO3 ™), respectively. The two panels in the bottom row depict
an overlay of epoxy, CN™ and silica together with the total signal intensity distribution. (B): ToF-
SIMS images of positive ions acquired at Sample Point #5 on the right-hand side of the fossil (see
Figure 2A), representative of amino acid-containing organics (CxHyN™), aliphatic hydrocarbons
(CxHy™), potassium (K*) and silica (SSOH). The two panels in the bottom row include an overlay of
aliphatic hydrocarbons, potassium and silica, and the total signal intensity distribution.
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Figure A3. Overview of a complete petrographic section obtained from TV344. Scale bar represents 5 mm.

Figure A4. FEG-SEM micrograph of TV344 integument, showing oblong microbodies clustered near
the inner termination of the epidermis. Scale bar represents 2 pum.
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Abstract: Paleoneurological studies of mosasaurids are few and limited to old partial reconstructions
made from latex casts on Platecarpus and Clidastes. Here, the brain endocasts of three specimens of
the early mosasaurid Tethysaurus nopcsai from the Turonian of Morocco are reconstructed for the
first time by using micro-computed tomography. Comparisons between Tethysaurus and the later
Platecarpus and Clidastes show that distinct endocranial organizations have occurred within the clade
through time, including differences in the flexure of the endocast and the size of the parietal eye. The
physiological consequences of such variability remain unclear and further investigations are required
to better interpret these variations. In addition, the endocast of Tethysaurus was compared to those of
extant anguimorphs, iguanians, and snakes, using landmark-based geometric morphometrics. The
results revealed that Tethysaurus exhibits a unique combination of endocranial features compared
to extant toxicoferans. Contrary to previous statements, we find no strong resemblance in endocast
morphology between Tethysaurus and varanids. Rather, the endocast of Tethysaurus shows some
morphological similarities with each of the clades of anguimorphs, iguanians, and snakes. In this
context, while a notable phylogenetic signal is observed in the variability of squamate endocasts, it is
premature to establish any phylogenetic affinities between mosasaurids and extant squamates based
solely on endocast morphologies.

Keywords: mosasaurids; squamates; brain endocast; landmarks; geometric morphometrics

1. Introduction

Mosasauridae is a clade of squamates that became secondarily adapted for marine life in
the early Late Cretaceous and went extinct at the end of the Maastrichtian, during the K/Pg
biological event [1,2]. During their existence, mosasaurids showed increasing adaptations
to the marine environment through time [1]. They became increasingly efficient swimmers
capable of deep prolonged repetitive diving (e.g., [3,4]) and thrived in many marine habitats
from rocky shores to open oceans, including freshwater environments [2]. Mosasaurids were
very diversified and occupied a wide range of ecological niches, showing a wide range of
body sizes, locomotor styles, diets, and feeding strategies (e.g., [5-11]). By the end of the Creta-
ceous, they were the apex predators in many marine ecosystems and attained a cosmopolitan
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distribution (e.g., [1,2,12-14]). Fossil remains of mosasaurids have been recovered from all
continents and from latitudes near the Arctic [15] to the Antarctic [16-18]. Mosasauridae
comprises at least four subfamilies: Halisaurinae, Mosasaurinae, Tylosaurinae, and Plio-
platecarpinae [19], although the details of mosasaurid relationships may vary depending
on authors and phylogenetic analyses (e.g., [20-22]). Mosasaurids include “early diverging”
taxa that exhibit plesiomorphic morphological characteristics (i.e., Tethysaurus, Russellosaurus,
Dallasaurus, Yaguarasaurus, and Halisaurinae) and “later diverging” species (i.e., remaining
members of the subfamilies Mosasaurinae, Plioplatecarpinae, and Tylosaurinae), which are
morphologically more derived (see [19,23] for more details).

Recently, several paleoneurological studies have used non-invasive imaging techniques
to explore mosasaurid internal cranial structures, such as the endosseous labyrinth [24-26]
and the neurovascular system [23,27]. However, such paleoneurological investigations remain
rare and there are currently no studies delving into the mosasaurid neuroanatomy through
computed tomographic scanning. Indeed, brain endocasts in mosasaurids are only known
from two latex casts of the endocranial cavity performed by Camp [28] for Clidastes propython
(UCMP 34535; see Figure 1a) and Platecarpus sp. (UCMP 34781; see Figure 1b). The partial
brain endocast in Platecarpus was reconstructed by joining the dissociated braincase elements
and by filling the brain cavity “with liquid rubber backed with sawdust” [28] (p. 40). Due to
the open condition of the endocranial cavity, the antero-ventral extension of the Platecarpus
endocast could not be reconstructed; however, Camp’s work did provide valuable information
regarding its global morphology [28]. In Clidastes, the endocast was reconstructed by using a
latex mold on the ventral surfaces of the frontal and parietal only [28] (p. 40). As a result, only
the antero-dorsal part of the endocast was reconstructed and Camp provided no additional
details about the rest of the structure. Based on these reconstructions, Camp [28] conducted
a comparison between the endocasts of Platecarpus and Clidastes with the brain of a juvenile
Varanus niloticus. As he observed a significant resemblance among the three species, Camp [28]
suggested a close phylogenetic relationship between mosasaurids and varanids.

Several studies have shown that both brain and endocast morphologies in squamates
reflect a phylogenetic signal (e.g., [29-33]). However, it is worth noting that Camp’s
comparison, by mixing brain and endocast, might have introduced some biases. Indeed, it
is now known that the brain in squamates fits into the endocranial cavity in ways that vary
depending on taxa and ontogeny (e.g., [34-39]). Thus, brains and endocasts in squamates
should be considered as distinct structures and not directly compared in order to avoid
misinterpretations [40]. In this context, assessing the validity of Camp’s hypothesis would
require comparing the mosasaurid endocast with that of an adult Varanus. In addition,
given the lack of consensus regarding the phylogenetic relationships of mosasaurids within
Squamata (e.g., [19,41-47]), expanding the scope of comparison to include endocasts of
other extant squamates would be more suitable for assessing endocranial morphological
affinities between mosasaurids and other squamates.

Using micro-computed tomography, the brain endocast of the early mosasaurid
Tethysaurus nopcsai [48] from the Turonian of the Goulmima area, southern Morocco, is re-
constructed here, described, and compared to the latex reconstitutions made by Camp [28]
for the later diverging mosasaurids Platecarpus and Clidastes. In addition, the endocast of
Tethysaurus is compared to those of extant squamates of the clade Toxicofera, including
anguimorphs, iguanians, and snakes (e.g., [44]). Using landmark-based geometric morpho-
metrics, this study aims to determine which extant squamates the endocast of Tethysaurus
most closely resembles. The results obtained will allow us to assess the validity of Camp’s
hypothesis and to discuss the phylogenetic and biological implications.

Institutional Abbreviations—CAS, California Academy of Science, San Francisco,
California, USA; FMNH, The Field Museum of Natural History, Chicago, Illinois, USA;
KU, University of Kansas, Lawrence, Kansas, USA; LSUMZ, Louisiana State University
Museum of Natural Science, Baton Rouge, Louisiana, USA; MNHN, Muséum National
d’Histoire Naturelle, Paris, France; MVZ, Museum of Vertebrate Zoology, University of Cali-
fornia, Berkeley, USA; NCSM, North Carolina Museum of Natural Sciences, Raleigh, North
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Carolina, USA; TCWC, Texas Cooperative Wildlife Collection, Department of Wildlife
Science, Texas A&M University, College Station, Texas, USA; TMM, Texas Memorial Mu-
seum, Austin, Texas, USA; TNHC, Texas Natural History Collections, Austin, Texas, USA;
SMU, Shuler Museum of Paleontology, Southern Methodist University, Dallas, Texas, USA;
UCMP, University of California Museum of Paleontology, Berkeley, CA, USA; UF, The Uni-
versity of Florida, Gainesville, Florida, USA; UMMZ, University of Michigan Museum of
Zoology, Ann Arbor, Michigan, USA; UTA, The University of Texas at Arlington, Arlington,
Texas, USA; YPM, Yale Peabody Museum, New Haven, Connecticut, USA; ZRC, Zoological
Reference Collections, National University of Singapore, Kent Ridge, Singapore.

2. Materials and Methods
2.1. Specimen Sampling and Data Acquisition

The three specimens of the mosasaurid Tethysaurus nopcsai analyzed here come from
the Turonian in age Unit T2a of the Akrabou Formation, in Goulmima area, Er-Rachidia
Province, in southern Morocco [48].

The holotype specimen MNHN GOU 1 was described by Bardet et al. [48] and consists
of a nearly complete articulated skull and mandible. Although it is preserved in three
dimensions (see Figure 1 in [48]), it is slightly crushed laterally, resulting in the displacement
of some bones from their original position. The specimen was scanned at the AST-RX
platform of the MNHN (Paris, France) using a v | tome | x L240-180 computed tomograph
model from Baker Hughes Waygate Technologies (Huerth, Germany) and reconstructions
were performed using DATOX/RES software (phoenix datos | x).

The two other specimens, SMU 76335, which is unpublished, and SMU 75486, of which
aspects of the snout and circumorbital series are published [19], consist of nearly complete
articulated skulls and mandibles preserved in 3D. They were scanned at the University of
Texas High-Resolution X-ray CT Facility (Austin, TX, USA) using an NSI scanner and a
210-kV Feinfocus microfocal source. Voxel size naturally varies depending on specimen
size (see Table 1).

Seventy-seven extant species of the clade Toxicofera (See Table 1 and Figures S1-53)
were chosen for the purpose of conducting comparisons with the endocast of Tethysaurus.
The sample includes 13 iguanians (Figure S1), 29 anguimorphs (Figure S2), and 35 snakes
(Figure S3) that were selected to grossly represent the taxonomic diversity of these groups.
Computed tomographic scans of these species were obtained from different sources. Scans
for eight specimens were sampled from the previous work of Allemand et al. [29] and
69 specimens were acquired from the online database MorphoSource [49] “http://www.
MorphoSource.org/” (accessed on 3 August 2024).

Image segmentation and visualization were performed using the software Avizo
version 2019.1 (Thermo Fisher Scientific, Waltham, MA, USA). The segmentation tools were
used to manually reconstruct the endocast for each species by segmenting the internal
surface of the bones or the dura mater when no bones surround the endocranial cavity.

Table 1. Toxicofera list of species analyzed. See Institutional Abbreviations for collection numbers.
AH-unnumb, Anthony Herrel (UMR 7179, CNRS/MNHN, Paris, France) personal collection. Ab.,
Species name abbreviations used in Figure 2. An asterisk (*) indicates specimens coming from the
MorphoSource database. Taxonomic classification from [50-52].

Suborder Family Species Ab. Collection Number Voxel Size (mm)
Abronia deppii Ab.d CAS:herp:143109 * 0.037
Abronia graminea Ab.g UTA:uta-r:38831 * 0.014
Abronia taeniata Ab.t TCWC:herpetology:4911 * 0.015
Anguis fragilis An.f MVZ:herp:238523 * 0.044
Barisia imbricata Ba.i TNHC:herpetology:76984 * 0.014
Anguimorpha Anguidae Dopasia harti Do.h NCSM:herp:80838 * 0.042
Elgaria kingii ElLk UF:herp:74645 * 0.033
Gerrhonotus infernalis Ge.i TNHC: herpetology:92262 * 0.026
Mesaspis moreletii Me.m UF:herp:51455 * 0.022
Ophisaurus mimicus Op.m NCSM:herp:25699 * 0.021
Pseudopus apodus Ps.a KU:kuh:87837 * 0.07
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Table 1. Cont.

Suborder Family Species Ab. Collection Number Voxel Size (mm)
Anniellidae Anniella grinnelli An.g MVZ:herp:257738 * 0.021
Celestus costatus Ce.c UF:herp:59382 * 0.027
Diploglossidae Celestus hylaius Ceh UF:herp:75794 * 0.038
Pog Diploglossus fasciatus Di.f UMMZ:herps:115647 * 0.058
Ophiodes striatus Op.s YPM:vz:ypm herr 013348.001 * 0.036
. FMNH:Amphibians and _ _
Xenosauridae Xenosaurus grandis Xe.g Reptiles:123702 * X, Y =0.027/Z =0.064
Xenosaurus platyceps Xe.p UTA:uta-r:23594 * X, Y =0.023/Z=0.053
Helodermatidae Heloderma horridum Heh UF:herp:42033 * 0.047
Anguimorpha Varanus acanthurus Vaa UTA:uta-r:13015 * X, Y =0.023/Z = 0.051
Varanus exanthematicus Va.e AH_unnumb 0.045
Varanus gouldii Va.g TMM:m:1295 * X,Y=0.084/Z2=0.21
Varanus komodoensis Vak TNHC:herpetology:95803 * 0.163
Varanidae Varanus niloticus Va.n UF:herp:83764 * 0.041
Varanus prasinus Va.p UF:herp:71411 * 0.037
FMNH:Amphibians and _ _
Varanus salvator Va.s Reptiles:35144 * X,Y=0.088/Z=0.201
Varanus timorensis Va.t UF:herp:137865 * 0.058
. . FMNH:Amphibians and _ _
Lanthanotidae Lanthanotus borneensis Lab Reptiles:148589 * X, Y =0.022/Z =0.046
- . . . FMNH:Amphibians and _ _
Shinisauridae Shinisaurus crocodilurus Sh.c Reptiles:215541 * X,Y =0.029/Z=0.078
Anomalepididae Typhlophis squamosus Ty.s MNHN 1997.2042 0.005
Acutotyphlops kunuaensis ~ Ack LSUMZ:herps:93566 * 0.019
. Amerotyphlops FMNH:Amphibians and
Typhlopidae brongersmianus Am.b Reptiles:195928 * 0.033
Typhlops arenarius Ty.a UMMZ:herps:241854 * 0.01
Aniliidae Anilius scytale Ans MNHN 1997.2106 0.01
Tropidophiidae Tropidophis canus Tr.c UMMZ:herps:117024 * 0.017
. FMNH:Amphibians and _ _
Boa constrictor Bo.c Reptiles:31182 * X,Y=0.078/Z=0.174
Boidae Candoia carinata Ca.c LSUMZ:herps:93576 * 0.035
Eunectes murinus Eum UF:herp:84822 * 0.074
Sanzinia madagascariensis ~ Sa.m KU:kuh:183837 * 0.055
Cylindrophiidae Cylindrophis ruffus Cyr UF:herp:143722 * 0.040
Uropeltidae Rhinophis sanguineus Rh.s UF:herp:78397 * 0.022
Morelia spilota Mo.s UMMZ:herps:227833 * 0.054
Pythonidae Python bivittatus Pyb UF:herp:167549 * 0.086
Serpentes Python molurus Pym UF:herp:190353 * 0.052
Acrochordidae Acrochordus javanicus Acj KU:kuh:318186 * 0.025
Bitis arietans Bi.a UMMZ:herps:61258 * 0.021
Viperidae Crotalus molossus Crm UMMZ:herps:143742 * 0.017
Vipera aspis Vi.a UMMZ:herps:116957 * 0.019
Cerberus rynchops Cer MNHN-RA-1998.8583 0.035
Homalopsidae Gerarda prevostiana Ge.p CAS:herp:204972 * 0.015
Homalopsis buccata Ho.b ZRC 2.6411 0.024
Atractaspididae Atractaspis bibronii Atb UMMZ:herps:209986 * 0.012
Aipysurus duboisii Aid MNHN-RA-1990.4519 0.041
Bungarus fasciatus Bu.f UMMZ:herps:201916 * 0.019
Emydocephalus annulatus ~ Em.a UMMZ:herps:93851 * 0.022
Elapidae Hydrophis platurus Hy.p AH_MS 64 0.032
P Hydrophis schistosus Hy.s ZRC 2.2043 0.021
Laticauda colubrina La.c UMMZ:herps:65950 * 0.017
Naja nigricollis Na.n UMMZ:herps:203814 * 0.025
Pseudechis porphyriacus Ps.p UMMZ:herps:170403 * 0.026
Afronatrix anoscopus Afa CAS:herp:230205 * 0.015
Colubrid Drymarchon corais Dr.c UMMZ:herps:190326 * 0.018
otubridae Lycodon striatus Lys UMMZ:herps:123427 * 0.012
Tropidonophis picturatus Trp LSUMZ:herps:96093 * 0.028
Agama agama Ag.a UF:herp:180711 * 0.02
Agamidae Draco volans Dr.v UF:herp:48909 * 0.018
Physignathus cocincinus Ph.c YPM:vz:ypm herr 014378 * X,Y =0.023/Z = 0.055
Iguania Chamaeleonidae Chamaeleo calyptratus Ch.c UF:herp:191369 * 0.041
X Amblyrhynchus cristatus Am.c UF:herp:41558 * 0.052
Iguanidae Ctenosaura similis Cts UF:herp:181929 * 0.061
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Table 1. Cont.

Suborder Family Species Ab. Collection Number Voxel Size (mm)
Sceloporus undulatus Sc.u NCSM:herp:83600 * 0.016
Phrynosomatidae Uta stansburiana Uts Eﬁﬁgsé%%}ﬂ)},ans and X,Y =0.014/Z =0.036
Dactyloidae Anolis carolinensis An.c UF:herp:102367 * 0.013
Iguania Corytophanidae Basiliscus basiliscus Ba.b Eﬁﬁgéﬁ;%gigiam and 0.068
Hoplocercidae Enyalioides heterolepis En.h UF:herp:68015 * 0.021
Leiocephalidae Leiocephalus carinatus Lec UF:herp:185239 * 0.029
Tropiduridae Stenocercus roseiventris St.r KU:kuh:214966 * 0.09
MNHN GOU 1 0.0814
Mosasauria Mosasauridae Tethysaurus nopcsai Te.n SMU 76335 0.0778
SMU 75486 0.081

2.2. Landmarks and Statistical Analysis

To compare endocast morphologies, we employed the landmark protocol defined by
Allemand et al. [30]. Of the twenty landmarks available in [30], nineteen were selected here.
Landmark 8, defined as the ‘most ventro-median extent of the endocast at the posterior
margin of the optic nerve foramen’ [30], could not be located in Tethysaurus due to the
non-preservation of the orbitosphenoid bone. All landmarks were placed on the virtual
endocasts and exported using the software Avizo (version 2019.1). Landmarks were only
placed on one Tethysaurus specimen (SMU 76335) as the endocast is the most complete and
is less deformed compared to the two other specimens (see Supplementary Data S1 for
landmark description and position on Tethysaurus endocast).

We performed a Generalized Procrustes Analyses (GPA) by using the gpagen function
in the R package ‘geomorph’ [53] to quantify and visualize differences in endocast mor-
phologies captured by the landmarks (see Supplementary Data S2 for the raw coordinates).
Phylogenetic structuring of the endocast morphology of extant toxicoferans was assessed
by estimating the multivariate K-statistic using the physignal function in the ‘geomorph’
package [54]. The typology of the phylogenetic tree used to run these analyses is modified
from [50,51]. Then, to estimate the occurrences of allometry, the relationships of endocast
shape with size were tested based on log-transformed centroid size, using a Procrustes
regression with the procD.Im function in ‘geomorph’ [55]. Given the strong statistical
significance of allometry in endocast morphology, the residuals of the regression were
used as allometry-corrected shape data in subsequent analyses. A Procrustes analysis of
variance (PLM) using the procD.Im function of the ‘geomorph” package was performed
on allometry-corrected shape data to test patterns of endocast shape variation between
iguanians, snakes, and anguimorphs. Pairwise comparisons in the allometry-corrected
shape variance between extant toxicoferans were conducted using the pairwise function in
the R package ‘RRPP’ [55]. All tests of statistical significance were based on the distribution
of 10,000 iterations.

A Principal Component Analysis (PCA) using the gm.prcomp function in ‘geomorph’
was performed on the allometry-corrected shape data in order to visualize the pattern of
endocranial shape variation in Tethysaurus, iguanians, anguimorphs, and snakes. A Linear
Discriminant Analysis (LDA) was performed on the PC scores to highlight similarities in
endocast morphology between Tethysaurus and the three clades of extant toxicoferans. The
LDA was carried out using the lda function in the R package ‘MASS’ [56] on the ten first
PCs (accounting for 92% of the variance, see Supplementary Data S3) in order to keep fewer
variables than specimens from each group (13 iguanians, 29 anguimorphs, and 35 snakes).
The accuracy of the LDA was tested using our dataset for extant species, classifying every
species as either iguanian, anguimorph, or snake. Posterior probabilities of the LDA were
used to determine to which clade the Tethysaurus endocast shows the closest resemblance
among snakes, anguimorphs, and iguanians.
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3. Results
3.1. Brain Endocast of Tethysaurus nopcsai

Among the three specimens of Tethysaurus used here, the brain endocast reconstructed
in SMU 76335 is the most complete with almost all endocranial regions visible (Figure 1c,d).
In the specimens SMU 75486 (Figure le,f) and MNHN GOU 1 (Figure 1g,h), only the
olfactory bulbs and peduncles as well as the posterior part of the endocast could be
reconstructed. Indeed, in both specimens, the state of preservation of the parietal bone
prevents the lateral delimitation of the endocast in this area. The endocast in SMU 75486
(Figure 1le,f) is slightly crushed laterally, the antero-dorsal part of the endocast being
not aligned with the posterior one. We refer to endocranial regions by their underlying
soft-tissue features (i.e., “cerebral hemispheres” rather than “impression of the cerebral
hemispheres”).

dienc

mvm Mo

Figure 1. Mosasaurid brain endocasts. Brain endocasts of Clidastes propython UCMP 34535 in dorsal
view (a) and Platecarpus sp. UCMP 34781 in left lateral view (b), modified from Camp [28] (no scale
bar available). (c-h) Brain endocasts of Tethysaurus nopcsai specimen SMU 76335 (c,d), SMU 75486 (e,f),
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and MNHN GOU 1 (g/h) in dorsal (c,e,g) and left lateral (d,fh) views. Scale bars equal 10 mm.
(i) Virtual reconstructions of the frontal and parietal bones in SMU 76335 in ventral view. Grey areas
on the endocasts represent regions that could not be reconstructed. Abbreviations: 1, cephalic flexure;
2, pontine flexure; cart., cartilaginous bridge; ch, cerebral hemispheres; dienc, ventral diencephalon;
Fr, frontal; fr.c, frontal cranial crests; mo, medulla oblongata; mvm, mesencephalic ventral margin; ob,
olfactory bulbs; oc, optic chiasm; op, olfactory peduncles; Os, orbitosphenoid; ot, optic tectum; Pa,
parietal; pa.c, parietal cranial crests; pa.e, parietal eye; pa.f, parietal foramen; V, trigeminal nerve; VII,
facial nerve; X,XI, vagus and accessory nerves; XII, hypoglossal nerves.

The endocranial cavity in Tethysaurus is surrounded by several bones including the
frontal and the parietal from the skull roof (Figure 1i) and the elements forming the brain-
case: para-basisphenoid, basioccipital, prootic, opisthotic—exoccipital, and supraoccipital.
These bones delimit only the dorsal surface as well as the postero-lateral part of the en-
docranial cavity. The antero-ventral portion of the cavity remains non-ossified, preventing
the accurate ventral delimitation of the cerebral hemisphere margins.

The Tethysaurus endocast follows the general organizations observed in squamates
and other non-avian reptiles (e.g., [40,57]) in that it exhibits a tubular shape that is longer
than wide and has a smooth surface (Figure 1b,c-h). In the lateral view, the endocast in
Tethysaurus appears relatively narrow and flattened (Figure 1d,fh), showing only weak
cephalic and pontine flexures (i.e., angles formed between the telencephalon-mesencephalon
and mesencephalon-rhombencephalon, respectively, [34]) that differ from the pronounced
flexures figured in Platecarpus by Camp [28].

The anterior part of the endocast consists of the olfactory bulbs and the olfactory
peduncles (Figure 1c—f). The external morphology of the endocast provides no information
that allows the precise delimitation of the olfactory bulbs from the peduncles. The medial
limit separating the paired olfactory bulbs and peduncles is not visible on the dorsal surface
of the endocast. The olfactory bulbs and peduncles are elongated, representing nearly
half of the total endocast length. This is similar to the proportions figured in Clidastes
by Camp [28] (see Figure 1a), whereas in Platecarpus (Figure 1b), the structure seems to
be relatively shorter [28,58]. As in Clidastes [28], the whole structure (i.e., olfactory bulbs
and peduncles) in Tethysaurus is wider anteriorly than posteriorly, being mediolaterally
compressed in the middle of the antero-posterior length (Figure 1c,e). The olfactory bulbs
and peduncles in Tethysaurus are roofed by the frontal bone and correspond to the fossa
visible on the ventral surface of the bone (Figure 1i). Similar to Platecarpus and Clidastes,
the two structures are not fully enclosed by bones and the frontal cranial crests delimit only
their lateral margins (Figure 1i). The ventral margin of the olfactory bulbs and peduncles is
delineated here from the dorsa-ventral depth of the frontal cranial crests. The anterior end
of the olfactory bulbs is not well delimited and it cannot be distinguished from the course
of the olfactory nerves. As in Clidastes and Platecarpus [58], the imprints left on the ventral
surface of the frontal in Tethysaurus (Figure 1i) cannot help to delimit the anterior-most
extent of the olfactory bulbs.

Posterior to the olfactory peduncles, the cerebral hemispheres expand laterally and
ventrally to form the largest part of Tethysaurus endocast (Figure 1c,d). The anterior
limit of the cerebral hemispheres is difficult to locate and is indicated only by changes in
the width of the endocast (Figure 1c). There is no indication allowing us to delimit the
cerebral hemispheres posteriorly and the whole structure is poorly differentiated from the
neighboring endocast regions. As in Clidastes and Platecarpus [58], the cerebral hemispheres
in Tethysaurus are roofed anteriorly by the posterior part of the frontal and posteriorly by
the parietal (Figure 1i). The cerebral hemispheres extend between the lateral cranial crests
of the parietal (Figure 1i); however, both the lateral and ventral margins of the structure
are difficult to delimit due to the lack of osseous elements. Here, the ventral margin of
the cerebral hemispheres in SMU 76335 (Figure 1d) was reconstructed by interpolating
between the known preserved surfaces of the ventral diencephalon and the preserved
olfactory peduncles and then validated against several extant taxa for plausibility.
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On the dorsal surface of the Tethysaurus endocast (Figure 1c), a small bulge lies dorso-
medial to the cerebral hemispheres and is identified as the parietal eye (sensu [59]) as it
coincides with the median parietal foramen. The parietal eye is relatively small, as in Cli-
dastes [28] (Figure 1a), but is different from the large structure reported in Platecarpus [28,58]
(Figure 1b).

In lateral view, the part of Tethysaurus endocast that extends postero-ventral from the
cerebral hemispheres, is identified as the ventral diencephalon (Figure 1d). It includes
several structures (i.e., hypothalamus, pituitary gland, optic tracts, and optic chiasm [40])
that cannot be observed from the endocast. The whole structure lies dorsal to the rostral
process of the parabasisphenoid and the posteroventral part of the ventral diencephalon is
situated within the sella turcica and pituitary fossa. The ventral diencephalon in Tethysaurus
(Figure 1d,f,h) projects more ventrally than the medulla oblongata, whereas the opposite
condition was figured in Platecarpus [28,58] (Figure 1b).

Posterior to the cerebral hemispheres, the optic tectum lies on the ventral surfaces
of the posterior parietal. The exact delimitation of the structure is not possible from the
endocast and its position is only indicated by a marked change in width, relative to the
cerebral hemispheres (Figure 1c,e,g). The optic tectum exhibits a smooth and flattened
dorsal surface and lies almost on the same axis as the cerebral hemispheres (Figure 1d).
Ventral to the optic tectum, the undifferentiated mesencephalon (i.e., optic tectum, torus
semicircularis, and tegmentum) forms a concave margin (Figure 1d,fh) just posterior to the
ventral diencephalon.

Posterior to the mesencephalon, the rhombencephalon forms the posterior-most region
of Tethysaurus endocast. As in Clidastes and Platecarpus [28,58], the cerebellum is not
discernable from Tethysaurus endocast, as a cartilaginous bridge, spanning between the
dorsal portions of the otic capsules, covers the structure (Figure 1d,f,h). The medulla
oblongata forms a ventrally convex wide arc and exhibits a slight pontine flexure as it
extends dorsally to connect with the spinal cord at the level of the foramen magnum
(Figure 1d,fh). The medulla oblongata is ventrally bordered by the posterior part of
the para-basisphenoid and the basioccipital, laterally by the prootic and the opisthotic-
exoccipital, and dorsally by the supraoccipital.

3.2. Statistical Results and Morphospace Distribution

Tests of the phylogenetic signal revealed a significant effect of evolutionary kinship on
patterns of shape variation in extant toxicoferans (K-mult = 0.4012, P = 0.0001, Z¢cgr = 9.4727).
However, despite statistical significance, the low K statistic value indicates a weak phylo-
genetic structuring.

The Procrustes regression analysis showed a significant effect of allometry on endocast
shape in extant toxicoferans, with allometry explaining 13.8% of shape variation (Table 2).
Procrustes ANOVA (PLM) performed using allometry-corrected shape data revealed sig-
nificant differences between snakes, anguimorphs, and iguanians, with the clade category
explaining 27% of endocast shape variation (Table 2). Pairwise comparisons revealed
that the endocast shape in each clade of extant toxicoferans differs from that of the other
two clades, with the greatest distance observed between snakes and iguanians (Table 3).

Principal Component Analysis of the endocast morphology of Tethysaurus, anguimorphs,
snakes, and iguanians resulted in the two first PCs of morphospace accounting for 51.6%
of shape variance (PC1 = 35%, PC2 = 16.6%; Figure 2, see Supplementary Data S3 for the
variance explained by other PCs). Along the two PCs, the position of Tethysaurus is distinct
from the different distribution areas of the three clades of extant squamates.

The distribution along PC1 distinguishes the three extant clades—iguanians, an-
guimorphs, and snakes—from each other (Figure 2), though there are some exceptions.
Iguanians show the greatest dispersion across morphospace and represent the extreme
values along PC1. Tethysaurus falls within the range of values seen in some anguimorphs
on the negative side of this axis. PC1 mostly captures morphological variation in the olfac-
tory complex and cerebral hemispheres, with the negative side possessing relatively long
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and slender olfactory bulbs and peduncles that project antero-ventrally. In these species,
the anterior end of the olfactory bulbs is wider than the posterior part of the olfactory
peduncles. In the dorsal view, the most lateral point of the cerebral hemispheres in these
species is located on the postero-dorsal half of the structure. In contrast, species positioned
on the positive side of PC1, mostly serpentes, show relatively short olfactory bulbs and
peduncles. In these species, the widest portion of the olfactory complex is situated more
posteriorly and maintains a consistent width toward the posterior end of the structure. In
the dorsal view, species on the positive side of PC1 display cerebral hemispheres where the
most lateral point is located on the anterior half of the structure. Additionally, the ventral
diencephalon in the species on the negative side of PC1 projects more ventrally than the
medulla oblongata in the lateral view. This differs from species on the positive side of
PC1 in which the ventral diencephalon is aligned with the ventral margin of the medulla
oblongata.

Table 2. Results of (1) the Procrustes regression for the test of scaling endocast shape data with
size based on log-transformed centroid sizes and (2) the Procrustes ANOVA (PLM) obtained from
the allometry-corrected shape data for the test of differences in endocast shape between iguanians,
snakes, and anguimorphs.

Models Df SS MS Rsq F V4 P
Procrustes allometric regression
log(GPA$Csize) 1 0.21119 0.211185 0.13804 12.011 4.972 0.0001
Procrustes ANOVA
Clades 2 0.35638 0.178188 0.27024 13.702 6.3235 0.0001

Note: Significance test was based on 10,000 iterations.

Table 3. Pairwise comparisons of allometry-corrected shape disparity between endocasts of extant

toxicoferans.
d UCL (95%) z Pr>d
Anguimorphs:Iguanians 0.1027768 0.06384204 3.395855 0.0002
Anguimorphs:Snakes 0.1032785 0.04825282 4.346074 0.0001
Iguanians:Snakes 0.1666223 0.06216106 5.140798 0.0001

Note: Significance test was based on 10,000 iterations.

The distribution along PC2 (Figure 2) does not separate iguanians, anguimorphs,
and snakes from each other. Tethysaurus falls within the most negative range of snakes
on that axis. Species along the negative side of PC2 exhibit a relatively narrow endocast
in the dorsal view that is flattened in the lateral view. In these species, the anterior end
of the olfactory bulbs is distant from the most lateral point of the olfactory complex, the
most lateral point of the endocast is on the anterior half of the cerebral hemispheres, and
the most dorsal point of the endocast is reached at the level of the rhombencephalon. In
contrast, species positioned on the positive side of PC2 exhibit wide endocasts that are
dorso-ventrally taller in the lateral view. In these species, the most lateral and dorsal points
of the endocast are located on the posterior half of the cerebral hemispheres. In addition,
the ventral diencephalon in species on the negative side of PC2 shows no marked ventral
projection, being at the same level as the mesencephalic ventral margin. This differs from
species on the positive side of PC2 in which the ventral diencephalon is distinct from the
mesencephalic ventral margin.

Results obtained from the Linear Discriminant Analysis (LDA) show that the first dis-
criminant function (DF1) explains 86.54% of the total variance, whereas DF2 captures 13.46%
(Figure 3). The accuracy of the LDA to classify modern species as either an anguimorph,
iguanian, or snake is 93.5%, and only four species, Lanthanotus borneensis, Amerotyphlops
brongersmianus, Chamaeleo calyptratus, and Stenocercus roseiventris were incorrectly assigned
(see Supplementary Data S4 for details). Our results indicate that the Tethysaurus endocast
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shape exhibits more resemblance with the endocast of snakes (0.99 posterior probability)
than with anguimorhs’ (1.76 x 10~%) and iguanians’ (1.73 x 1077).
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Figure 2. Morphospaces of endocast shape between Tethysaurus and extant squamates. The two
first principal component axes PC1-PC2 are visualized. The wireframes represent the difference in
landmark position between the most extreme endocranial morphologies along PC1 and PC2 (figured
in black) as compared to the average (figured in orange), in dorsal (top) and lateral (bottom) views.
Abbreviations of the species names are in Table 1.
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Figure 3. Linear Discriminant Analysis of endocranial shape variation in toxicoferans squamates,
constructed from DF1 and DF2. Area of distribution of iguanians, anguimorphs, and snakes are
figured in red, black, and green, respectively. The inverted blue triangle indicates the position of the
mosasaurid Tethysaurus nopcsai.
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4. Discussion and Conclusions

Paleoneurological studies dealing with mosasaurid endocasts remain rare. Using
micro-computed tomography, for the first time, we reconstruct the brain endocast of a
mosasaurid squamate, namely the early Tethysaurus nopcsai from the Turonian of Morocco.
Our digital reconstructions showed that Tethysaurus is characterized by a relatively narrow
and flattened endocast with weak cephalic and pontine flexures. The olfactory bulbs and
peduncles are relatively long and gracile, with the anterior part of the olfactory complex
being wider than the posterior part. The cerebral hemispheres represent the most dorsal
and lateral points of the endocast. Posterior to the cerebral hemispheres, the position of the
optic tectum is only indicated by gradual changes in the endocast width. The optic tectum
lies almost on the same axis as the cerebral hemispheres. The ventral diencephalon projects
more ventrally than the ventral margin of the medulla oblongata. Finally, the posterior end
of the slightly convex medulla oblongata remains ventral to the antero-posterior axis the
olfactory bulbs and peduncles.

Comparisons between Tethysaurus and the later Platecarpus and Clidastes suggest that
different endocranial organizations likely occurred among mosasaurids. Both Tethysaurus
and Clidastes exhibit elongated medio-laterally compressed olfactory bulbs and peduncles
in the middle of their antero-posterior length, along with a relatively small parietal eye.
However, as Camp [28] only figured out the dorsal view of Clidastes endocast, comparisons
are limited and restricted to these details. In contrast, the endocranial organization in
Tethysaurus seems different from that reported in Platecarpus. The latter, as figured by
Camp [28], exhibits short olfactory bulbs and peduncles, a relatively large parietal eye,
and a pronounced cephalic flexure differing from Tethysaurus and Clidastes. It is worth
noting that the olfactory bulbs and peduncles in Platecarpus were figured in dotted lines by
Camp [28] and Russell [58], making the exact length of the whole structure uncertain. Thus,
the most notable distinctions between Tethysaurus and Platecarpus consist of the endocast
flexure and the size of the parietal eye.

Pronounced brain flexures generally characterize the early ontogenetic stages of brain
development in non-avian reptiles (e.g., [60-62]). When the cranial cavity is relatively small,
the brain shows a more pronounced ‘S” shape, with the anterior part positioned higher than
the posterior one [34]. As the braincase grows more rapidly than the brain itself, there is
more space available, allowing the brain to “unfold” in mature individuals [63—65]. Here, the
variable degrees of flexure noticed between Tethysaurus and Platecarpus might be potentially
related to different ontogenetic stages. The endocast flexures observed in Platecarpus
specimen UCMP 34781 are consistent with the late juvenile stage reported by Sheldon [66].
In contrast, although the ontogenetic stage for Tethysaurus remains undetermined [48], the
specimen is presumably an adult on the basis of several anatomical characteristics [67] and
the nearly straight endocast reported here reinforces such a hypothesis. However, it is worth
noting that, as in extant archosaurs [61], possible heterochrony may impact the morphology
of the mosasaurid endocast. Thus, the pronounced flexure observed in Platecarpus could
possibly indicate retention of juvenile endocranial shape (i.e., paedomorphosis) in an adult
specimen. In this context, further studies investigating changes in mosasaurid endocast
morphology over ontogeny are required. Although ontogenetic series of mosasaurid skulls
are rather scarce, future studies could consider the limited material already available (e.g.,
Tylosaurus, [68]) to assess the extent to which endocast morphology in mosasaurids reflects
ontogenetic stages.

The variable position and size of the parietal eye have been reported within Mosasauri-
dae (e.g., [69-73]), including differences at the intraspecific level (e.g., Tylosaurus pror-
iger, [74]). Such variability in the size of the parietal eye was also reported in various clades
of vertebrates (e.g., [75]), suggesting that the common occurrence of a large or small fora-
men is not a phylogenetic signal but is instead related to differences in the photoreceptive
and neuroendocrine functions associated with the structure [76]. The parietal eye in extant
squamates detects changes in light levels and this sensory input regulates various seasonal
metabolic processes, including behavioral thermoregulation, diurnal rhythms, physical
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activity, and behavior (e.g., [77,78]). In mosasaurids, the environmental conditions and
physiological roles associated with the development of a large parietal eye remain unclear.
Connolly [73] found no significant relationships between the size of the parietal eye and the
paleolatitude distribution of mosasaurids, nor between the size of the parietal eye and their
ability to dive deep. In this context, Connolly [73] suggested that the mosasaurid parietal
eye may have functioned primarily for navigation and orientation related to migration.
However, such correlations remain unclear and physiological roles associated with the
variability in the reptilian parietal eye are needed to better interpret the variability in
mosasaurids.

The results obtained here showed that the endocast morphology in extant toxicoferans
is linked to phylogeny. However, despite being statistically significant, the low K statistic
value indicates weak phylogenetic structuring. Similar to previous studies conducted on
snake endocasts [29,33], this indicates that, although significant, the phylogenetic signal
remains weak and other factors (e.g., habitat, activity period) could influence the endocast
morphology in all extant toxicoferans.

Comparisons with extant toxicoferans highlighted the unique combination of endocra-
nial features in Tethysaurus, showing only partial resemblance with anguimorphs, iguanians,
or snakes. Indeed, the endocast of Tethysaurus does share morphological similarities with
each of these three clades, such as (1) the relatively long and gracile olfactory bulbs and
peduncles in Tethysaurus resemble those observed in iguanians and some anguimorphs,
contrasting with the wider and shorter structures seen in snakes; (2) the weak cephalic
flexure observed in Tethysaurus is similar to that found in anguimorphs and snakes, whereas
most iguanians typically exhibit a stronger flexure in their endocast; and (3) posterior to
the cerebral hemispheres, the gradual changes in endocast width indicating the position
of the optic tectum in Tethysaurus resembles the condition observed in anguimorphs but
differs from the more abrupt narrowing seen in snakes or the nearly absence of change in
iguanians. Overall, the strong endocranial resemblance between varanids and mosasaurids
reported by Camp [28] is not observed here. Instead, our results suggested more similarities
in endocast shape between Tethysaurus and some of the snakes. To assess this result, further
comparisons should expand data sampling on mosasaurid endocasts to provide a more
comprehensive understanding of the morphological variability within the clade. Thus,
the CT data already existing for the mosasaurid Plotosaurus bennisoni, available from the
online database MorphoSource, could constitute a good starting point for such endocranial
studies.

The position of mosasaurids within Toxicofera varies depending on phylogenetic anal-
ysis. The clade is positioned either within Anguimorpha and closely related to varanoids
(e.g., [45/47]), as the sister group of snakes (e.g., [42,79]), or as the sister group of a clade
comprising Anguimorpha and Iguania (e.g., [43,80]). Camp [28] suggested a close phyloge-
netic relationship between mosasaurids and varanids as he observed a strong resemblance
in the morphology of their endocasts. However, this hypothesis is challenged here, as we
observe similarities in endocast shape between Tethysaurus and each of the three clades in-
cluded in Toxicofera, with a particular resemblance to some snakes (Acutotyphlops kunuaensis,
Typhlops arenarius, Anilius scytale, Cylindrophis ruffus, Eunectes murinus, and Python bivittatus).
These results, based on the digital brain endocast alone, do not enable this study to position
mosasaurids within Toxicofera and, furthermore, our findings support no specific phyloge-
netic hypothesis. In this context, phylogenetic inferences made from endocast morphologies
should be treated with caution as other factors may influence the endocast morphology in
squamates. In addition, accurate and precise inferences of brain morphology from mosasaurid
endocasts require careful consideration. Although certain aspects of brain morphologies in
squamates can be extrapolated from endocast morphology, such information varies accord-
ing to species, clades, and brain regions [40]. Therefore, predicting brain—endocast ratios in
mosasaurids, identifying which parts of the endocast accurately reflect brain morphology, and
enabling biological inferences require the consideration of a large panel of extant toxicoferans
in order to avoid any misinterpretations.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/d16090548 /s1. Figure S1: Schematic phylogenetic relationships
of iguanians sampled in the study (modified from [50,52]) associated with 3D renderings showing
the endocast in dorsal (left) and left lateral (right) views. Figure S2: Schematic phylogenetic relation-
ships of anguimorphs sampled in the study (modified from [50,52]) associated with 3D renderings
showing the endocast in dorsal (left) and left lateral (right) views. Figure S3: Schematic phylogenetic
relationships of snakes sampled in the study (modified from [50,52]) associated with 3D renderings
showing the endocast in dorsal (left) and left lateral (right) views. Supplementary Data S1: Landmark
description used in this study (modified from [30]) and position on Tethysaurus endocast in dorsal
and lateral views. Supplementary Data S2: Raw coordinates of the 19 landmarks placed on each
species used in the study. Abbreviations in the main text (Table 1). Supplementary Data S3: Variance
explained along the different PCs obtained in the Principal Component Analysis performed on the
endocasts of Tethysaurus and extant squamates. Supplementary Data S4: Results LDA.
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Abstract: Mosasaurid teeth are abundant in the fossil record and often diagnostic to low
taxonomic levels, allowing to document the taxonomic diversity and ecological disparity
through time and with fewer biases than in other marine reptiles. The upper Maastrichtian
Phosphates of Morocco, with at least fifteen coeval species representing a wide range of
sizes and morphologies, undoubtedly represent the richest outcrop in the world for this
clade of iconic Mesozoic squamates and one of the richest known marine tetrapod assem-
blages. Until now, the methods used to link tooth morphology to diets in marine amniotes
were mainly qualitative in nature. Here, using the dental morphology of mosasaurids
from Morocco, we combine two complementary approaches—a thorough comparative
anatomical description and 2D /3D geometric morphometry—to quantitatively catego-
rize the main functions of these teeth during feeding processes and infer diet preferences
and niche-partitioning of these apex predators. Our results from combining these two
approaches show the following: (1) Mosasaurids from the upper Maastrichtian Phosphates
of Morocco occupy the majority of dental guilds ever colonized by Mesozoic marine rep-
tiles. (2) As seen elsewhere in the Maastrichtian, mosasaurines dominate the regional
mosasaurid assemblage, exhibiting the greatest taxonomic diversity (two-thirds of the
species) and the largest range of morphologies, body sizes (2 m to more than 10 m) and
ecological disparities (participating in nearly all predatory ecological guilds); strikingly,
mosasaurines did not developed flesh piercers and, conversely, are the only ones to include
durophagous species. (3) Halisaurines, though known by species of very different sizes
(small versus large) and cranial morphologies (gracile versus robust), maintain a single
tooth shape (piercer). (4) Plioplatecarpines were medium-size cutters and piercers, known
by very morphologically diverging species. (5) Tylosaurines currently remain scarce, rep-
resented by a very large generalist species; they were largely replaced by mosasaurines
as apex predators over the course of the Maastrichtian, as observed elsewhere. Also,
when comparing tooth shapes with body sizes, the largest taxa (>8 m long) occupied a
restricted area of tooth shapes (generalist, durophagous), whereas small and medium-sized
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species (<8 m long) range across all of them (generalists, durophagous, cutters, piercers).
In other words, and probably related to the specificities and advantages of biomechanical
resistance, apex predators are never dedicated piercers, micro-predators are conversely
never generalists, and meso-predators show the widest range of dental adaptations. These
diversities and disparities strongly suggest that Tethyan mosasaurids evolved strong niche-
partitioning in the shallow marine environment of the upper Maastrichtian Phosphates
of Morocco. Such a high diversity sensu lato just prior to the K/Pg biological crisis sug-
gests that their extinction was rather sudden, though the exact causes of their extinction
remain unknown. Finally, Gavialimimus Strong et al., 2020 is systematically reassigned
to Gavialimimus ptychodon (Arambourg, 1952), and an emended diagnosis (for teeth and
dentition) is proposed for this species.

Keywords: mosasaurid squamates; Morocco; phosphates; Late Cretaceous; comparative
anatomy; morphometrical analyses; diet preferences; niche-partitioning

1. Introduction

Mosasaurids were a specialized clade of large marine squamates that underwent a
spectacular radiation during the Late Cretaceous, before becoming extinct during the K/Pg
biological crisis (e.g., [1,2]). They exhibit a high species diversity, as well as a wide range
of morphotypes and body sizes (about 1-17 m), suggesting a high ecological disparity.
They were also widely distributed from the Santonian up to the end of the Maastrichtian.
Among the most diverse and abundant mosasaurid faunas are those from the Santonian-
Campanian of the Western Interior Sea of North America, the Campanian-Maastrichtian of
New Zealand and the Maastrichtian of the Netherlands (where they were first unearthed at
the end of the 18th century), Belgium, Angola and Morocco (e.g., [2,3]). Among them, with
sixteen species described up to now, the Maastrichtian Phosphates of Morocco undoubtedly
represent the richest outcrop for mosasaurids worldwide.

The exceptional richness of fossil vertebrates in the Maastrichtian—Ypresian Phos-
phates of Morocco has been known since the pioneering works of the French paleontologist
Camille Arambourg [4]. At present, almost 400 species of vertebrates are known from
these deposits, of which more than 95% are marine. These include a plethora of selachians,
actinopterygians and marine reptiles, as well as scarce continental taxa, including Maas-
trichtian non-avian dinosaurs and pterosaurs, Paleogene mammals and birds originating
from the nearby African Craton (e.g., [5-8]).

After selachians (e.g., [9,10]), marine reptiles are the most common and diverse group
in the Phosphates, both in the Maastrichtian and Paleogene [5,11]. Mosasaurid squamates
dominate the Maastrichtian ecosystems and, as a mirror, the dyrosaurid crocodyliforms
the Paleogene ones [12]. In addition to mosasaurids, the Maastrichtian marine reptile as-
semblage include elasmosaurid plesiosaurians [13,14], chelonioid turtles [15,16], gavialoid
crocodilians [12] and pachyvaranid squamates [17].

Mosasaurids are by far the most abundant marine reptiles in the Maastrichtian Phos-
phates of Morocco, being known by at least fifteen coeval species (Tables 1 and Al). They
are represented by a plethora of specimens of all sizes, morphologies and ecologies. Many
of these species were previously unknown [3-5,18-33], and some are typical of the Tethyan
Southern Margin [34].

At the interface between predators and their environment, teeth are a major component
of food acquisition and processing, and their shape is closely linked to eaten items, making
it possible to infer possible diets [35,36]. Despite a widespread belief that reptilian teeth are
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poorly informative from a systematical and ecological point of view, and except for some
overlaps in gross morphology [36], it has been shown that mosasaurids possess series of
diagnostic traits in their teeth. These turn out to be useful for systematic identification (at
the generic and even specific levels) when only isolated teeth are found (e.g., [3,37]).

In addition, mosasaurid teeth are characterized by a diverse range of external
macrostructures (shape, ornamentation, wear) (e.g., [3,38-43]), internal microstructures
(enamel/dentin texture and composition) (e.g., [44-47]) and attachment and replacement
modes (e.g., [48-50]). These played an important role in feeding process and as such reveal
a large spectrum of diets and niche occupation in the water column. The rich fossil record of
mosasaurid teeth is therefore capable of documenting both the taxonomical and ecological
diversity of mosasaurid faunas and their evolution, with fewer biases than in other marine
reptile groups.

Here, focusing on the dental morphology of the mosasaurid assemblages from the
upper Maastrichtian Phosphates of Morocco, we combine two complementary approaches,
namely, a thorough qualitative comparative anatomy and two quantitative geometric mor-
phometry analyses (2D and 3D), to identify their tooth shape and infer the diet preferences,
predation modes and possible niche-partitioning of these predators in the regional marine
ecosystem, just prior to the K/Pg biological crisis.

Institutional abbreviations. HU]J, Hebrew University of Jerusalem; IRScNB, Institut
Royal des Sciences Naturelles de Belgique, Bruxelles, Belgium; MGUAN, Museo Geolégico
da Universidade Agostino Neto, Luanda, Angola; MHNM, Muséum d’Histoire Naturelle
de Marrakech, Université Cadi Ayyad (UCAM), Marrakech, Morocco; MNHN, Muséum Na-
tional d’Histoire Naturelle, Paris, France; OCP, Office Chérifien des Phosphates, Khouribga,
Morocco; UALVP, University of Alberta Laboratory for Vertebrate Paleontology, Edmonton,
Alberta, Canada; ULg, Université de Liege, Belgique; VANPS, Paleontological Museum of
the Vancouver Paleontological Society, Richmond, British Columbia, Canada.

2. Geographical and Geological Settings

The Phosphates of Morocco are part of an extensive belt of sedimentary deposits
named the ‘Mediterranean (Tethyan) Phosphogenic Province’ that developed during the
Late Cretaceous and early Paleogene epochs. These formed primarily in subtropical
paleolatitudes 12-22° in shallow marine paleoenvironments (e.g., [51,52]). Currently, these
phosphatic deposits widely crop out in the Middle East and northwest Africa, up to
the Pernambuco Province of Brazil, where they are exploited as a valuable economical
resource [51,52].

Historically, the Phosphates have been known in Morocco since the beginning of
the 20th century [53,54] and have been exploited on a large scale since 1921 by the Office
Chérifien des Phosphates [55]. Morocco has the world’s largest phosphatic deposits and
reserves (more than 70%) and is the leading exporter and second-largest producer of
phosphates in the world, after China [56].

The Phosphates currently crop out in four main basins distributed through central
Morocco, these being the Oulad Abdoun, Ganntour, Meskala and Souss basins (Figure 1A).
Only the Oulad Abdoun and Ganntour basins are economically exploited, especially in the
Sidi Daoui, Sidi Chennane (Oulad Abdoun) and Ben Guerir (Ganntour) areas (Figure 1B,C),
favoring the local discoveries of vertebrate fossil remains.
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Figure 1. The Phosphates of central Morocco. (A) Geographical map showing the main phosphatic
basins, from NE to SW: Oulad Abdoun and Ganntour (economically exploited), Meskala and Souss
(not exploited). (B,C) Details of the Oulad Abdoun and Ganntour basins” geography. (D) Pale-
ogeographical reconstruction of Morocco during the Late Cretaceous, after [57]. (EF) Synthetic
stratigraphical column of the phosphatic series in the Oulad Abdoun (Maastrichtian—Paleogene)
and Ganntour (Maastrichtian only) basins. All figures modified from [3,5]. Drawings and design ©
Alexandre Lethiers (CR2P /ISteP, Paris).

Paleogeographically, the phosphatic sediments were deposited in a large shallow
marine gulf located on the northwest margin of the African craton (Figure 1D). This
large area was characterized by a high productivity upwelling system that developed
from the Late Cretaceous up to present times along the western coast of Africa, driven
by the trade winds pushing surface waters offshore (e.g., [2,51,52,56]). The upwelling
system probably permitted the development of the exceptional local biomass [58], whereas
the phosphatogenesis favored a high and selective conservation of vertebrate remains,
as opposed to microfossils and invertebrates, which are frequently dissolved and/or
recrystallized (e.g., [59]). The two phenomena—upwelling and phosphatogenesis—are
probably responsible for the exceptional richness in marine vertebrate remains, both in
terms of abundance, preservation and taxonomical diversity, which characterizes the
Maastrichtian—Ypresian Phosphates of Morocco.

Stratigraphically, the Phosphates of Morocco range from the base of the Maastrichtian
to the top of the Ypresian, spanning about 24 My without major unconformities [60,61]. As
such, they represent the most time-expanded phosphatic deposits of the above-mentioned
‘Phosphogenic Mediterranean Province’ [51,52]. In all basins, the phosphate series include
an alternation of soft and hard phosphatic beds (only the soft ones are exploited), marls
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and limestones, with frequent flint accumulations and chert levels. The series is usually
topped by the ‘Dalle a Thersitées’, a calcareous reference level (Figure 1E). Note that the
different beds are named ‘Sillon” and ‘Couche’ (‘layer’ in French, ‘sillon” being a specific
mining name for layer) and are numbered in Roman numbers in the Oulad Abdoun Basin
and in Arabic ones in the Ganntour Basin, mainly for age differentiation. As an example,
Couche 2 of the Ganntour Basin is late Maastrichtian in age, whereas Couche II of the Oulad
Abdoun Basin is Paleocene. Due to subsidence, the thickness of the Maastrichtian series of
central Morocco increases from NE to SW, being less than 10 m thick in the NE of the Oulad
Abdoun Basin (Figure 1E), about 25 m in the Ganntour Basin (Figure 1F) and reaching
300 m in the Atlasic basins of Meskala and Souss [22,55].

Mosasaurid remains are very frequent in all levels of the Maastrichtian series, as
isolated remains (mainly teeth and vertebrae) in levels Couche 6 to Couche 2 of the Ganntour
Basin and as articulated, sometimes complete, specimens in lower and Upper Couche III of
the Oulad Abdoun Basin.

3. Materials and Methods

The present work is based on the teeth of most of the mosasaurid species known in
the Maastrichtian Phosphates of Morocco (Tables 1 and A1l).

Each species is briefly introduced, with indication of its global spatiotemporal occur-
rences and a short discussion of its systematical validity and reassignment, if necessary. The
main clades to which they belong are also briefly introduced, using main recent references
(see in respective parts).

3.1. Material Acquisition and Selection

The tooth sample has been gathered thanks to several field campaigns of level-by-
level systematic collection by some of the authors (NB, XPS) in the Couche 6 to Couche
2 (lower to uppermost Maastrichtian) of the Ganntour Basin [22] and to more than two
decades of fieldwork by the authors in the Couche III (upper Maastrichtian) of the Oulad
Abdoun Basin. This work was carried out into the framework of the long-term PhosphaPal
French—-Moroccan program of scientific collaboration and of the recent agreement between
the University of Bath and the Cadi Ayyad University (see details in Acknowledgments).
The specimens personally sampled, studied and analyzed by the authors are kept in the
collections of the Office Chérifien des Phosphates (OCP), the Muséum d’Histoire Naturelle
de Marrakech (MHNM, UCAM), the Muséum National d’Histoire Naturelle of Paris
(MNHN) and the Université de Liege (ULg); some teeth are issued from private collections
(controlled by the authors).

From more than a thousand isolated mosasaurid teeth collected, representing hun-
dreds for the most common species, we selected for each taxon a representative ‘Sample” of
about ten well-preserved median marginal teeth, because they are both the reference ones
for systematical identifications (e.g., [62]) and also those mainly used in food procurement
(see rationale in [36]). This sample is used for the thorough anatomical descriptions. From
this sample, in turn, one tooth is chosen as representing the ‘Standard” (Figure 2) of each
species and used for the morphometric analyses.

When available, the most complete and best-preserved skulls of each species are also
measured to assess their general morphology and proportions, as well as to estimate the
overall size of the taxon.

In order to make sensible faunal comparisons, only coeval taxa from the late Maas-
trichtian were included in the study (Table 1); as such, Prognathodon giganteus, from the
lower Maastrichtian of the Ganntour Basin [22], was excluded. The few species not sam-
pled nor described personally were included in the anatomical descriptions (using the
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original bibliography as a support) but excluded from the morphometric analyses see
below Section 3.3.
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Figure 2. Mosasauridae from the Maastrichtian Phosphates of Morocco: head reconstructions and
‘Standard’ tooth drawings. The head reconstructions are on scale (with Mosasaurus = 1 m) and based
on a selection of main representative species and most-complete specimens (see Tables A1 and A2).
Living monitors, especially Varanus niloticus, a highly aquatic species, were chosen as a model. Skulls
are deliberately reconstructed ‘snout wide shut’ in order to better appreciate the proportions of the
main regions (jaw, orbit, temporal zones) and, above all, to highlight two constant features of extant
squamates (assumed to be identical in mosasaurids, too often reconstructed archosaur-like): a high
fleshy area above the gums, giving a thicker aspect to the jaws, and no teeth protruding from them.
Tooth drawings on scale (with Halisaurus = 1 cm). Paleoartistic reconstructions, drawings and design
© Charlene Letenneur (CR2P, MNHN, Paris).
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Table 1. Mosasaurids from the Maastrichtian Phosphates of Morocco. Species known from the Upper
Couche TII (upper Maastrichtian) of the Oulad Abdoun Basin. See details in Table Al.

Mosasaurinae

Mosasaurus beaugei Arambourg, 1952 [4]

Carinodens belgicus (Woodward, 1891) [63]

Carinodens minalmamar Schulp et al., 2009 [33]
Xenodens calminechari Longrich et al., 2021a [25]
Eremiasaurus heterodontus LeBlanc et al., 2012 [23]
Thalassotitan atrox Longrich et al., 2022 [27]
Prognathodon currii Christiansen and Bonde, 2002 [64]
Globidens phosphaticus Bardet and Pereda-Suberbiola, 2005b [20]
Globidens simplex LeBlanc et al., 2019 [24]

Stelladens mysteriosus Longrich et al., 2023 [28]

Halisaurinae
Halisaurus arambourgi Bardet and Pereda-Suberbiola, 2005a [19]
Pluridens serpentis Longrich et al., 2021b [26]

Plioplatecarpinae
Gavialimimus ptychodon (Arambourg, 1952) [4,32]—new combination
Khinjaria acuta Longrich et al., 2024b [29]

Tylosaurinae
Hainosaurus boubker Rempert et al., 2022 [31]

3.2. Comparative Anatomy and Morphofunctional Interpretation

Teeth of the above-defined ‘Sample” are thoroughly described for each species, using
a suite of comparable and reproductible characters such as general size, shape of the
crown, basal cross-section, curvature, ornamentation of the enamel, carinae occurrence and
crenulations, wear facets, etc. This aims, firstly, to define the often unique tooth morphology
of each species and, secondly, to qualitatively approach to which general dental guilds
sensu Massare [38] it belongs.

Two ratios using the height (H) and width (W) compared to the length (L) of the
crown are used (see Table A2): H/L ratio estimates whether the crown is high (H/L > 1),
as high as long (H/L = 1) or low (H/L < 1); W/L ratio estimates whether the crown is
strongly labiolingually compressed (W/L < 0.5), moderately compressed (W/L > 0.5) or
not compressed (round section, W/L =1). Measurements were taken on the ‘Sample’ teeth,
and the ratios correspond to the average value (or to a range of values if notable differences
are observed).

Global characteristics of the entire dental series (including pterygoid teeth)—when
preserved—are given, in order to estimate both the degree of homodonty /heterodonty and
the respective size between marginal and pterygoid teeth. They have importance in seizing
and manipulating prey.

The general morphology of the skull (or skull portions) is briefly described and is
focused on characteristics allowing the inference of size, robustness and proportions of
some key regions. These also have importance in predation and feeding processes. As for
teeth, if several skulls are measured, the ratios correspond to the average value (or to a
range of value if notable differences are observed). A paleoartistic fleshy reconstruction of
the heads of main species based on close comparisons with extant varanids is proposed
(Figure 2).

The following ratios were calculated, using skull length (measured from the premaxilla
tip to a perpendicular line passing by the skull posterolateral corners (formed by squamosal-
supratemporal)), as the reference measurement (see Table A2):
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e  W/L ratio (skull width/skull length): approximates robustness. Skull width is mea-
sured between postorbitofrontal/frontal lateral margins and/or the posterolateral
corners of the skull. The higher the ratio value, the more robust the skull (and vice
versa). It should be noted, however, that the width of a mosasaurid skull is difficult
to access and often biased because of dorso-ventral crushing during taphonomical
processes of burial and fossilization that artificially increases the real width. This ratio
should thus be taken with caution. The external margins of the frontal are however
considered as a relatively good proxy, as, this bone being flat, its natural morphology
is de facto poorly affected by dorso-ventral crushing.

e PreO/L ratio (preorbital length/skull length): approximates snout elongation com-
pared to skull length. Preorbital length is measured from the premaxilla tip to the
anterior orbital margin. The higher the ratio value, the more elongated the snout in
relation to skull length (and vice versa).

e  PostO/L ratio (postorbital length /skull length): approximates adductor muscle vol-
ume. Postorbital length is measured from the posterior orbital margin (or, if not
preserved, from a line passing by the frontal-parietal-postorbitofrontal suture (dor-
sally) or the postorbitofrontaljugal suture (laterally)) to the perpendicular line passing
by the skull posterolateral corners. The higher the ratio value, the more elongated the
posterior part of the skull in relation to skull length (and vice versa).

e Orb/L ratio (orbit length/skull length): approximates the capability for vision in
low-light or turbid environments. Measured in the median part of the orbit, from the
posterior margin of the prefrontal to the anterior margin of the postorbitofrontal-jugal
bar. The higher the ratio value, the larger the orbit (and vice versa).

The overall size (or size range) of each species is estimated, using as proxy the length of
the skull or of isolated bones permitting the estimation of it (e.g., maxilla, dentary, posterior
mandibular unit) (see Table A2).

A morphofunctional interpretation of the feeding process and inferred prey pref-
erences, using Massare’s dental guilds [38], is given for each species (Figure 3), to be
complemented by quantitative analyses (see below).

3.3. Morphometric Analyses

We quantitatively analyzed the disparity of crown shapes in mosasaurids from the
Phosphates of Morocco using two methods. The first one is two-dimensional and uses
a modification of the Fourier transform to analyze shapes [65]. The second one is three-
dimensional and uses surface semi-landmarks, in a geometric morphometrics framework.

Some mosasaurids species were excluded from the morphometric analyses because
we did not have access to their teeth, either described by other authors (H. boubker,
G. simplex) or very scarce and/or poorly preserved (C. minalmamar). In total, the teeth
of eleven species on fifteen were analyzed (see Table A3). We also assembled a dataset of
skull lengths (see Table A2).

3.3.1. 2D Shape Analyses Using Fourier Transform

We gathered photographs (or snapshots of 3D models in orthographic view) of teeth
from the median part of the jaw. We used these images to draw the basal and the labi-
olingual outlines of the teeth, creating full, closed black masks over a white background.
Each of these images was then imported and transformed as an outline in the R statisti-
cal environment v4.3.1 using the package Momocs v1.4.1 [65]. Each closed outline was
centered and scaled. The teeth of Globidens and Xenodens are labiolingually longer than
apicobasally high, resulting in erroneous alignments (and thus incorporation of a rotation

132



Diversity 2025,17, 114

factor in PC1) if we normalized Fourier coefficients. Therefore, all images were aligned
prior to importation in R, and ‘norm” was set to FALSE in the efourier function.

Then, a principal component analysis was run on the Fourier coefficients, yielding one
morphospace of labiolingual shape and another of basal crown section shape. Because both
analyses of shapes concentrated most of the variance (=80%) in their respective first axes,
we extracted these coordinates to produce a composite morphospace, where the x-axis
is the PC1 of the labiolingual PCA, and the y-axis is the PC1 of the basal PCA. We also
extracted theoretical shapes along each of these axes for visualization purposes.

Finally, we computed the density of morphospace occupation using a Kernel density
estimator. We provide the 2D masks as .jpg files and the R script as Supplementary Files to
fully replicate the procedure.

3.3.2. 3D Geometric Morphometric Analyses

For each tooth, we used the semi-automated high-density 3D geometric morphometric
protocol established by Fischer and collaborators [36]. Essentially, this method pseudo-
landmarks a 3D ‘dome” shape (2000 surface semi-landmarks) and uses it as an atlas to
patch these surface semi-landmarks onto each crown 3D model, using five fixed landmarks
as anchor points.

First, we obtained 3D models from a previous study [36], which sampled particularly
well-preserved crowns from the median part of the jaws. We then complemented this
sample by digitizing the crowns of additional species, still focusing our efforts on the
median part of the jaws, using a handheld laser scanner (Creaform Handyscan 300, 0.2 mm
scan resolution, Creaform, Lewis, Canada). Then, we placed five fixed landmarks (one at the
apex of the tooth and four at the base of the crown: labially, lingually, distally and mesially)
on the dome and on each crown model, using Stratovan Checkpoint v20.10.13.0859.

The rest of the procedure was fully automatized by an R script, using the packages
geomorph v4.0.6, Morpho v2.12 and MASS v7.3-60.0.1 for data treatment and the packages
ggplot2 v3.4.4, plotly v4.10.3, ggrepel v0.9.4 for visualisations, all in R v4.3.1. Basically,
the meshes and their coordinates were imported, and the atlas was created and patched
onto each crown model. The resulting 3D coordinates of the crowns were subjected to a
generalized Procrustes superimposition, then in turn subjected to a principal component
analysis. We computed the density of morphospace occupation using a Kernel density
estimator (see [36]). We provide the atlas, the 3D models, the fixed landmark coordinates
and R script as Supplementary Files to fully replicate the procedure.

4. Results

4.1. Comparative Anatomy and Morphofunctional Interpretation (Figures 2 and 3,
Tables A1 and A2)

4.1.1. Mosasaurinae

With around 11 genera and 35-40 species known worldwide, mosasaurines are the
most diverse clade of mosasaurids. They range from the Turonian up to the end of the
Maastrichtian and reach a worldwide distribution by Campanian-Maastrichtian time
(e.g., [2,3,27,66,67]). Mosasaurinae include two clades: Mosasaurini as a sister group of an
unamed clade (previously referred to as Globidensini (sensu [68,69]), including the tribes
Prognathodontini and Globidensini [27]. As did previous analyses (e.g., [66,67]), this last
work recognized Mosasaurus and Prognathodon as paraphyletic taxa. With a wide range of
sizes (about 2-17 m), morphologies and tooth shapes, mosasaurines exhibit a much higher
ecological plasticity than other mosasaurid subfamilies [3].

Eight genera and 10 species of Mosasaurinae are so far recognized in the upper
Maastrichtian Phosphates of Morocco.
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e  Mosasaurini

Mosasaurus beaugei Arambourg, 1952 is based on an isolated large antero-median
tooth crown (MNHN PMC 7) from the Maastrichtian of the Oulad Abdoun Basin ([4],
p- 282, pl. 39, fig. 13). In Arambourg’s time, only isolated teeth were known, coming from
all the Maastrichtian phosphatic basins of Morocco [3,4,18,70]. In the last two decades,
however, more complete specimens, including skulls and mandibles, have been unearthed
in the Upper Couche III (upper Maastrichtian) of the Daoui area (Oulad Abdoun Basin)
and described [18]. Additional teeth have also been collected in the Couches 3 and 2
(upper Maastrichtian) of the Ben Guerir area (Ganntour Basin) [22]. These new speci-
mens permit to significantly improve our knowledge of this species, both anatomically
(diagnosis emended) and stratigraphically (range precised); it is considered a valid taxon
among Mosasaurini [18,71]. Compared to other taxa and despite its large size, M. beaugei
remains relatively scarce in the Phosphates of Morocco, a point already mentioned by
Arambourg [4]. This species has been found only in the upper Maastrichtian Phosphates of
Morocco and contemporaneous formations of the Southern Margin of the Mediterranean
Tethys/Southern Atlantic (Brazil, ?Egypt) [34].

Description—Median teeth are large (crowns can reach 4 cm in height), robust and
faceted, with a sharp, pointed apex. They are almost twice as high as long (H/L ratio
1.8-1.9), slightly laterally compressed (W /L ratio 0.6-0.7) and weakly posteriorly recurved.
The anterior surface is slightly convex and the posterior one slightly concave. Both bear
over their entire height a sharp carina bearing minute serrations. The labial surface is
almost flat and smaller than the strongly convex lingual one, resulting in a U-shape cross-
section, which is characteristic of the genus Mosasaurus, sensu [62]. The labial surface bears
3-5 large facets (average number, 4) separated by sharp edges; the lingual surface bears 6-9
less-distinct ones (average number, 8). In both surfaces, most facets do not reach the apex;
they are less numerous and discernable on the largest and posteriormost teeth. The enamel
is thick but smooth, with a shiny appearance. Wear facets are rare and, when present,
mostly occur along the carinae as very narrow elongated zones and at the apex as a small,
rounded area.

The dentition is subhomodont along the jaws, exhibiting only the minor variations
usual in mosasaurids: the median teeth are the largest; anterior ones are slender; poste-
rior ones are lower and wider; maxillary teeth are slightly larger than dentary ones [18].
Pterygoid teeth are hook-like and much smaller than the marginal teeth (about one-third
the height of median teeth); they are strongly posteriorly recurved, with a rounded cross-
section and a finely ridged enamel [18].

The skull is 80 cm to 110 cm long. It is robustly built but long and relatively narrow,
with its width almost one-fourth of the length, giving it a rather gracile appearance. The
jaws are noteworthy in being long, more than one-half the skull length, straight and narrow.
The postorbital part of the skull remains short, being only about one-fourth of the skull
length; the orbit is relatively small. The body size of M. beaugei is estimated to be about
8-10 m long [3].

Paleoecology—The sharp general aspect of the teeth of M. beaugei, with a pointed apex,
several marked cutting structures (carinae, large prisms separated by cutting edges) and a
smooth enamel, coupled to subhomodont dentition and small pterygoid teeth, indicate that
M. beaugei mainly performed ‘cutting’ sensu Massare [38]. However, from the near-lack
of wear facets and breakages, as well as the elongate, narrow morphology of the skull
and the short postorbital region, leverage was probably reduced, indicating low biting
force. Food manipulation and processing were probably limited to a preliminary phase of
seizing, followed by simple cutting and ingestion of small prey or large flesh pieces. Its
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diet probably consisted of relatively soft fleshy items, possibly cephalopods, large fish like
Enchodus Agassiz, 1833-1845 [72] and small marine reptiles. Given its large size, estimated
at 8-10 m, this species was one of the local apex predators but probably occupied a more
distinct niche than Thalassotitan atrox, Prognathodon currii or Hainosaurus boubker.

Carinodens belgicus (Woodward, 1891) is a very rare mosasaurid, based on an incom-
plete toothed dentary (IRScNB R 43) from the upper Maastrichtian of the Maastricht area,
Limburg, The Netherlands [73]. Since that time, scarce additional remains, mostly consist-
ing of isolated teeth and a couple of dentaries, have been found in the upper Maastrichtian
of Europe (including Russia), South America, the Middle East and Africa [21,33,69,74].
Despite its scarcity, C. belgicus’s paleobiogeographical distribution is extensive, including
both Northern/Southern margins of the Mediterranean Tethys and Southern Atlantic;
however, its stratigraphic range is limited to the upper Maastrichtian [34]. In the upper
Maastrichtian Phosphates of Morocco, this species has been unearthed in the Upper Couche
III of the Oulad Abdoun Basin as isolated teeth (Daoui) and dentaries (Sidi Chennane) and
in the Couche 3 of the Ganntour Basin as isolated teeth (Ben Guerir) [21,22,33]. Carinodens
Thurmond, 1969 [75] has been classically considered a member of Globidensini [33,69], but
recent work suggests closer affinities with Mosasaurini [27].

Description—The crowns are subrectangular, half as high as long (H/L ratio about
0.5) and strongly laterally compressed (W /L ratio about 0.55). The base is swollen, with a
strong constriction between the crown and the slender root, giving the teeth a mushroom
aspect. Both labial and lingual surfaces are convex and subequal in size, so that the cross
section is oval. The anterior surface of the crown is much larger than the posterior one,
rising up almost vertically, then curving at an almost right angle to form a long horizontal
‘plateau’ up to the apex, that is, de facto posteriorly displaced from the middle of the crown.
The posterior surface is slightly concave posterior to the apex, then strongly convex. There
are two faint, curved, unserrated carinae developed only on the upper half of the crown.
The enamel is thick and ornamented by coarse, anastomosed ridges that become larger and
thicker on the upper third of the crown, especially near the apex. The apex usually bears a
large and rounded wear facet. Worn areas are also frequent on the anteroventral corner of
the labial surface and on the posteroventral corner of the lingual one.

The dental series of C. belgicus is strongly heterodont, both in morphology and size,
with small, pointed, recurved anterior teeth; large, blunt median teeth; smaller and lower
posterior teeth. Also noteworthy, with 17-18 versus 13 teeth (on holotype IRScNB R 43), the
dentaries from Morocco show that this bone was longer than previously thought, which
has implications for its possible bite force and inferred diet [33]. Pterygoid teeth remain
unknown on C. belgicus, but Carinodens palistinicus Kaddumi, 2009 from Jordan exhibits
pterygoid teeth [76], which are hook-like and smaller than the marginal teeth, as in most
mosasaurids (e.g., [62]).

The dentaries are long, straight and slender; the skull was probably long and gracile,
like that of C. palistinicus [76]. Based on the dentary size, C. belgicus skull length was
probably less than 40 cm long [3], suggesting a total body length of about 2.5-3 m.

Paleoecology—Both the small size of C. belgicus and its highly heterodont and spe-
cialized dentition suggest that food processing was basically suitable for ‘crushing’ sensu
Massare [38] but probably also included a preliminary gripping phase and a final one
of finer crushing [33]. If pterygoid teeth are present in C. belgicus, like in C. palistinicus,
where they are small hooks, they could have been used in helping the engulfment process.
The inferred diet probably consisted of small mollusks and arthropods [77]; however, the
re-estimation of the greater length of the dentary suggests that the biting force was probably
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less than expected, suggesting also that prey were probably softer (with thinner shells?)
than previously thought [33].

Carinodens minalmamar Schulp et al., 2009 is based on two dentaries from the same
individual (OCP DEK/GE 453)—one with two in situ teeth—coming from the upper
Maastrichtian Couche III of probably Sidi Chennane, Oulad Abdoun Basin [33]. It should be
noted that this species was first described in the Phosphates of Morocco by Arambourg ([4],
pl. 40, fig. 3) on the basis of an isolated tooth, for a long time considered lost but recently
found (MNHN PMC 29), from Oued Meskoura, north of El Borouj (Oulad Abdoun Basin).
The tooth was first referred by [4] to Globidens aegyptiacus Zdansky, 1935 [78] (a species
originally described in Egypt; see [20] for details), later reassigned to C. belgicus [3,20,21]
and then to C. minalmamar [33]. Up to now, C. minalmamar is known only from the upper
Maastrichtian of Morocco and Russia [33,74].

Description—The crowns are generally comparable to those of C. belgicus in being rect-
angular in lateral view, twice as long as high, basally swollen and with a finely anastomosed
enamel and faint carinae. However, they differ in being lower (H/L ratio about 0.4) and
much more compressed (W /L ratio less than 0.4, reaching 0.3 on MNHN PMC 29), and in
bearing two pronounced vertical sulci on the median part of the labial surface, reminiscent
of those found in G. phosphaticus Bardet and Pereda-Suberbiola, 2005b [20,33], as well as
faint, straight carinae. On MNHN PMC 29, because of these sulci, the labial surface is
slightly concave, whereas the lingual surface is gently convex. As in C. belgicus, rounded
wear facets are located on the apex, as well as on the anteroventral corner of the labial
surface and on the anterior extremity of the horizontal ‘plateau’ of the anterior surface.

As for C. belgicus, the teeth preserved on the holotype OCP DEK/GE 453 show that
the dentition was also probably strongly heterodont.

The dentary is long, straight and narrow but smaller and slender than that of
C. belgicus, indicating a more gracile taxon; also, the alveoli indicate that teeth were more
imbricated along the dentary than in C. belgicus [33]. The skull length was possibly around
35 cm and the estimated total length around 2.5 m.

Paleoecology—Compared to C. belgicus, the smaller and slender dentary of C. minal-
mamar, as well as its more packed and laterally compressed teeth, indicate that its diet was
slightly different from that of C. belgicus, possibly including smaller and/or softer prey [33].

Xenodens calminechari Longrich et al., 2021a is a very rare and small-sized mosasaurid,
so far known only by a complete maxilla with four teeth (MHNM.KHB.331) [25]. The holo-
type was unearthed in the Upper Couche IlI (upper Maastrichtian) of Sidi Chennane, Oulad
Abdoun Basin [25]. Xenodens is thus far known only known from the upper Maastrichtian
Phosphates of Morocco. The unique tooth structure and implantation suggest affinities
with Carinodens among Mosasaurini [25].

Description—The crowns are very distinct from those of any other mosasaurid. They
are quadrangular and low, about as high as long (H/L ratio about 1), with a sharp hooked
apex, and are very laterally compressed (W /L ratio about 0.4). The anterior surface is
strongly convex and twice the size of the slightly-concave-to-straight posterior one. Both
surfaces are almost flat, bearing only two subtle ridges and sharp unserrated carinae. The
enamel is totally smooth and shiny; wear facets are absent. The teeth preserved are closely
packed and laid obliquely to the jaw margin, whereas their roots are anteroposteriorly
expanded and fused, forming a continuous ridge of bone. As a whole, the teeth and their
root arrangement are remarkable in forming a single sawblade-shaped cutting edge, not
only unique among mosasaurids but also among tetrapods [25].
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The maxilla size and morphology suggest that Xenodens was a small, gracile species,
with a skull length not exceeding 30 cm and a total size estimated around 2 m [25]. Xenodens
is so far the smallest known mosasaurid from the Maastrichtian Phosphates of Morocco
but also worldwide, being even smaller than some basal mosasaurids like Tethysaurus
Bardet et al., 2003 [79].

Paleoecology—The flattened, bladelike and closely packed teeth of Xenodens have
never been observed in any other mosasaurid nor any known reptile, but comparable
dental apparati are known in dogfish sharks and in several bony fishes [25]. This highly
specialized ‘cutting” dentition—but of very small size and lacking wear facet, contrary to
Massare’s [38] characteristics of cutting dentition—indicates previously unknown feeding
strategies, diet preferences and niche occupation. Xenodens probably used its sawblade
battery to remove pieces of flesh from large prey during scavenging or predation, but its
diet could also have included smaller prey like fish, crustaceans and cephalopods [25].

e  Prognathodontini

Eremiasaurus heterodontus LeBlanc et al., 2012 is based on the syntypes OCP DEK/GE
112, a partial skeleton with precisely known spatiotemporal occurrences (Upper Couche
III of Sidi Daoui, upper Maastrichtian, Oulad Abdoun Basin) and UALVP 51744, a sub-
complete skeleton whose occurrence remains uncertain (probably Couche III of the Oulad
Abdoun Basin) [23]. Among the isolated teeth that Arambourg [4] described indistinctly
as Mosasaurus (Leiodon) cf. anceps (Owen, 1841) [80]—a taxon now considered a nomen
dubium by [81]—the smaller and slenderer ones (MNHN PMC41, 42, 45, 48, 50, respectively
pl. 38, figs. 1, 25, 8, 10 of [4]) match remarkably well with those of Eremiasaurus [23], while
the others match with Thalassotitan [27] (see below). Eremiasaurus has been recovered in the
whole Maastrichtian series (Couche 6 to Couche 2) of Ben Guerir, in the Ganntour Basin [22].
This species is rather common in the Maastrichtian Phosphates of Morocco, known by
countless isolated teeth and some more complete remains. It is a typical taxon from the
Southern Margin of the Mediterranean Tethys, having also been found in the Negev Desert
and in Brazil [34]. Eremiasaurus has initially been considered a sister group of Mosasaurus
Conybeare, 1822 [82] and Plotosaurus Camp, 1942 [83] among Mosasaurini [23], but it has
also been recovered as a sister group of Prognathodon kianda Schulp et al., 2008 [81] within
Prognathodontini [27].

Description—The crowns are high and robust pointed cones (H/L ratio about 1.9),
only slightly laterally compressed (W /L around 0.8) and posteriorly recurved. The anterior
surface is gently convex and the posterior one gently concave, both having aligned sharp
carinae running along their height and bearing minute serrations. The apex is sharp and
pointed. The labial and lingual surfaces are subequal and convex, resulting in an oval
cross-section. The enamel is totally smooth, thin and shiny; faint traces of facets expanded
along two-thirds of the crown height are sometimes present. Wear facets are rare and, when
present, are reduced to a small rounded apical area and slender zones at the base of the
anterior carina, mostly as in M. beaugei. As a whole, median teeth are blade-like.

The dentition exhibits pronounced heterodonty (hence its specific name) with straight
and conical anterior teeth, large, blade-like; more compressed median teeth; strongly poste-
riorly recurved posterior teeth [23]. Also, the upper and lower teeth strongly interdigitate
anteriorly, fitting into interdental pits on the jaws, but astonishingly become superimposed
medially and posteriorly, the maxillary teeth masking the dentary ones [23]. Pterygoid
teeth, though smaller than the median marginal ones, are large, approaching the size of
the posterior marginal teeth; they are typically hook-like, rounded in cross-section and
smooth [23].
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The skull as a whole is robust but relatively narrow (width about one-fourth of the
length), with almost straight and slender jaws giving it a relatively gracile appearance,
reminiscent of M. beaugei and P. kianda [23]. The jaws are surprisingly gracile compared to
the large teeth they housed: in UALVP 51744, the anterior teeth are nearly as high as the
dentary, but this becomes less marked posteriorly as dentaries become deeper [23]. The
preorbital portion is long, being half the total skull length, the postorbital region is rather
short [3] and the orbits rather small. The syntype skulls are around 65-70 cm long, and the
total body length of Eremiasaurus is estimated to be around 4.5-5 m [3,23].

Paleoecology—The bladelike and closely packed teeth of Eremiasaurus indicate that
their main function was probably ‘cutting” sensu Massare [38], which is coherent with its
long and narrow, but robust skull. However, teeth are almost devoid of wear facets and
breakages, indicating probably relatively soft prey. The estimated body length (around 5 m)
of Eremiasaurus suggests it was a meso-predator in the trophic network of the Maastrichtian
Phosphates of Morocco. It occupied a distinct niche from ecologically distinct predators
of the same size (Globidens, Pluridens) and was rather comparable in shape to the apex
predator M. beaugei. However, its smaller size suggests that it probably preyed on different
items, such as smaller fish, cephalopods or small marine reptiles. Noteworthy, the increase
in the number of pygal vertebrae suggest that this was probably a high-speed pursuit
predator, comparable to Plotosaurus [23,84].

Thalassotitan atrox Longrich et al., 2022 is based on the complementary syntypes OCP
DEK/GE 417, a partial skeleton (crushed skull and mandible, cervical and dorsal vertebrae,
girdle and limb elements) and MHNM.KHB.231, a well-preserved complete and articulated
mandible (plus some dorsal vertebrae), both unearthed in the upper Maastrichtian Upper
Couche 111 of Sidi Daoui, Oulad Abdoun Basin [27]. It should be noted that: (1) this taxon has
for a long time been called Prognathodon nov. sp. (e.g., [3,5,34]); (2) as previously mentioned
for Eremiasaurus, among the isolated teeth that Arambourg ([4], pl. 38) described indis-
tinctly as Mosasaurus (Leiodon) cf. anceps, the largest and stoutest ones, namely MNHN PMC
43,44, 46,47, 49, 51 (respectively figs. 3,4, 6,7, 9 and 11 of [4]) most probably belong to Tha-
lassotitan [27]. Thalassotitan is a very common taxon in the Phosphates of Morocco, known
both by countless isolated teeth and several more complete specimens [27]. Articulated
skeletons come from the Upper Couche III of most areas of the Oulad Abdoun Basin (Sidi
Daoui, Meraa Lharach, Sidi Chennane) [27], whereas isolated teeth come from the same
areas as well as from the Couches 3 and 2 of the Ben Guerir area, in the Ganntour Basin [22];
its stratigraphical range appears thus limited to the upper Maastrichtian. Thalassotitan is a
characteristic taxon from the Southern Margin of the Mediterranean Tethys, having been
found in Jordan, Negev, Egypt, Angola and Brazil, but possibly also in Poland, underlining
a broader paleobiogeographical distribution [34]. Among Prognathodontini mosasaurines,
Thalassotitan is considered a close relative of Prognathodon currii Christiansen and Bonde,
2002 [64] and Prognathodon saturator Dortangs et al., 2002 [27,85].

Description—Teeth are very large and robust (crowns can reach 5-6 cm high and
3—4 cm long). Median crowns are conical and massive, of medium height (H/L ratio 1.5
to 1.8). The basal cross-section is ovoid, almost rounded (W/L about 0.8-0.9) and slightly
swollen, as in P. currii. The apex is moderately pointed and very often broken. The crowns
are weakly posteriorly recurved, with a slightly convex anterior surface becoming more
convex in its upper half, and a nearly straight posterior surface. Both bear a marked carina
with fine denticulations, which are notably ‘pinched” from the shaft of the crown, creating
a strong cutting edge. This “pinching’ is more pronounced in the upper half of the carinae,
making them protrude more than their lower part, giving the crown this particular upper
inflated shape in lateral view. The labial and lingual surfaces are equal in size and regularly
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convex. They are smooth, lacking facets or prisms, except from some few indistinct vertical
ridges present variably on the lingual surface in largest specimens. The enamel is thick and
smooth, with a silky aspect, except apically, where it is coarsely anastomosed. In complete
teeth, the wrinkles are reduced to the upper third of the crown but are not as pronounced
as in P. currii. One of the main characteristics of both the marginal and pterygoid teeth of
Thalassotitan is the presence of heavy spalling, breakage and wear facets, to a degree (both
in frequency and extent) not found in any other mosasaurid [27]. Apical breakage is large
and irregular, often removing up to one-fifth of the crown height and seem to result from
violent impacts due to strong bite forces; sometimes, the broken apex is also worn by use,
indicating that despite being damaged, the tooth was still functional. Large wear facets
also occur along the carinae and on the lingual surface as large zones exposing dentine.

The dentition as a whole exhibits a developed heterodonty, with anterior teeth narrow,
high and basally circular; median teeth conical, being the largest and most robust; posterior
teeth smaller, as broad as tall, laterally compressed and posteriorly recurved. The dentary
teeth are slightly more laterally compressed than the maxillary teeth. The pterygoid teeth
are astonishingly very large and robust, about the same size and shape as the marginal
ones, like in other prognathodontins and Plesiotylosaurus Camp, 1942 [27,83].

The skull is overall massively built and wide (W /L ratio about 0.38, the largest with
that of P. currii), remarkably akinetic, with short and very robust jaws, a short postorbital
region but a relatively large orbit. The dentary is short, deep and bowed, with a reduced
tooth count compared to other mosasaurids [27]. The mandible mirrors the skull in being
short, high and very massively built but with a still-functional intramandibular joint [27].
The skull of this species is one of the largest of the Morocco phosphatic fauna, being
1.20-1.30 m long, for a total body length estimated at 9-10 m [27].

Paleoecology—The large, short, conical teeth of Thalassotitan, ornamented with thick
enamel and exhibiting numerous and large breakage/wear zones, indicate they were
specialized to resist large forces when handling, biting and shredding large bony prey [27].
They range into the ‘crush—cut’ guild of [3]. The akinetic, short, massive and robust
skull combined with the short, massive but still kinetic mandible increased biting force
and the general withstanding of the skull, permitting the ingestion of large prey items.
The reduction in tooth number observed in Thalassotitan also occurs in carnivorous apex
predators like extant orcas, the extinct whale Livyatan Lambert et al., 2010 [86] and the
theropod dinosaur Tyrannosaurus Osborn, 1905 [27,87]. The ecology of Thalassotitan was
probably comparable to that of the extant white shark and killer whale [27]. All these
characteristics suggest that Thalassotitan was probably the largest apex predator of the
Maastrichtian Phosphates of Morocco, highly adapted for carnivory and probably preying
on any of the abundant regional marine vertebrate faunas, including large sharks, large
bony fish like Enchodus and other marine reptiles [27].

Prognathodon currii Christiansen and Bonde, 2002 is based on a complete skull and
some vertebrae (HUJ.OR 100) found in the Main Phosphorite bed of the Mishash Formation,
Oron phosphatic mine, Negev Desert [64]. Long dated as late Campanian-early Maas-
trichtian, the age of the Main Phosphorite bed has been reevaluated to early Maastrichtian
on the basis of selachian faunas [88]. In Morocco, P. currii is very rare and known up
to now only by a dozen isolated teeth found in the Couche 6 to Couche 2—i.e., along the
Maastrichtian stage—of Ben Guerir, Ganntour Basin [20,22]. This species is however typical
of the Southern Mediterranean Tethys Margin, and, in addition to Morocco and Negev, it
possibly also occurs in the Maastrichtian of Angola [34]. Among Prognathodontini, P. currii
is considered a sister group of P. saturator and Thalassotitan [27].
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Description—The teeth are unique among mosasaurids in being straight and robust
cones. They are large (crowns about 4-5 cm high), relatively high (H/L ratio about 1.3) and
weakly laterally compressed (W /L ratio 0.77) with a generally blunt apex. The anterior and
posterior surfaces are equal in size, straight and parallel along their height except when
they converge to the apical nubbin. Anterior and posterior strong serrated carinae extend
over the whole height of the crown and are more pronounced in its apical half because
they are ‘pinched’ from the shaft of the crown, as occurs in Thalassotitan. The labial and
lingual surfaces are also equal, being regularly convex, giving the crown an ovoid to almost
rounded cross section. The enamel is very thick and anastomosed, this texture being more
marked on the upper half of the crown. The apex is rounded. Wear facets are frequent,
located mainly at the apex and along the carinae as large rounded or elongated ovoid zones,
exposing the underlying dentine.

On the holotype, the preserved marginal teeth are homogenous in size and shape,
indicating that the dentition was probably subhomodont, with only the small variations
expected for the mosasaurid marginal series. The dentition is reduced (12 dentary teeth).
Pterygoid teeth are very large, heavy and markedly recurved teeth, subequal in size to the
marginal teeth [64].

The holotype skull of P. currii is probably the largest mosasaurid skull ever found
(L =1.40 m; W/L about 0.4). It is very robustly built and looks mostly akinetic. The jaws
are massive, and the dentary is deep and bowed, relatively short but not as much as in
Thalassotitan. The postorbital region is also relatively short, and the orbit very small. The
size of the animal is estimated to be 10 m or more.

Paleoecology—The unique teeth of P. currii range into the ‘crunch’ guild of Mas-
sare [38]. These high, robust, anastomosed and straight cones are reminiscent of those of
the large teleosauroid thalattosuchian Machimosaurus Meyer, 1837 [89,90]. The very robustly
constructed skull and jaws of P. currii, coupled with these resistant, massive, conical, blunt
teeth, indicate a powerful, crushing bite. Its large size makes it one of the apex predators
of the Maastrichtian Phosphates of Morocco. It was probably adapted for predominately
hunting large, bony prey, including large sharks, fish and marine reptiles, occupying as
such an ecological niche close to that of Thalassotitan, but, like Machimosaurus, probably
with a component of armored prey in the diet, such as large ammonites and turtles [91].

e Globidensini

Globidens phosphaticus Bardet and Pereda-Suberbiola, 2005b is based on thirteen iso-
lated teeth representing a hypothetical dental series, including holotype (OCP DEK/GE
361, OCP DEK-GE 338-343) and referred specimens (OCP DEK/GE 344-348, MNHN PMC
17) [20]. Most of the teeth come from the Couche 3 (and some from the Couches 6, 4 and 2) of
Ben Guerir (Ganntour Basin), ranging thus from the lower to upper Maastrichtian [20,22].
This species was firstly described in the Phosphates of Morocco as Globidens aegyptiacus
by Arambourg, on the basis of isolated teeth (MNHN PMC 17, 18, 19) from the Couche I1I
(upper Maastrichtian) of several localities of the Oulad Abdoun Basin ([4], pl. 40, figs. 1, 2).
More recently, cranial and axial elements from the Maastrichtian of Angola have signifi-
cantly improved our knowledge of this species and confirm its validity [92]. G. phosphaticus
was a typical tropical to subtropical (10° N-25° S paleolatitudes) species from the Southern
Margin of the Mediterranean Tethys (North Africa, Middle East) and South Atlantic (Brazil,
Angola) [20,34,92].

Description—Median teeth are large, inflated and low compared to other mosasaurids
except Carinodens, giving them a bulbous appearance. They are roughly as high as long
(H/L ratio 1 to 0.7) and labiolingually expanded in an irregular fashion (W/L ratio
0.8 anteriorly to 0.65 posteriorly). The apex is large, rounded and usually worn. It lies
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near the middle of the crown or is slightly posteriorly displaced, and is slightly posteriorly
and—very unusually—labially (and not lingually, as usual in mosasaurids) oriented. In
apical view, the crown has a very irregularly oval cross section, being divided into a large
inflated anterior surface and a smaller posterior one [20]. In lateral view, the anterior surface
is regularly convex, the posterior one being slightly concave just posterior to the apex (rem-
iniscent of what is observed in Carinodens), then strongly convex. Both surfaces are totally
devoid of carinae (very discrete ones are still present on anteriormost teeth). The crown is
typically swollen at the base, as in other Globidensini, giving it a mushroom-like shape.
Both labial and lingual surfaces bear unique deep vertical sulci (average number 2-3) in
their median part, similar to those observed in C. minalmamar. These sulci deeply notch the
labial surface, resulting in its irregular shape in apical view (inflated—concave—inflated).
The lingual sulci are less marked, so that this surface is roughly convex. The enamel is
thick and ornamented by crude anastomosed ridges that become larger (and the enamel
thicker) from the upper half of the crown up to the apex. Wear facets are frequent and
usually round to oval large zones, located mainly at the apex but also irregularly on labial
and lingual surfaces.

The dentition of G. phosphaticus is strongly heterodont, with subconical anterior teeth
being higher than long (H/L ratio about 1.5), posteriorly recurved and prognathous;
median teeth large, bulbous and lower (1.5 < H/L ratio < 1); posterior teeth large, bulbous
and very low (H/L ratio around 0.5). The largest teeth are probably those occupying the
6th to 8th position of the dentary [20,92]. There is so far no evidence of pterygoid teeth in
Globidens Gilmore, 1912 [93], a unique characteristic in mosasaurids [62]. Interestingly, as
noted by [92], most of the teeth of the specimen from Angola were found complete (crowns
and attached roots) but displaced in, or out of their respective sockets.

The cranial elements of G. phosphaticus (from Angola) show that the skull was short,
robust and probably wide (according to frontal width), with robust bowed dentary about
one-half the total length, being unique among mosasaurids in being shorter than the
posterior mandibular unit [24]. The orbit was probably relatively small (estimated from
coronoid dorsal curvature) and the postorbital portion was of medium size. The skull
length is estimated to be about 75-80 cm, and the total body size to be 5-6 m.

Paleoecology—The highly specialized dentition of G. phosphaticus, composed of low
and bulbous teeth with thick anastomosed and often worn enamel, indicates that its main
function was ‘crushing’ sensu Massare [38]. The conical anterior teeth were probably used
in grasping prey. The lack of pterygoid teeth suggests that the prey were ground into small
pieces directly by the powerful crushing battery, as such not requiring prey to be held
before being engulfed. Most of the teeth (seen on the Angola specimen) have been found
complete and preserved out of the jaws, which suggests that the periodontal ligaments
did not mineralize in life [94]. This is interpreted as a possible adaptation to increased
loading due to durophagous habits [92] (see also below for G. simplex). The robustness
and shortness of the skull (known from the Angola specimen) imply that bite force was
probably high.

All these characteristics suggest a diet based on rather small but hard prey such as
small-shelled cephalopods, echinoderms, large bivalves, etc., a view confirmed by stomach
contents preserved in other Globidens species [24]. However, compared to them, especially
the coeval G. simplex, the highly heterodont dentition and irregular shape of the median
teeth of G. phosphaticus indicate a specific, slightly different durophagous diet.

Globidens simplex LeBlanc et al., 2019 is based on a partial disarticulated but three-

dimensionally preserved skull and associated cervical vertebrae (formerly UALVP 51746,
now MHNM.KHB.221) [24]. Though its exact provenance remains unknown, the rock
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matrix suggests it was probably unearthed from the Upper Couche III of the Oulad Abdoun
Basin [24].

Description—Median teeth are typically low and bulbous (H/L ratio 0.65 to 0.77)
and slightly labiolingually compressed (W /L ratio 0.73 to 0.82), giving them an ovoid
cross-section. This compression is more marked in the posterior teeth. The crown is broadly
triangular in lateral view, with symmetrical, slightly convex to almost straight anterior and
posterior surfaces converging to the apex. The apex is rounded, not recurved and often
worn. The base is strongly swollen, giving the teeth a mushroom aspect. The enamel is
thick and strongly anastomosed. There are no carinae or sulci [24].

The dental series of G. simplex is strongly heterodont, with anterior teeth conical,
rounded, higher than long and posteriorly recurved; median teeth about as high than
long, bulbous and slightly compressed labiolingually; and posterior teeth bulbous, low
(height about half the length) and more compressed. The general shape of the teeth is more
regular than in G. phosphaticus, being globally ovoid and without carinae or sulci. As in
G. phosphaticus, most of the teeth of G. simplex are preserved complete (crowns and roots)
and separated from the jaws [24].

The skull is overall short and robust, completely akinetic and probably wide. Unlike
G. phosphaticus (and other Globidens species), the dentary is very straight and relatively
slender, but, as in G. phosphaticus, it is shorter than the posterior mandibular unit [24]. As
in G. phosphaticus, the orbit is relatively small and the postorbital portion of medium size.
The skull length is estimated to be about 75-80 c¢m, for a total body size of about 5-6 m.

Paleoecology—The dentition and skull morphology of G. simplex clearly indicate a
durophagous species ranging into the ‘crush’ guild of Massare [38], which probably fed
on shelled invertebrates (mollusks, echinoderms). Unlike most mosasaurids (including
the Campanian species of Globidens) and squamates in general, whose teeth are firmly
ankylosed by their roots to the jaws, most of the teeth of G. simplex, as in G. phosphaticus,
are preserved complete and out of the jaws, indicating a dental gomphosis (ligamentous
tooth attachment, as in archosaurs and mammals) [24]. This unique dental attachment
shared only by the two Maastrichtian species of Globidens is interpreted as an adaptative
response for resisting and absorbing shocks when biting [24,92,94]. A dentary shorter
than the posterior mandibular unit is also interpreted as an adaptation to increase the
mechanical advantage for shell-crushing [24]. The akinetic skull as well as the straight
and slender dentary of G. simplex are however unusual for a durophagous species, as all
extant shell-crushing squamates possess kinetic skulls and a bowed dentary [24]. G. simplex
exhibits the same size range as G. phosphaticus but differs in having a different dentition
and a slenderer/straighter dentary; this suggests that both species had a slightly different
diet and niche.

e  Mosasaurinae incertae sedis

Stelladens mysteriosus Longrich et al., 2023 is a very scarce taxon based on a dentary
fragment and two associated teeth (MHNM.KHB.1436) found in the Couche III (upper
Maastrichtian) of Sidi Chennane, Oulad Abdoun Basin [28]. So far, Stelladens is only known
from the Maastrichtian Phosphates of Morocco. The global morphology of the teeth and
dentary suggest mosasaurine affinities [28].

Description—The crowns are triangular and rather low (L/H ratio about 1.3-1.4),
weakly laterally compressed (W /L ratio about 0.7-0.8) and posteriorly recurved, with a
convex anterior surface and a slightly concave posterior one. The apex is pointed. There
are two prominent sharp and serrated carinae, the posterior one being stronger and more
‘pinched’ than the anterior one. The enamel is ornamented with minute anastomosing
ridges, giving it a silky aspect. Wear facets are present at the apex of the teeth and on the
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posterior carina as large but narrow zones. The labial surface of the teeth is almost flat, and
the lingual surface is strongly convex, giving the crown a U-shaped section typical of many
mosasaurines. Whereas the labial surface bears five to eight poorly differentiated ridges,
the lingual surface bears two to four large protruding cutting ridges, separated by deep,
V-shaped grooves. These large ridges are unique among mosasaurids (and not pathological,
as they are present on all teeth), giving the lingual surface a zig-zag aspect, and the crown in
dorsal view the shape of the tip of a Phillips screwdriver. Another remarkable and unique
among mosasaurids fact is that these ridges are serrated, like the carinae. The serrations
extend full length on the anterior ridges, but only apically on the posterior ones.

The relative size and robustness of the dentary and associated teeth suggest S. myste-
riosus was a medium-sized species, with a skull length estimated at about 80 cm and a total
body length at about 5 m [28].

Paleoecology—The presence of prominent sharp serrated ridges is not only entirely
unique among mosasaurids but also has no extant or extinct analogues, indicating a highly
specialized and previously unknown diet [28]. This battery of large, sharp and serrated
carinae (main carinae and accessory ridges acting as carinae) coupled with relatively low
crowns bearing a subtle anastomosed enamel and large wear facets suggests that the teeth
were probably used for both cutting and crushing, but also holding the prey, being as
such globally generalists. Stelladens’ diet probably included semi-hard prey, either bony
(medium size fish) or with a thin carapax/shell (crustaceans, cephalopods) [28].

4.1.2. Halisaurinae

Halisaurines are basal mosasaurids known by only four genera and about ten species,
with a stratigraphic range from the Coniacian to the end of the Maastrichtian and a world-
wide distribution (e.g., [2,3,19,26,66,67,95,96]). During the Maastrichtian, the clade ex-
hibits its greatest diversity and distribution, being common in subtropical assemblages of
Africa and Middle East but remaining scarcer in higher latitudes (North America, Europe,
Japan) [26,95,96]. Halisaurines include two tribes with very different morphology and sizes
and therefore different habits and niches: the gracile and small Halisaurini (around 3 m in
body length) and the large and robust Pluridensini (up to 8 m) [26].

Both Halisaurini and Pluridensini are present in the Phosphates of Morocco and
are represented by one species each. As previously pointed out [11], despite the great
abundance of halisaurine teeth in all Maastrichtian phosphatic deposits of Morocco, Aram-
bourg [4], who collected in these outcrops hundreds of mosasaurid teeth (including very
small ones), surprisingly did not mention or even collect a single tooth belonging to this
taxon, nor mistake them with fish ones (NB. pers. obs. on the Arambourg collection;
MNHN, Paris); the reason for this collecting bias remains unknown.

e  Halisaurini

Halisaurus arambourgi Bardet and Pereda-Suberbiola, 2005a is based on a partial skele-
ton (MNHN PMC 14), including a skull, mandible and part of a vertebral column, found in
the Upper Couche III (upper Maastrichtian) of Sidi Daoui, Oulad Abdoun Basin [19]. It is
among the most common species in the Phosphates of Morocco, being known by countless
isolated teeth in all phosphatic basins and by articulated skeletons in the Oulad Abdoun
Basin [19]. The species ranges from Couche 6 to Couche 2 of the Ben Guerir area (Ganntour
Basin), thus spanning the Maastrichtian stage [22]. It is a typical species of the Southern
Margin of the Mediterranean Tethys, being known in the Maastrichtian of Syria, Jordan,
Negev and Angola [34]. Among Halisaurini, H. arambourgi is recovered as a sister taxon of
Halisaurus platypsondylus Marsh, 1869 [97] from the Maastrichtian of North America [26,96].
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Description—The crowns are small (height 0.5 to 1 cm maximum), delicate, hook-like,
and have a sharply pointed apex. They are high (H/L ratio 2, the highest in proportion
of all the Phosphate mosasaurids) and weakly labiolingually compressed, being ovoid to
rounded in cross section (W /L around 0.8). The anterior surface is strongly convex and the
posterior one strongly concave; at about mid-height, both surfaces are abruptly recurved
posteriorly, giving the crown its typical hooked shape. Both anterior and posterior surfaces
bear a small unserrated carina, present only on the upper two-thirds of the crown and more
marked above the median-height abrupt curvature. The anterior carina is more marked
than the posterior one, which is slightly displaced labially. Both labial and lingual surfaces
are regularly convex, but the labial one is slightly flatter. The enamel is ornamented by
minute striae, giving it a silky aspect. These striae are present on two-thirds of the crown
and are more marked and slightly anastomosed around mid-height. The upper third of the
enamel crown is smooth and shiny. In the lower third of the crown, some underlying ‘folds’
or flutings, variable in number, position and extension, are present on some teeth. Wear
facets are lacking and, when present, reduced to a tiny apical rounded area.

The dentition of H. arambourgi is homodont, comprised of numerous teeth (16 Mx,
19 De, 12 Pt) and poorly differentiated both in shape and size along the jaws [19]. Anteri-
ormost and posteriormost teeth are slightly smaller than median teeth, but their shape is
similar; the position of isolated teeth on the jaws is thus difficult to assess. The pterygoid
teeth differ from the marginals only in being about half as high and even more hooked.

The skull of H. arambourgi is long and slender, gracile, with long, straight jaws occu-
pying one-half of the total skull length, a short postorbital region and large orbits (about
one-fifth of the total length). It is also highly kinetic, skulls being often found completely
disarticulated. Its average size is around 35-40 cm long for a total observed body length
(on OCP specimens, NB, pers. obs.) of 34 m [19].

Paleoecology—H. arambourgi, with numerous small, hook-like teeth devoid of wear
facets, is clearly placed into the “piercing I’ guild of Massare [38]. The teeth resemble those
of Plioplatecarpus (Dollo, 1882) [98], although they are much slender, and also those of some
plesiosauroids (e.g., [99]). This suggest a diet based on soft and small prey (cephalopods,
fish), probably harpooned and captured in the trap made by these numerous, needle-sharp
teeth, before being swallowed whole. Like other Halisaurini, the large orbits (and supposed
eyes) of H. arambourgi and a degree of binocularity suggest a visual hability for detecting
prey in low-light conditions, either at night or at depth [26,95]. However, Halisaurus rarely
exhibits the avascular necrosis of bone tissue common to deep divers [100], suggesting open
sea nocturnal habits such as looking for phosphorescent cephalopods, as in Phosphorosaurus
Dollo, 1889b [95], rather than deep diving habits [101].

e  Pluridensini

Pluridens serpentis Longrich et al., 2021b is based on the complementary syntypes
OCP DEK/GE 548 (complete skull) and MHNM.KHB.262 (complete skull with articulated
mandible and some cervical vertebrae), both from the upper Maastrichtian Upper Couche
III of Sidi Daoui, Oulad Abdoun Basin [26]. Compared to other mosasaurids, this species
remains uncommon, and articulated material has primarily been found so far in the Daoui
area (Oulad Abdoun Basin), though isolated teeth are known in all basins. The teeth of
P. serpentis being indistinguishable from those of H. arambourgi except being twice their size
(NB, pers. obs.), large teeth interpretated previously as belonging to H. arambourgi [19,22]
may therefore belong to Pluridens. As such, both its stratigraphical range (lower to up-
permost Maastrichtian) and paleobiogeographical distribution (Southern Margin of the
Mediterranean Tethys) could be the same that of H. arambourgi [34]. Among Pluridensini,
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P. serpentis is considered a sister group of the two Pluridens Lingham-Soliar, 1998 [102]
species from the Maastrichtian Tullemmeden Basin of Niger and Nigeria [26,102].

Description—The teeth of P. serpentis are identical to those of H. arambourgi; see above
for detailed description. The only notable difference is that, because they are twice the size
(1.5 cm to 2 cm high), features such as carinae, striations, basal flutings, etc. appear more
marked /visible than on H. arambourgi.

Asin H. arambourgi, the dentition of P. serpentis is characterized by a high tooth count
(18 Mx, 26-28 De) and is remarkably homodont. However, it differs in that tooth roots
are obliquely (and not vertically) oriented with respect to the long jaw axis, and in that
replacement pits are positioned medianly (and not posteriorly) on the roots; both are
autapomorphies of Pluridens [26].

Despite similar tooth shape, increase of tooth count and homodont dentition, the
P. serpentis skull Bauplan differs drastically from the small, delicate one of H. arambourgi.
It is overall elongated but massively built, especially in its anterior two thirds. The jaws
are almost half the skull length, very robust and deep, contrasting with the small and
delicate teeth they bear, and have numerous neurovascular foramina. The orbits are small
(Orb/L ratio 0.12, the smallest of all Phosphate mosasaurids), with a large dorsal prefrontal—
postorbitofrontal contact, forming a kind of reinforced protective flange. The postorbital
part of the skull is, on the contrary, rather long and slender, about one-third of the skull
length. The skull is large, 70 to 90 cm long, and the estimated body size is 5-6 m [26].

Paleoecology—Pluridens is unusual among mosasaurids in combining a large and ro-
bust skull—rivalling other coeval meso-predators like Eremiasaurus or Gavialimimus—with
a dentition indicating as a whole ‘piercing I habits sensu Massare [38] and a diet probably
composed of small prey like fish and cephalopods [26]. However, these teeth being twice
the size of those of H. arambourgi, the prey were probably larger (though still soft).

Pluridens is also characterizsed by small orbits, reinforced dorsally by a rim of bone,
and by numerous neurovascular foramina on the jaws. These characteristics suggest both
a possible adaptation to diving and a feeding strategy probably relying on chemo- and
mechanoreception rather than on visual cues [26]. If Halisaurus (large orbits) and Pluridens
(small orbits) were probably adapted to prey on dark waters and to feed in small soft
items, their hunting strategies were probably quite different, revealing very different niche
occupations: Halisaurus was probably a visual hunter, preying at night in open sea (see
above), whereas Pluridens was probably a chemo-tactile predator, looking for hidden prey
at depth, in burrows and crevices [26,96].

4.1.3. Plioplatecarpinae

With about 14 genera known from the Turonian to the end of the Maastrichtian, plio-
platecarpines were diversified and widespread mosasaurids (e.g., [2,3,29,66,67,103]). They
reach a maximum diversity during the Campanian and achieved a worldwide distribution
during the Maastrichtian, where they are known in Europe, Africa, the Middle East, North
and South America and Antarctica [29,104]. Plioplatecarpinae include several basal taxa
and two main tribes: the small to medium-sized (3-6 m) Plioplatecarpini of ‘piercing’ type,
distributed worldwide in medium-high paleolatitudes; and the larger (around 8 m), more
robust Selmasaurini of ‘cutting’ type, found in low paleolatitudes of both the Western
Interior Seaway (North America) and the Arabo-African platform (northwestern Africa
and the Middle East) [29].

In the Phosphates of Morocco, plioplatecarpines are so far represented only by Sel-
masaurini, which are known by two genera.

e  Selmasaurini
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Gavialimimus ptychodon (Arambourg, 1952) new combination (see below) was origi-
nally described as Platecarpus (?) ptychodon by [4]. The species was based on an isolated
median tooth (MNHN PMC 30) from the Maastrichtian Couche III of Sidi Daoui, Oulad
Abdoun Basin ([4], pl. 39, fig. 2). Several isolated teeth and some caudal vertebrae were also
attributed to this species ([4], pl. 39, figs. 1, 3-7, 12). Both the teeth bearing ridges and striae
and the vertebrae with unfused chevrons are russellosaurine synapomorphies [68,105]. The
discovery in the last decade of more complete specimens in both Morocco and Angola
confirmed it was a new plioplatecarpine genus [106], as glimpsed by Arambourg [4]. Then,
the new genus and species Gavialimimus almaghribensis Strong et al., 2020 was described,
on the basis of a complete skull and mandible with teeth (MHNM.KHG.1231) from the
Maastrichtian Phosphates of Morocco [32]. If the creation of the genus Gavialimimus is
not in doubt, the proposal of the new species name almaghribensis to replace Arambourg’s
original one ptychodon is here challenged (see below). Teeth of this species are very abun-
dant in the Maastrichtian Phosphates of Morocco, having been unearthed both in the
Couche III of the Oulad Abdoun Basin and in the whole Maastrichtian series (Couche 6 to
Couche 2) of the Ganntour Basin [22]. G. ptychodon is a characteristic taxon of the Southern
Margin of the Mediterranean Tethys and of the Southern Atlantic, having been found
in the Maastrichtian of the Middle East (Syria, Jordan, Negev) and northwestern Africa
(Morocco, Angola) [34,106]. It represents one of the few plioplatecarpines known from the
Arabo-African platforms. Among plioplatecarpines, Gavialimimus has been recovered as
a Selmasaurini, a sister taxon of either Selmasaurus Wright and Shannon, 1988 [32,107] or
Goronyosaurus Azzaroli et al., 1972 [108] and Khinjaria [29].

Description and emended diagnosis (for teeth and dentition)—Median teeth are of
medium size (1 to 2.5 cm high), triangular in shape, with a relatively long base and medium
height (H/L ratio around 1.5), and bear a sharp and pointed apex. They are distinctly
labiolingually compressed (W /L ratio around 0.7), with a convex labial surface and a flatter
lingual one, resulting in an irregular ovoid basal cross section. They are slightly posteriorly
recurved, with slightly recurved anterior and posterior surfaces, both bearing a sharp
unserrated carina. Lingual and labial surfaces are ornamented by both strong protruding
ridges (about 12-15 labially and twice lingually) extending about one-half to two-thirds
of the crown height (slightly lower lingually), and shorter and thinner striae, variably
inserted between the strong ridges and less extended upwards. As none reach the apex, the
upper third to half of the crown height is smooth and shiny. All these ridges and striae are
separated by shallow grooves, giving them a fluted aspect that may continue on the upper
part of the root. The enamel is thin, and wear facets are very rare, limited when present to
a small apical point.

The dentition is almost homodont (both in shape and size) along the jaws, so that
isolated teeth are difficult to position in the jaws. Teeth are few (13 Mx, 16 De), despite the
very elongated gavial-like jaws, and are spaced well apart from each other. The pterygoid
teeth are typically hook-like, half the size of the marginal ones, similarly ornamented but
slightly labiolingually compressed.

The skull as a whole is large (about 90 cm) and narrow (W /L = 0.25), with remarkably
long, straight and slender jaws about two-thirds of the skull length. The jaws bear widely
spaced, interfingering teeth, with accommodation pits on the opposite jaw. The appearance
of the skull and jaws is gharial-like (hence the generic name) [32]. The orbital region is short,
with a very small isosceles-triangle-shaped frontal bone. The postorbital region is long
and slender. Gavialimimus is also unique among mosasaurids for its extremely retracted
nares [32,106]. The body size is estimated at 6 m.

Paleoecology—The high, sharp, ridged teeth without wear facets range into the
‘piercing II" guild of Massare [38], indicating a diet composed of possibly small fish and
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soft cephalopods. However, they also approach the ‘cutting” guild by the presence of sharp
carinae, lateral compression and the characteristic protruding vertical ridges present on
two-thirds of both lingual and labial surfaces, which may have helped to both cut and
penetrate the flesh [3]. Alternatively, these features were interpreted by [32] as rather
indicative of ‘pierce II’ close to ‘pierce I" functions, and the tooth flutings an adaptation to
piscivory (this last interpretation being not contradictory with [3] arguments). Gavialimimus
also shows a suite of characters indicating advanced adaptations to aquatic life, the most
spectacular being the very retracted nares and the shortening of the skull posterior to
the snout, reminiscent of the “telescopation” observed in cetacean evolution (e.g., [109]).
Gavialimimus was probably an open-sea meso-predator that fed on small fish and soft
cephalopods [3,32], both representing a particularly abundant biomass in this area of
intense upwelling [58]. The elongate jaws suggest the prey was seized using rapid strikes
of the jaws, similar to gharials and river dolphins, rather than high-speed pursuit as in
porpoises and dolphins.

Systematic reassignment—The main arguments of Strong and collaborators [32]
to justify the creation of the new species almaghribensis to the detriment of the already-
existing ptychodon were these: (1) the teeth of P. (?) ptychodon are not diagnostic, looking
similar by convergence to many other mosasaurids; (2) Arambourg’s original diagnosis was
unprecise and applied to many taxa, such as the mosasaurines Mosasaurus lemonnieri Dollo,
1889b [101] and Prognathodon solvayi Dollo, 1889a [110], the plioplatecarpine Platecarpus
somenensis Thévenin, 1896 [111], as well as the tylosaurines Tylosasaurus ivoensis (Persson,
1963) [112] and Taniwhasaurus Hector, 1874 [113]. As a result, [32] considered the species
P. (?) ptychodon as a nomen dubium, because diagnosis and holotype were insufficient to
characterize it.

Here, we challenge this view by thoroughly examining and comparing the Gavialim-
imus teeth to those of not only P. (?) ptychodon and the species considered by [32] as ‘similar’
by convergence but also to those of mosasaurid subfamilies as a whole.

First of all, the teeth of the holotype skull (MHNM.KHG.1231) of G. almaghribensis
are indistinguishable from the holotype (MNHN PMC-30) and referred teeth (MNHN
PMC-31-34) of P. (?) ptychodon, not because they exhibit vague convergent traits but, on the
contrary, a suite of diagnostical ones, as described above.

Second, all the characteristics mentioned by Arambourg [4] in his original diagnosis
of P. (?) ptychodon—that are: ‘teeth relatively low and wide at the base of the crown, slightly
compressed, with obtuse anterior and posterior carinae without crenulations; lingual and labial
surfaces ornamented by numerous irregular vertical ridges extending from the base of the crown
only two-thirds of the way up’ (translated from French)—are found in our description. It thus
appears more parsimonious to emend this original diagnosis rather than to consider this
species (cited many times since Arambourg) as a nomen dubium.

Third, [32] did not provide any precise descriptions of the teeth of the species they
consider as ‘similar’ to P. (?) ptychodon. The morphological overlap they mention results
only from very superficial observations.

As mentioned above, the presence of both ridges and striae on labial and lingual
surfaces of the crowns of Gavialimimus is a russellosaurine (Plioplatecarpinae + Tylosauri-
nae) synapomorphy (e.g., [68,105]), de facto never present in Mosasaurinae (including
Mosasaurus lemonnieri and Prognathodon solvayi used by [32]). Conversely, all Mosasaurus
species exhibit a characteristic U-shape cross section [62], and both M. lemonnieri and
P. solvayi have large smooth facets and serrated carinae; none of these characteristics are ob-
served in Gavialimimus or any other plioplatecarpine, even on replacement and worn teeth.

The teeth of basal mosasaurids like Tethysaurus [79], Dallasaurus Bell and Polcyn,
2005 [114] and Russellosaurus Polcyn and Bell, 2005 [105] and of Halisaurinae [19,26] are
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small and slender posteriorly recurved sharp cones, finely striated or smooth, diverging
greatly from Gavialimimus.

Tylosaurinae teeth differ from Gavialimimus in being large, robust, high cones, either
asymmetrical (Tylosaurus Marsh, 1872 [115]) or flattened and symmetrical (Hainosaurus
Dollo, 1885 [116]) [37,117]. Though their teeth bear ridges and striae, they are present
only basally and lingually, often reach the apex, but not continues basally as flutings.
Taniwhasaurus teeth are smaller and slender, bearing marked striations that disappear
near the apex, resembling as such Gavialimimus; however, Taniwhasaurus differs in lacking
posterior carinae on anterior teeth [118] and, as is noteworthy, in having higher and more-
slender crowns bearing large wear facets (NB, pers. obs.).

Among plioplatecarpines, Plioplatecarpini [29] bear small teeth with rounded to oval
cross sections that are strongly posteriorly recurved at the mid-height of the crown [68,105],
differing greatly from Gavialimimus. As mentioned by [32], Platecarpus somenensis teeth
are similar at first glance to Gavialimimus in being high and slender, of comparable size
(1-2.5 cm high), poorly posteriorly recurved, laterally compressed and exhibiting two
unserrated carinae, as well as labial and lingual surfaces ornamented by ridges and striae
that do not reach the apex. However, in the details, P. somenensis holotype (MNHN 1895-
7) shows obvious differences: the median crowns are straighter and more compressed
than in Gavialimimus (W/L = 0.5 versus 0.6-0.8) and, as is noteworthy, the labial and
lingual surfaces bears few ‘facets’ (seven labially, about seven lingually) reminiscent of
those of mosasasaurines, rather than numerous ridges (12-15 labially, twice lingually)
as in Gavialimimus. Between these ‘facets’, minute striae extending over one-fourth to
one-third of the crown height are interspersed, forming a basal striated ‘ring’. These minute
striae are also present on pterygoid teeth. Finally, wear facets are frequent and relatively
large. Among Selmasaurini, Gavialimimus teeth strongly differs from those of Goronyosaurus
and Khinjaria that are large, straight, smooth and dagger-like [29]. Although the teeth
of Selmasaurus show some resemblances with those of Gavialimimus (poorly posteriorly
recurved, subequal labial and lingual surfaces, two unserrated carinae, very rare wear
facets and basal flutings), they however differ in being higher, slender (H/L ratio about 2)
and ornamented by strong but few ridges (five to six labially, six to seven lingually) [119]
contrary also to the numerous ones of Gavialimimus.

To sum up, the median standard teeth of Gavialimimus almaghribensis are similar to
those of P. (?) ptychodon but differ from those of any other mosasaurids. They bear a suite
of diagnostical characteristics (described above)—some of them already mentioned by
Arambourg in his original diagnosis of P. (?) ptychodon [4]—that make them unique and
recognizable at first sight among hundreds of mosasaurid teeth. As a result, we propose to
accomplish the following;:

(1) Rehabilitate the name ptychodon as a valid species, almagribensis being considered its
junior synonym,;

(2) Emend Arambourg’s original diagnosis (for teeth and dentition only), using the
description detailed above;

(3) Consider for nomenclatural stability MNHN PMC 30 (holotype of P. (?) ptychodon,
with well-known geographical and stratigraphical occurrences) and MHNM.KHG.1231
(holotype of G. almaghribensis, with geographical origin uncertain and stratigraphical
occurrence obtained second hand) as complementary syntypes of the new combina-
tion G. ptychodon (Arambourg, 1952).

Khinjaria acuta Longrich et al.,, 2024b is known by a unique incomplete skull
(MHNM.KHG.521) found in the Lower Couche III of Sidi Chennane, Oulad Abdoun
Basin [29]. Lower Couche III being considered as middle-late Maastrichtian in age [61],
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Khinjaria is probably slightly older than the other mosasaurids from the Upper Couche II1
assemblage; as such, it has not been included in the morphometric analyses of this work.
Khinjaria is up to now only known in the Phosphates of Morocco. Among Selmasauri, it
shows close affininities with Goronyosaurus from the Maastrichtian Iullemmeden Basin of
Niger and Nigeria [120-122], with which it forms a clade, sister group of Gavialimimus, all
knownfrom Northwest Africa and the Middle East. These genera represent a distinct clade
of specialized mosasaurids, so far unknown outside of the Arabo-African platform [29].

Description—The crowns are very high, slender (H/L ratio estimated to 1.8) and
dagger-like in shape. Though they cannot be measured (because the holotype is still
partly imbedded in matrix), they are clearly labiolingually compressed, with a lenticular
cross section. Strikingly, they are not posteriorly recurved, with the anterior and posterior
surfaces being almost straight along most of their height, except apically, where they
converge to the rounded tip. This character is particularly marked in the large anterior and
median teeth. The smaller posterior teeth are slightly posteriorly recurved. The anterior
and posterior surfaces of the crowns bear a prominent, unserrated carina, ‘pinched” from
its shaft, which reinforces its sharp aspect, particularly in the anterior and median teeth.
The enamel is completely smooth and shiny, without any ornamentation except some
variably subtle ridges labially and lingually. There is no trace of wear facets on any of the
functional teeth.

The dentition is strongly heterodont in size rather than in shape (most teeth are dagger-
like), with anterior teeth forming large fangs (a characteristic shared with Goronyosaurus),
about twice the length of the median ones. This condition is unique in mosasaurids,
where median teeth are always the largest [29,62]. The posteriormost teeth are small,
being one-quarter the height of the anterior teeth, another unusual character. The tooth
count is low (10-11 Mx, 12 De), and the teeth are well-spaced from each other. They are
strongly interlocking, and large interdental pits for the housing of the opposite teeth during
occlusion are present on both the maxilla and dentary, as in Gavialimimus. Pterygoid teeth
remain unknown.

The skull of Khinjaria is highly akinetic and is characterized by a short and robust
rostrum, a long postorbital region with large temporal fenestrae and probably reduced
orbits [29]. A noteworthy feature is that the dentary deepens in its symphyseal region
(probably mirrored on the premaxilla) to accommodate the large anterior teeth. This is also
unique among mosasaurids, where the jaws always gently taper anteriorly [29,62]. These
reinforcement of the anterior part of the rostrum, coupled with the large anterior fangs they
hold (share with Goronyosaurus), are reminiscent of the ‘spatulated” symphysis of pliosaurs,
which also housed the largest teeth of the dental series [29]. Khinjaria was a medium to
large taxon, with a skull estimated to be 90 cm long and a total body size of 8 m [29].

Paleoecology—The large dagger-like teeth and strong interlocking dentition of Khin-
jaria indicate a clear adaptation for ‘cutting’, though they lack wear facets. Its short and
robust jaws were suitable to resist high bite forces, favored by large mandibular adductor
muscles housed in expanded temporal fenestrae [29]. As a whole, the large size of Khinjaria
and its noteworthy short robust skull armed with large sharp teeth indicate it was an
apex predator, with a diet probably composed of large prey, but that adapted a different
strategy to avoid competition with the larger coeval Thalassotitan, P. currii, Mosasaurus and
Hainosaurus. Indeed, the lack of wear facets on the teeth indicates that prey must not have
been very hard - like the fish Enchodus or other marine vertebrates of comparable size and
consistency - and that their manipulation was probably simple and restricted to a rough
cut into large pieces swallowed whole. Also, the apparently small eyes and lack of neu-
rovascular foramina on jaws (characteristics shared with Goronyosaurus) suggest non-visual
hunting, probably based on olfaction [29], as previously suggested for Goronyosaurus [123].
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Non-visual hunting is probably linked to ambush predators with feeding strategies carried
out by night, at great depth or in shallow waters with low visibility (reefs, crevices) [29].

4.1.4. Tylosaurinae

Tylosaurinae are a clade of poorly diversified (two to three genera, according to the
authors) mosasaurids, known from the Turonian to the early Maastrichtian [123,124]. They
were mainly widespread during Santonian-Campanian times, but during the Maastrichtian
were largely replaced as apex predators by mosasaurines [2,125]. Except for the Turonian
taxa found in subtropical paleolatitudes, younger tylosaurines all occurred in higher
paleolatitudes (35-70°) of both hemispheres, mainly in North America and Europe, but
also in Japan, New Zealand and Antarctica [123-127]. However, these spatiotemporal
distributions have been challenged recently by the discovery of tylosaurine remains in
the late Maastrichtian Phosphates of Morocco [31], representing not only the unique post-
Turonian subtropical occurrence of the clade but also its youngest record. Tylosaurines
include some of the largest mosasaurid taxa (10 to 12 m), rivaling in size the largest
mosasaurines.

Tylosaurines remain extremely scarce in the Maastrichtian Phosphates of Morocco,
being up to now known from one species only.

Hainosaurus boubker Rempert et al., 2022 is based on upper and lower jaw fragments
and isolated teeth (syntypes VANPS 13.0120-13.0121) originating from the upper Maas-
trichtian Upper Couche I1I of Sidi Chennane, southern part of the Oulad Abdoun Basin [31].
It should be noted that the specific name boubker, dedicated to Mr. Boubker Chaibi (discov-
erer and donator of the specimens) should preferably have been boubkeri (Hainosaurus ‘from
Boubker’, Latin genitive) following the recommendations of the ICZN. Though the referral
of some isolated teeth to tylosaurines is questionable (NB, pers. obs.), most specimens bear
two of the main tylosaurine synapomorphies, that are premaxilla and dentary bearing a
large edentulous rostrum, and large, robust teeth ornamented by both facets and striations.
Pending the discovery of more complete specimens, this species is considered here as valid.

Description—The crowns are large (average height 5 cm), robust high cones (H/L
about 1.6), moderately posteriorly recurved and strongly laterally compressed (W /L ratio
about 0.7, see [31]). The apex is sharp. The anterior surface is regularly convex and
the posterior one concave, both bearing a marked cutting carina with tiny serrations,
more marked on the anterior carina. The labial and lingual surfaces are subequal, convex
and strongly compressed, resulting in an elliptical cross-section. The labial surface bears
five to six large but poorly marked facets. The lingual surface bears also five to seven
large facets, even more difficult to distinguish. In addition to these facets, fine striae are
superimposed around the basal part (about one-fourth of the total height) of the crown, a
typical tylosaurine character [37,117]. As in M. beaugei, wear facets occur both at the apex
of the crown and on the carinae, especially on the anterior one (tooth cutting leading edge).

Contrary to [31], we consider the heterodonty to be only moderate, falling within
the range of variation along the jaws shown in most mosasaurids, with slender recurved
anterior teeth, large blade-like median teeth, and lower and more robust posterior teeth.

On the basis of the jaw fragments, the prenarial part of the premaxilla indicates a skull
possibly about 1,20 m and a total body length estimated at 8-12 m [31].

Paleoecology—With T. atrox, P. currii and M. beaugei, H. boubker is part of the apex
predators of the Maastrichtian Phosphates of Morocco. However, unlike these three taxa,
whose remains are commonly and jointly found, H. boubker remains very scarce, a fact
that cannot be explained by collection bias. H. boubker possibly occupied a quite different
ecological niche than the previously mentioned taxa, both in term of adaptation and of
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habitat (more offshore species?). The teeth of H. boubker indicate that their function was
‘cutting” sensu Massare [38]. They are roughly comparable to those of M. beaugei in their
sharp appearance but are larger and more robust. The diet of H. boubker could therefore
have included comparable but larger items than that of M. beaugei, such as large fish and
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Figure 3. Mosasauridae from the Maastrichtian Phosphates of Morocco: niche partitioning using Mas-
sare’s dental guilds [38]. Based on the same taxon selection as in Figure 2. Teeth on scale to appreciate
size and proportion differences (see measurements and ratios in Table A2). Modified from [3]. Teeth
drawings © Charlene Letenneur (CR2P, MNHN, Paris); canvas and design © Alexandre Lethiers
(CR2P, ISTeP, Paris).

4.2. Morphometric Analyses (Figures 4 and 5)
4.2.1. High-Density 3D Geometric Morphometrics

Our semi-automated high-density 3D geometric morphometric (HD3DGM) procedure
recovers a signal similar to that carried by a global set of marine amniote tooth crowns [36].
Most of the shape signal is indeed dominated by the aspect ratio of the crown and its distal
concavity (Figure 4A). In this mosasaurid-only dataset, the presence of cutting edges is
also captured by PC1 (which accounts for 86.2% of the total variance): crowns in positive
values are pointed, recurved and possess two cutting edges; crowns in negative values are
bulbous, at least in labial or lingual view. PC2 (accounting for 9% of the total variance)
captures the labiolingual flattening of the crown, as well as the direction of curvature:
distally in negative values and distolingually in positive values. Most teeth of the sample
are conical and slightly recurved; indeed, this region concentrates most clades and a range
of crown volumes/sizes (Figure 4A), with large prognathodontins (T. atrox, E. heterodontus),
one mosasaurin (M. beaugei), the halisaurines (H. arambourgi, P. serpentis) and the only
plioplatecarpine of our sample (G. ptychodon), the last two subfamilies having fairly small
crowns. Three species are isolated from the dense region of phenotypes, disseminated in
the negative quadrant of PC1 and dictate most of the signal captured by PC2: the giant
‘crush—cut’ prognathodontin P. currii, as well as the durophagous mosasaurin C. belgicus
and the globidensin G. phosphaticus.
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4.2.2. Fourier Transforms

Principal component analyses of Fourier transform coefficients yielded a dominant
first axis for both the labiolingual and the basal outline analyses (PC1 = 84.8% of the total
variance in the labiolingual outline analysis and PC1 = 79% of the total variance of the
basal outline analysis; Figures 4B, A1 and A2). The labiolingual signal is dominated by the
aspect ratio, as evidenced by the shape variation along PC1 (Figures 4B, A1 and A2). The
first principal component also carries a signal of distal concavity, giving bulbous outlines
in negative values and pointed, recurved cones in positive values. The signal of basal
outline analysis is dominated by labiolingual compression, giving flattened outlines with
straight, parallel labial and lingual surfaces in negative values and rounded outlines in
positive values.
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Figure 4. Mosasauridae from the Maastrichtian Phosphates of Morocco: crown shape morphospaces.
(A) Morphospace (PC1 and PC2) resulting from the principal component analysis of high-density 3D
geometric morphometrics, using Fischer and collaborators method [36]. The diameter of each dot is
directly proportional to centroid size. We grouped P. serpentis and H. arambourgi because their teeth
are morphologically uncannily similar. To visualize the morphological variation captured by each
axis, we generated 3D meshes at the extremes of each axis (20% further than the sampled extremes)
using thin-plate splines. (B) Composite morphospace using the PC1 of the Fourier analyses of the
labiolingual and basal outlines. Kernel density of occupation in both morphospaces is visualized by
shades of grey (darker = higher density). Teeth data in Tables A2 and A3.
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Combining the PC1s of both outline analyses yields two axes representing most of the
signal, which can therefore be used as axes of a two-dimensional composite morphospace.
Kernel density estimation indicates a main region of recurring phenotypes, centred on
slightly recurved conical crowns with an oval basal cross section. This region concentrates
most clades, with representatives of mosasaurin (M. beaugei) and prognathodontin (T. atrox,
E. heterodontus) among mosasaurines, halisaurines (H. arambourgi, P. serpentis) and a plio-
platecarpine (G. ptychodon). Two highly peculiar crown shapes are located on the border
of this region, the gigantic prognathodontin P. currii and the mosasaurine S. mysteriosus.
Three taxa are located clearly outside of the ‘common’ shape region; all have semioval to
square labial outlines, with varying degrees of labiolingual compression: G. phosphaticus
(rounded labial outline and basal cross section), C. belgicus (labiolingually flattened cross
section) and X. calminechari (squared labial outline, extreme labiolingual compression).

4.2.3. Comparison of Geometric Morphometric Methods and Caveats

Though the very high ecological disparity morphologically exhibited by the mosasaurid
assemblages from the upper Maastrichtian Phosphates of Morocco, our HD3DGM and
Fourier transform protocols, despite using markedly different techniques and slightly
dissimilar datasets (the two highly peculiar species Stelladens and Xenodens are absent from
the HD3DGM analysis), recovered uncannily similar signals, morphospaces and phenotype
densities (Figure 4). This means that the main signals present in the dataset are clear and
easy to capture. Indeed, most of the shape signal can be summarized as a combination of
crown aspect ratio, crown distal curvature and basal cross section. Because most marine
amniote crowns seem to vary along the same traits [36], the similarity between the results
of both techniques suggests that our protocol using Fourier transform offers a fast, cheap
and easy-to-implement alternative to high-density 3D geometric morphometrics of simple
conical objects such as marine tetrapod tooth crowns.

Namely, a dense region of ‘common’ phenotypes (teeth conical, pointed, recurved and
bearing two carinae) concentrates most of the species in positive values, independently
of their volume and size, varying from gigantic mosasaurines (Thalassotitan, Mosasaurus)
to medium and small-size mosasaurines (Eremiasaurus), plioplatecarpines (Gavialimimus)
and halisaurines (Halisaurus, Pluridens). Noteworthy are Halisaurus and Pluridens, which
occupy the same position despite their drastically different skull morphologies. Their teeth
are morphologically indistinguishable except for a difference in size (1:2 ratio), indicating a
fully isometric tooth-growth difference between both species. Three taxa corresponding to
bulbous or squared and variably labiolingually compressed teeth (Globidens, Carinodens,
Xenodens) are always found isolated from the ‘common’ shape region and disseminated in
negative values. The gigantic Prognathodon curri, combining features of both ‘crushing” and
‘cutting’ teeth sensu [3], occupies a median position, as does the mysterious Stelladens.

Yet, this also means that both techniques, because they rely on principal component
analyses and, for Fourier transform, simple outlines, cannot discern the fine details of
crown shape and texture in the first (main) axes of variation. Indeed, when the sample
includes teeth as different as the crushing teeth of Globidens and the elongate, slightly
recurved teeth of Eremiasaurus, most of the variation in X, Y, Z coordinates or outline shapes
will evidently be the aspect ratio and the labiolingual flattening. Therefore, features like the
precise position of cutting edges (which are still captured in PC1 in the HD3DGM method),
the rugose enamel texture in Globidens or the apicobasal ridges in Stelladens will result in
only slight variations of X, Y, Z coordinates in HD3DGM and, depending on how they
are oriented in the crown, no change in outline shape in the Fourier transform method.
Therefore, the shape signal carried by these traits will either be very small compared to
other features (and thus captured by PC axes accounting for a very small amount of the
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total variance in HD3DGM) or not captured at all (Fourier transform). Despite being minor
modifications of the global shape, these features can be of importance when trying to assess
diet and the finer functional capabilities of teeth [36,38,128]. Therefore, even though it goes
without saying, quantitative analyses in isolation are not sufficient to fully discuss and
interpret the complexity of functional anatomy.

4.2.4. Skull Size/Crown Shape Relationships

As observed in a broader dataset of aquatic amniotes [36], there is no obvious skull
size—tooth shape correlation, in the sense that both small and medium-sized mosasaurids
(i.e., with skull lengths less than 1 m) have a wide range of tooth shapes (bulbous, conical,
recurved) (Figure 5A,B,D,E), whereas larger taxa seem to occupy a restricted area of tooth
shapes, being close to origin of main axis of variance (here, Thalassotitan and Prognathodon
currii). These taxa indeed have ‘intermediate” morphologies, with robust crowns still
possessing protruding carinae; this prompted [3] to create the crush—cut guild for animals
like Thalassotitan. Similarly, P. currii possesses large, blunt teeth with blunt carinae forming
two opposite apicobasal ridges.
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Figure 5. Mosasauridae from the Maastrichtian Phosphates of Morocco: skull size-crown shape rela-
tionships. (A,D) Skull size versus PC1 of the high-density 3D geometric morphometrics. (B,E) skull
size versus PC1 of the Fourier analysis of the labiolingual outline. (C,F) Skull size versus PC1 of the
Fourier analysis of the basal outline, with a mapping of the guilds of Massare [38] (A-C) and the
guilds of Fischer and collaborators [36] (D-F). Data about skull size in Table A2.

This zone of the morphospace, close to the center of the axis, is weakly populated
in smaller forms. The only medium-sized taxon with such a ‘median’ tooth shape is
the highly peculiar Stelladens (Figure 5B,E), which actually possesses a series of highly
unusual ornamentations that are not captured in the main axis of variation of dental shape.
Another zone appears unpopulated: labiolingually compressed teeth in medium and
large taxa (Figure 5C,F). Indeed, highly compressed teeth are restricted to the smallest taxa
(Carinodens, Xenodens) (Figure 5C,F); the drivers and effects of these size—shape relationships
are discussed below.

5. Discussion
5.1. Paleobiodiversity (Figure 6)

Despite the description over the last decade of many new mosasaurid taxa in the upper
Maastrichtian Phosphates of Morocco, the respective diversity of each sub-family expressed
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as a percentage of the total species number remains surprisingly constant compared to
previous work (compare ([3], fig. 6) to this work Figure 6). This stability, despite the
increased sampling, suggests it is a genuine paleobiodiversity pattern, rather than collection
or description biases.

Notably, Mosasaurinae (eight genera, ten species) accounts for about 60% of the genera
and almost 70% of the species described so far in these Moroccan Phosphates. Such a pro-
portion also corresponds to patterns observed in other coeval localities worldwide [2,3,129].
Also, the Moroccan genera represent about half to three-quarters (depending on the taxa
considered valid) of the mosasaurines known worldwide, whereas most of the species are
solely known in the Southern margin of the Mediterranean Tethys [34].

Halisaurinae and Plioplatecarpinae are less diverse (two genera and two species each),
representing about 13% of the species and 15% of the genera currently known in the upper
Maastrichtian Phosphates of Morocco. However, this represents about half of the total
halisaurine genera versus one-seventh of the plioplatecarpine genera known worldwide,
emphasizing the greater global diversity of this last clade during Maastrichtian times and a
poor representation in Morocco.

Finally, Tylosaurinae remain extremely scarce (one genus, one species), representing
about 6% of the species and 7% of the genera of the Phosphates of Morocco mosasaurid
faunas and one-third of the worldwide tylosaurine genera.

Tylosaurinae _
7%

Mosasaurini

Plioplatecarpinae _
13%
Mosasaurinae

67% Prognathodontini

Globidensini

Halisaurinae /"
13% ’

Incertae sedis

Figure 6. Mosasauridae from the Maastrichtian Phosphates of Morocco: taxonomic paleobiodiver-
sity, expressed for each subfamily as a percentage of the total species number (15). The same for
mosasaurine tribes (on the right). Colors are the same as in Figure 4 for ease of comparison.

5.2. Paleoecology and Niche-Partitioning (Figure 7)

In addition to their high taxonomic diversity, the mosasaurid faunas from the upper
Maastrichtian Phosphates of Morocco exhibit a wide range of phenotypes (body sizes,
skull morphologies, dental shapes) (Figures 2 and 3) (e.g., [this work, [3,130]]), strongly
suggesting diverse diet preferences and predation modes, as well as niche-partitioning in
the regional environment. In the present work, when using the framework of Massare [38]
and subsequent modifications and additions by Chatterjee and Small [130] (trap guild) and
Bardet and collaborators [3] (crush—cut guild), Moroccan mosasaurids (10/15 taxa used)
occupied a wide range of dental guilds: crunch (Prognathodon), crush (Globidens, Carinodens),
crush—cut (Thalassotitan), cut (Mosasaurus, Eremiasaurus, Xenodens, ?Khinjaria, ?Hainosaurus),
pierce I (Halisaurus, Pluridens) and pierce II (Gavialimimus) (Figures 3, 5A-C and 7B). The
peculiar Stelladens occupied a unique, so-far unknown guild, possibly located between
‘cut’” and ‘crush’ in that canvas. Without taking Stelladens into account, mosasaurids
of this ecosystem therefore occupied 75% (6/8) of Massare’s guilds ever colonized by
marine reptiles.

Only two guilds—'smash’ and “trap”—were not occupied by mosasaurids; this is true
not only for the upper Maastrichtian Phosphates of Morocco but also worldwide. The ‘trap’
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guild was defined by [130] to characterize the long, slim and labially directed teeth of long-
necked plesiosauroids, notably aristonectine elasmosaurids during the Maastrichtian [131].
None of the marine reptiles known in the upper Maastrichtian Phosphates of Morocco
appears to precisely occupy it. Though the anteriorly protruding and usually unworn teeth
of the local elasmosaurid plesiosaurian Zarafasaura [13] could probably act as a trap, their
robust shape and large size proportionally to the skull rather match with the ‘pierce’ guild of
Massare [38]. The ‘smash’ guild, occupied during the Mesozoic by several ichthyosaurians,
is characterized by teeth resembling small, straight cones, with acute but round apexes and
without carinae [38]. In the upper Maastrichtian Phosphates of Morocco, such a dental
shape is found in crocodylomorphs, more especially in the small gavialoid Ocepesuchus [12].
It should be pointed out that sea-going crocodylomorphs remain very scarce and small in
the regional Maastrichtian, becoming abundant and larger only after the extinction of the
mosasaurids during the K/Pg biological crisis [12]. Their rarity suggests that they may
have inhabited freshwater or marine ecosystems, rather than being fully marine.

When using the guilds of Fischer and collaborators [36], Maastrichtian Moroc-
can mosasaurids occupied 100% (4/4) of the main raptorial feeding guilds (generalist,
durophage, cutter, piercer), covering a wide range of crown sizes and shapes: three
durophages (Carinodens, Globidens, Prognathodon), one flesh cutter (Xenodens), three flesh
piercers (Halisaurus, Pluridens, Gavialimimus) and four generalists (Thalassotitan, Mosasaurus,
Eremiasaurus and Stelladens), two of them being very large (Prognathodon, Thalassotitan)
(Figures 5D-F and 7B). The main difference with Massare’s canvas is the presence of more
generalist species (resulting from the inclusion in that guild of most of the large ‘cutting’
species), whereas species specializing in crushing and piercing remain roughly the same
(Figure 7B). Specifically, we interpret Thalassotitan atrox as a generalist and Prognathodon
currii as a durophagous predator of large, shelled animals like turtles, even though its size
and robustness, comparable to Thalassotitan, probably allowed it to kill and consume a wide
range of prey items (see [36] for a discussion of diet—size relationships). These ecological
differences are also reflected by a different positioning (‘crunch’ versus ‘crush—cut’) in
Massare’s qualitative canvas (Figure 3). Hainosaurus and Khinjaria were not quantitatively
analyzed here, but they are expected to occupy, respectively, the generalist and the flesh
cutter guilds.

To sum up, by combining both canvases as well as our Fourier-transform analyses, we
observe for each mosasaurid subfamily grosso modo the same trends in ecological disparity
as those observed for taxonomic diversity (compare Figures 3, 4 and 7):

(1) Mosasaurinae exhibit the largest disparity of tooth guilds (generalists, durophagous,
flesh cutters), combined with a widest range of body sizes (2 m in Xenodens to more
than 10 m in P. currii). However, the clade did not evolve flesh piercers, either here or
worldwide. Mosasaurins (Mosasaurus, Eremiasaurus, Carinodens) usually have longer
and more gracile skulls armed with labio-lingually compressed teeth either to cut or
to crush, whereas prognathodontins (Thalassotitan, Prognathodon) and globidensins
(Globidens) are characterized by shorter and more-robust brevirostrine skulls and teeth,
indicating stronger bite force and more durophagous habits [130] (Figure 2). Also
noteworthy is that Mosasaurinae are the only mosasaurid clade to have developed
durophagous species distributed over its three tribes, which exhibit a wide range of
both body sizes and crushing tooth shapes (compressed in the 3 m long mosasaurin
Carinodens, bulbous in the 6 m long globidensin Globidens, conical in the up-to-10 m
long prognathodontin P. currii) and this repeatedly (at least two coeval species of
Carinodens and two of Globidens in the Phosphates of Morocco), once again indicating
a larger plasticity of this clade.
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(2) Halisaurinae retain the mosasaurid primitive tooth shape and, despite their very
different skull morphologies and sizes (3 m gracile Halisaurus versus up to 8 m robust
Pluridens) (Figure 2), have similar teeth, indicating they were flesh piercers in the
‘grasping’ group of [129].

(3) Plioplatecarpinae are represented in Morocco only by two medium-sized sel-
masaurins (Figure 2), exhibiting astonishing and drastically opposed skull and tooth
morphologies: the longirostrine flesh-piercer Gavialimimus and the brevirostrine
flesh-cutter Khinjaria.

(4) Finally, Tylosaurinae, though poorly known so far in Morocco, are represented by
a generalist taxon, whose skull and tooth morphologies are reminiscent of those of
Mosasaurini like Mosasaurus and Eremiasaurus, although much larger.

Also, when comparing tooth shapes with global sizes (Figure 7A), the same trends as
those observed with skull sizes (Figure 5) are found, with the largest taxa (more than 8 m
long) occupying a restricted area of tooth shapes (generalist, durophagous), as previously
shown by [36], whereas small- and medium-sized species (less than 8 m long) occupy
all tooth morphologies (generalists, durophagous, cutters, piercers). In the details, flesh
piercers appear to have a restricted size-range between 4 and 6 m, whereas generalists
are usually larger than 5 m long, and durophages range along all sizes (Figure 7A). In
other words, and probably related to the specificities and advantages of biomechanical
resistance, apex predators are never dedicated piercers, micro-predators are conversely
never generalists, and meso-predators occupy the widest range of dental adaptations
(compare Figures 5 and 7A). This signal in the upper Maastrichtian Phosphates of Morocco,
where some of the size-shape possibilities are unexplored, also possibly results from the
reduction of generalist predators among Northern Hemisphere mosasaurids during the
Maastrichtian [130]. Finally, strictly cutting species remain rare among these mosasaurid
faunas; these ecological niches were probably occupied by other predators, most likely
selachians [22].
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Figure 7. Mosasauridae from the Maastrichtian Phosphates of Morocco: niche-partitioning. Expressed
for each species by combining body sizes and dental guilds (A) of Massare [38] and Fischer and
collaborators [36]. List of taxa and inferred guilds (B), with diets suggested by anatomy, but not
quantitatively analyzed, indicated in parentheses. Colors are the same as in Figure 3 for ease
of comparison.
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Despite these constraints, mosasaurids from the upper Maastrichtian Phosphates of
Morocco likely were widespread in a wide range of niches in this shallow marine ecosystem,
both vertically (water column) and horizontally (coast to open sea). Apex predators
(P. currii, T. atrox, M. beaugei) probably fed on any other large bony marine vertebrates,
with a harder component in Thalassotitan and even harder in P. currii, which possibly was
a turtle consumer. Meso-predators were the most ecologically diverse and probably the
most widely distributed in the water column, avoiding as such some niche overlaps. They
include piscivores (G. ptychodon, P. serpentis), generalists (E. heterodontus, S. mysteriosus),
flesh cutters (K. acuta) and consumers of hard invertebrates (G. phosphaticus, G. simplex).
Some taxa like Pluridens were probably ambush hunters in dark waters, either at night or
in the depths of crevices. Globidens is represented by two species with different dentition,
indicating the hard-shelled invertebrates they fed on were probably different. Finally, the
smallest mosasaurids of the assemblage were either piscivorous (or consumers of soft
invertebrates) (H. arambourgi), scavengers (X. calminechari) or durophagous (C. minalmamar,
C. belgicus). Here also, the niche-partitioning was pronounced, with Halisaurus being
possibly a rapid night hunter of soft phosphorescent cephalopods, whereas Carinodens (just
like Globidens) developed two species with different dentition, indicating slightly different
semi-hard invertebrate diets.

Compared to the other marine vertebrate predators with which they interacted and
shared trophic resources, mosasaurids were much more systematically and ecologically
diverse than were coeval plesiosaurians and chelonioid turtles (see list in [5]) but much
less so than selachians (e.g., [10]). The coexistence of this totally astonishing plethora of
marine vertebrate predators in the same rather restricted environment of the Phosphate
Sea (Figure 1D) implies that niche partitioning was particularly high, not only among
mosasaurids but also among marine vertebrates as a whole, probably as an evolutionary
answer to resist competition pressure.

The intense upwelling system that developed along the western coast of Africa from
the Cretaceous [2] is probably responsible for this extraordinary paleobiodiversity and,
more specifically, for that abundance of large predators coexisting locally [58]; this mirrors
what is observed nowadays in upwelling zones that attract, by their high productivity, a
huge range of marine predators (selachians, fishes, marine mammals) [27,58]. The use of
Calcium isotopes as a diet marker has however revealed that, despite their huge ecological
disparity, most of the marine vertebrate predators of the upper Maastrichtian Phosphates
of Morocco (selachians, marine reptiles including mosasaurids) were feeding on a single
decipherable calcium source [58]. This therefore suggests that, as also observed in extant
upwelling zones, even if all these predators were able to hunt on a wide range of prey,
as illustrated by very different morphologies and tooth shapes, the upwelling system
facilitated their feeding by providing an important single biomass, likely schools of small
teleost fish (like those of today, sardines and anchovies), whose remains are innumerable
throughout the series of the Phosphates of Morocco.

6. Conclusions

The anatomical descriptions and quantitative methods used in this work have high-
lighted their complementarity to tackle the vast array of tooth morphologies in upper
Maastrichtian mosasaurids from Morocco and infer the diets of their bearers. They also
show their limits when used alone: while comparative anatomy fails to precisely locate
teeth into a dental guild, morphometric analyses fail to capture the complex details of tooth
ornamentations, which in reptiles probably play a role as important in feeding process
as the multiple cusps of mammals. The two methods combined permit to approach the
complexity of tooth shape, structure and ornamentation in its entirety.
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With at least 15 species known so far, exhibiting a wide range of sizes, morphologies
and tooth shapes covering the majority of dental guilds defined for marine amniotes,
the mosasaurid faunas from the upper Maastrichtian Phosphates of Morocco reveal an
extraordinarily high taxonomical diversity and ecological disparity, unknown elsewhere.
Small spike hook-like teeth (Halisaurus arambourgi, Pluridens serpentis, Gavialimimus pty-
chodon) to spear soft fish and invertebrates, large robust pointed teeth to catch large marine
vertebrates (Thalassotitan atrox, Mosasaurus beaugei, Hainosaurus boubker, Eremiasaurus het-
erodontus), blade-like teeth to cut large vertebrates (Khinjaria acuta), robust cones to smash
large bony prey like turtles (Prognathodon currii), low and blunt teeth to crush variable
hard-shelled prey such as mollusks, crustaceans and echinoids (Carinodens belgicus and
Carinodens minalmamar, Globidens phosphaticus and Globidens simplex) and, finally, totally
unique morphologies (Xenodens calminechari, Stelladens mysteriosus) whose ecological func-
tion remain mysterious: this plethora of tooth shapes exhibited by the faunas of the upper
Maastrichtian Phosphates of Morocco highlight the great plasticity of mosasaurid teeth
in general.

This extreme diversity and disparity indicate that mosasaurids were still markedly
diversified in the late Maastrichtian of Morocco, just prior to the K/Pg biological crisis.
The intense upwelling system that developed in this Phosphate Sea at this time is probably
responsible for this high biodiversity and, more specifically, for the unusual abundance of
large coeval predators in the region. However, upwelling ecosystems (at least the current
ones) are structured on the wasp-waist food web model, making them particularly fragile
to environmental changes. It is thus possible that this upwelling system became a double-
edged sword when disruptive abiotic events (whatever they are) occurred at the end of the
Cretaceous, leading to the mass extinction of the K/Pg boundary.
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Figure A1. Mosasauridae from the upper Maastrichtian Phosphates of Morocco: PCA basal. Using
Massare guilds [38] and Fischer and collaborators guilds [36] for comparisons.
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A Labiolingual Fourier morphospace, Massare guilds
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Figure A2. Mosasauridae from the upper Maastrichtian Phosphates of Morocco: PCA labial. Using
Massare guilds [38] and Fischer and collaborators guilds [36] for comparisons.
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Abstract: Mosasaur taxa recovered from the Bearpaw Formation, Alberta, Canada, gen-
erally show exceptional preservation after rapid burial. Since the mosasaur community
consisted of two dominant taxa, Mosasaurus missourensis Prognathodon overtoni, and three
less prevalent taxa Tylosaurus proriger, Mosasaurus conodon, and Plioplatecarpus primaevus,
some form of habitat or dietary niche partitioning is to be expected. To test this, several
approaches are tried. Two-dimensional microwear analysis is used as an exploratory
method to quantify tooth abrasion by food items. The good preservation of skull material
reveals complete tooth rows of the upper and lower jaws for Mosasaurus missouriensis and
Prognathodon overtoni, as well as isolated teeth for all taxa. The teeth are also measured
for tooth bending strength to test stress regarding usage of teeth per taxon. Energy-
dispersive X-ray spectroscopy (EDX) measurements show trace elements which may be a
preliminary test for relative trophic level positioning. Some mosasaurs have their stomach
contents preserved, providing direct and unambiguous evidence of diet. The results show
a relatively clear separation of two-dimensional microwear counts between Mosasaurus,
Prognathodon, and Plioplatecarpus, which, to some extent, is reflected in the EDX analyses,
too. Tooth bending strength measurements show a clear difference between the latter
three mosasaurs but no difference between the lower and upper jaws in Mosasaurus or
Prognathodon. The combination of these three techniques maps a clear dietary niche dif-
ferentiation of Bearpaw mosasaurs, which lays the groundwork for future analytical or
chemical palaeoecological studies.

Keywords: Mosasauridae; Bearpaw Formation; dental microwear; feeding ecology;
Cretaceous; geochemical analysis

1. Introduction

The Campanian Bearpaw Formation of Southern Alberta, Canada, represents one of
the northernmost extensions of the Western Interior Seaway [1,2]. In Southern Alberta,
it consists of marine shale with nodular concretions [3]. Ammolite mining, a precious
stone derived from fossilized ammonites [4,5] at the city of Lethbridge, as well as other
excavations, have yielded a considerable amount of vertebrate and invertebrate marine
fossils, representing a Campanian marine ecosystem (74.1 Ma) with average bathymetry of
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~40 m (MM pers. obs.) Prominently and consistently present are mosasaurs (Reptilia: Squa-
mata) [6]. During the Campanian, mosasaurs already showed a worldwide distribution [7].
Although the southern exposures of the Western Interior Seaway (e.g., Kansas, Alabama,
and New Jersey, all present in the USA) show higher mosasaur diversity [8], the northern
edge of the Western Interior Seaway in Alberta preserves a mosasaur community consisting
of four to five taxa: Mosasaurus missouriensis, potentially Mosasaurus conodon (Amelia Ziet-
low, pers. comm.), Prognathodon overtoni, Plioplatecarpus primaevus, and Tylosaurus sp., likely
Tylosaurus proriger (Amelia Zietlow, pers. comm. and pers. obs). Mosasaurus missouriensis
and Prognathodon overtoni are found to be the most common taxa. Specimens from the
ammolite mines around Lethbridge are especially well preserved, although mosasaur
material is also found at Manyberries, Alberta [9]. The local mosasaur taxonomy has been
extensively researched in previous studies [9,10]. The excellent preservation after the rapid
burial of some of these specimens also revealed soft tissue and stomach contents, thus
directly elucidating the animal’s diet [10]. The latter study already hypothesized ecological
niche differentiation between the most common mosasaurs Prognathodon and Mosasaurus,
citing differences in tooth morphology and dental mesowear. Here, we continue with this
mosasaur research and present a study on the feeding ecology of all Southern Alberta
mosasaurs to map the highest levels of the Bearpaw foodweb.

Previous research already demonstrated the applicability of two-dimensional dental
microwear and three-dimensional surface texture microwear to elucidate mosasaur feeding
behavior [11,12]. Microwear is defined as microscopic damage to teeth, usually on wear
facets, by tooth—tooth and tooth—food abrasion [13]. However, the preliminary results of
these previous mosasaur microwear studies clearly show the need for additional lines of
evidence beyond microwear to be explored, as microwear only indicates the use of the
animal’s teeth in the final weeks to months before its death. For isolated teeth, only the size,
shape, and type of animal can be ascertained, but the well-preserved Bearpaw Fm speci-
mens can provide information on differences in tooth morphology on the toothrow, bite
force, skull kinetics, and size of the animal to reveal the trophic level. Finally, geochemical
analysis can be employed on the well-preserved dental remains. Strontium concentration
in relation to Calcium and Barium ratios in teeth has been successfully shown to indicate
relative trophic position, following from studies conducted on extinct mammals [14,15].
In recent years, Strontium, Calcium, and Barium have been proven to function as dietary
niche proxies in extinct marine as well as terrestrial organisms [16].

Here, a number of Bearpaw Fm. mosasaur remains, both isolated teeth and crania, are
studied in order to determine a first trophic-level framework. Two-dimensional microwear,
tooth bending strength, and Sr/Ba and Ca/Ba ratios via EDX analysis are all measured in
order to provide a multi-proxy approach to determine local Bearpaw Fm feeding ecology.

2. Materials and Methods
2.1. Microwear

Isolated mosasaur teeth from the collections of the Royal Tyrrell Museum of Palaeon-
tology (RTMP) collections were used as is; however, teeth from tooth-bearing bones were
cast from direct molds using Moldstar 20T parts A and B mixed equally. See Table 1 for
provenance and number of teeth used.
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Table 1. Materials and number of teeth used for each analysis, including localities.

Taxon Mosasaurus ~ Prognathodon Tylosaurus  Plioplatecarpus  Elasmosaur Sawfish Shark
Type Sktléli t;nd Skull and teeth Teeth Teeth Teeth Teeth Teeth
Locality Lethbridge Lethbridge Manyberries Lethbridge DrpP Iddlesleigh  Iddlesleigh
Formation Bearpaw Bearpaw Bearpaw Bearpaw Bearpaw Bearpaw Bearpaw
Microwear 10 5 2 3 - - -
EDX 16 16 9 7 5 4 15
Bending
Strength 30 28 ) > ) ) )

Two-dimensional microwear was measured using a Hitachi tabletop TM-1000 Scan-
ning Electron Microscope (Hitachi High-Tech Canada Inc., Toronto, ON, Canada). Speci-
mens were mounted on putty, and the apex was focused on, as this is usually where the
bulk of the microwear is visible on the wear facet of the tooth [11]. Magnifications ranged
between 200 to 400x. Four to six images of each tooth were taken, and all microwear
visible in each image was counted (see Supplementary Information for microwear counts).

Microwear was counted by hand by one single observer (FH) to avoid inter-observer
bias [11,17]. Microwear was categorized into gouges (large scratches), thin scratches, and
pits, as in [11]. See Figure 1 for microwear types. After confirming that assumptions
for parametric tests were met, data were analyzed using t-tests for comparisons between
two groups using or ANOVAs for comparisons among more than two groups. We tested
for interspecific differences in microwear on teeth from all jaw locations combined, for
intraspecific differences between teeth from different jaw locations, and for interspecific
differences between teeth from the same jaw location. Significant ANOVAs were performed,
followed by a post hoc Tukey HSD test. All statistics were run in R version 4.3.1 [18] and
are included in our Supplementary File S1. Due to the relative scarcity of isolated teeth of
all taxa, both worn as well as new teeth were used for each analysis. Only teeth from skulls
with an ‘open mouth” where the dentition was readily available for casting were used,
limiting the number of complete toothrows useful for this study. A study on differences
between casts of teeth (using different casting and molding agents) and actual teeth in
terms of microwear quality is in preparation by FH and Dr. Lorna O’Brien, former chief
technician at the RTMP, and is therefore intended as a follow-up to this current study.

Figure 1. Selection of types of microwear and schematic of mosasaur tooth bending strength measurements.

172



Diversity 2025, 17, 205

2.2. EDX

Energy-dispersive X-ray spectroscopy (EDX) was used for elemental analysis. The
Hitachi tabletop TM-1000 used for SEM at the Royal Tyrrell Museum of Palaeontology has
a simplified EDX system which was used in this exploratory study. Measurements are
displayed as discrete counts, which have been converted into ratios. Diagenetic noise was
ruled out by checking for sulfur (S) spikes [19]. If no peak was found, the tooth could be
measured for Sr, Ba, and Ca.

All trace elements are stored in bioapatite via food and water intake, but Ca is pref-
erentially stored over Sr and Ba. This means that in every step up the food chain, Sr and
Ba decrease until these are finally the lowest in terrestrial hypercarnivores. In a marine
setting, Sr, Ba, and Ca are proven to distinguish different trophic levels as well. Therefore,
all mosasaur taxa, the indeterminate elasmosaurs, and sawfish and shark teeth have been
measured for these trace elements. Sr/Ca and Ba/Ca ratios were statistically tested using
Anova and inverse log ratios displayed in a principal component analysis.

2.3. Tooth Bending Strength

Tooth bending strength, or the amount of stress a tooth can structurally withstandwhen
in use, was calculated using the formula used in [20] for tooth measurements in theropods.
The tooth crown height (CH) and foreaft (mesiodistal) basal length (FABL) and basal
(anteroposterior) width (BW) at the base were measured in mm. The tooth bending strength
formula is expressed as follows (see Figure 1):

Bending strength of anteroposterior side:

(AP) = (7 x 0.5 x FABL) x ((0.5 x BW)?))/4)/(CH x (0.5 x FABL)))
Bending strength of mediolateral side:
(ML) = (7t x (0.5 x FABL) x ((0.5 x BW)%))/4)/(CH x (0.5 x BW)))

The Logjo value of the crown height (Log;9 CH) is plotted against the Logo value of
the anteroposterior bending strength and mediolateral bending strength in scatter plots.
See [20] for the rationale behind the calculation.

3. Results
3.1. Microwear

The two-dimensional microwear counts are shown in the overview graph in Figure 2.
Though the data quality differed between teeth and molds, some intraspecific patterns
could be discerned. All mosasaurs have significant high numbers of pits dominated by Prog-
nathodon and Plioplatecarpus. The latter taxon also has the highest number of fine scratches
on average, followed by Mosasaurus. These two are the only taxa with higher numbers
of fine scratches than gouges and pits in this dataset. Prognathodon and Tylosaurus, in
contrast, display a higher number of pits than gouges and fine scratches in their microwear.
Tylosaurus has more fine scratches than gouges, whereas Prognathodon has the lowest
number of fine scratches compared to its gouges and pits. Intraspecific differences were
found to be statistically significant by an ANOVA for several taxa and for all microwear
types (fine scratches, gouges, and pits). For all microwear types, significant differences
between Plioplatecarpus and Mosasaurus were found, as well as between Prognathodon and
Plioplatecarpus (see Statistics Section in Supplementary File S1).
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Figure 2. Microwear between all mosasaur taxa. Mosasaur silhouettes from Phylopic; see Data
Availability Statement for all creators and CC licenses.

When looking at differences between premaxillary, maxillary, and dentary microwear
counts (only between Mosasaurus and Prognathodon of which complete skulls and mea-
surable dentition were available), some patterns in the counts are visible (see Figure 3).
Mosasaurus has high counts of fine scratches and pits in its dentary, compared to lower
counts of scratches in both the maxilla and premaxilla. The premaxilla has higher counts of
pits than the maxilla. For Prognathodon, the maxilla displays high counts of pits and fine
scratches, with much less microwear displayed in the dentary and premaxilla, hinting at
the most tooth—tooth or tooth—food abrasion occuring in the lower jaws.

Between the larger and smaller Mosasaurus specimens, there are some differences as
well. The large Mosasaurus missouriensis TMP 2012.010.0001 shows high counts of fine
scratches both in the premaxilla and the maxilla, as well as a high number of pits in the
premaxilla. The smaller Mosasaurus missouriensis TMP 2008.036.0001 shows the highest
numbers of fine scratches and pits in the dentary, as well as a high number of fine scratches
in the maxilla. This shows that there is a similar microwear pattern for fine scratches in the
maxillae of both larger and smaller Mosasaurus missouriensis and, therefore, tooth—tooth
or tooth—food abrasion, as well as high individual or ontogenetic variation. However,
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when tested with an ANOVA for statistically significant microwear differences between jaw
locations between Mosasaurus and Prognathodon, no significance was found (see Statistics
Section in Supplementary File S1). Similarly, interspecific microwear differences between
jaw locations were not statistically significant for Prognathodon nor for Mosasaurus.
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Figure 3. Microwear counts between upper and lower jaws between Mosasaurus and Prognathodon.

3.2. EDX Analysis

The lowest rates of Sr/Ca are seen in Prognathodon (and sawfish), followed closely
by Mosasaurus; see Figure 4. Whilst the range for Mosasaurus missouriensis in terms of
Sr/Cais quite high, the rates of Sr/Ca are the highest in Tylosaurus and the indeterminate
elasmosaur teeth. Finally, the hybodont shark teeth show a high variation in their Sr/Ca
ratio. Plioplatecarpus has the most intermediate Sr/Ca ratio.

Prognathodon and Mosasaurus missouriensis have a similarly large range for their Ba/Ca
ratio; see Figure 5. However, Prognathodon and Plioplatecarpus have the lowest Ba/Ca
rates, with Mosasaurus missouriensis, possibly Mosasaurus conodon, and hybodont sharks
following with an intermediate level of Ba/Ca. Tylosaurus, the indeterminate elasmosaurs,
and sawfish have the highest average Ba/Ca ratios, with the elasmosaurs displaying the
narrowest range. While both Sr/Ca and Ba/Ca rates meet the assumptions for ANOVA
(normality, homoscedasticity, and independence), only the Sr/Ca ratio showed significant
differences between taxa, whereas the Ba/Ca ratio did not. However, the Ba/Ca ratio
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Sr/Ca ratio

Ba/Ca ratio

showed a p value on the lower side, indicating that with more data, the p value might be

statistically significant.
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Figure 4. Sr/Ca ratios between Bearpaw sea vertebrates.
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Figure 5. Ba/Ca ratios for all Bearpaw vertebrates.
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3.3. Tooth Bending Strength

Following [20], a Logjo value of the bending strength of the anteroposterior side (AP,
x-axis) is plotted against the Logg value of the bending strength of the mediolateral side
(ML, y-axis). The resulting scatterplot (Figure 6) roughly follows the trend seen in [20] for
the tooth bending strength of several theropods, extant and extinct felids, and extant and
extinct canids. Indeterminate mosasaurs were also plotted. Therefore, the general trend
of the scatterplot is perhaps not surprising (Figure 6). However, there are differences be-
tween the mosasaurs measured here: Mosasaurus missouriensis scatters with lower bending
strength ranges, Prognathodon overtoni scores the higher/highest bending strength, and
Plioplatecarpus takes an intermediate position, though it is still higher than Mosasaurus on
average. There is not much of a difference between the larger and smaller Mosasaurus
specimens in terms of the overall bending strength; however, there is a difference between
the upper and lower jaws in larger specimens overall. The tooth bending strength meets
the assumptions for ANOVA.
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Figure 6. Tooth bending strength for Mosasaurus (orange), Prognathodon (blue), and Plioplatecarpus
(green).

4. Discussion
4.1. EDX-Based Sr/Ca and Ba/Ca Differences

A PCA of the EDX measurements is shown in Figure 7.
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Figure 7. PCA of all Bearpaw vertebrates” Sr/Ca and Ba/Ca ratios.

High Ba values are observed in marine fauna feeding near the base of the marine
foodweb, which is then reflected in high Ba levels in higher trophic levels. The highest
Ba/Caratio is found in plants and invertebrates that bio-accumulate it in high doses; higher
trophic level feeders that directly feed from this source will have higher rates of Ba/Ca.
This is observed in conodonts (but the Ba-rich food source in question remains elusive) [16].
In fish, Ba is seen as indicative of diet, as Sr remains constant in fish [21]. That said, Ba/Ca
ratios in fish are highly variable, whilst the Sr/Ca ratio is conservative, so if a mosasaur
is mostly piscivorous, their dentition should indicate variable Ba/Ca ratios as well. We
indeed see higher Ba/Ca ratios in presumably piscivorous elasmosaurs, but not the highest
levels of this sample of marine vertebrates. Tylosaurus seems to closely follow the ranges of
Sr/Ca and Ba/Ca of elasmosaurs, only with slightly lower values of Sr (likely confirming a
higher trophic level) and slightly wider-ranging Ba levels (likely confirming a wider array
of diet than elasmosaurs, the latter which seem to be specialized into feeding/predation on
one category). Tylosaurs from the Campanian of Alabama are thought to have occupied
shallower, near-shore waters [22], and in the Bearpaw sea, they might have occupied a
similar niche as elasmosaurs. However, as Tylosaurus saskatchewanensis from the Bearpaw
sea of Saskatchewan (more into the northern middle section of the Western Interior Sea-
way) and Tylosaurus proriger from the Niobrara Fm of Kansas (the southern section of the
Western Interior Seaway) have small mosasaurs and elasmosaurs in their stomach content,
respectively, it is also not impossible for the EDX analysis to reveal a direct predator—prey
relationship [23]. Elasmosaurs show a narrow range in Sr, with the highest Sr values of this
marine vertebrate assemblage, and a very narrow range in Ba values. This places them
at a lower trophic level than the mosasaurs, with the aforementioned narrow Ba range
indicating a specific food source, likely fish and/or squid. Elasmosaurs from elsewhere
are known to have benthic diets as well as more sarcophagous diets [24,25]. However, the
Bearpaw elasmosaurs seem to have been more restrictive and specialized in their dietary
niche, which is also observed in Western Interior Seaway elasmosaurs from the Pierre Shale
as well as Upper Cretaceous plesiosaurs from South Australia [26,27].
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Hybodont sharks from Cretaceous of Thailand [28] have a diverse diet, interpreted as
opportunist feeding, with potentially some shell-crushing durophagy of hybodontiform
sharks with low cusped teeth similar to some Bearpaw sharks. In other hybodont sharks,
direct evidence of predation on ammonites is shown [29,30]. Both predation on shellfish and
ammonites, as filterfeeding organisms of plankton, would account for high rates of Ba/Ca in
the upper ranges of Prognathodon, Mosasaurus, and hybodont sharks. Furthermore, similarly
to mosasaurs, hybodontid and cretodid sharks have ‘clutching or piercing” dentitions,
thought to make them active predators of large prey (such as fish, other sharks, and other
marine vertebrates) [31]. Therefore, some overlap in Sr/Ca and Ba/Ca ratios, especially
with the more piscivorous mosasaurs, is explained here.

4.2. Inferred Diet and Niche Partitioning

See Table 2 for an overview of the inferred diets of the mosasaurs in this study. The
authors of [9] already hypothesized about ecological niche differentiation for the Alberta
Bearpaw Mosasaurus and Prognathodon based on differences in tooth morphology and
differences observed in dental mesowear. Together with the two other less common
mosasaurs from the area, this study confirms the above hypothesis. The authors of [10]
placed Mosasaurus missouriensis firmly in the ‘cut’ guild sensu [32] based on their recurved
teeth, no exposed horizontal wear facets, and—perhaps most compellingly—mostly fish-
based contents, as well as squid, in the gut. This is different in the Bearpaw Prognathodon
overtoni TMP 2007.034.0001, which was found not only with turtle remains in its stomach,
but also with large horizontal wear facets on its dentition. The authors of [33] demonstrated
that the dental spalling or large, oval, longitudinal wear facets on the metriorhynchid
Dakosaurus points to macrophagy or eating large prey by shearing them in pieces before
consumption. The authors of [33] observed this type of spalling in indeterminate mosasaurs
from the American Museum of Natural History. Both Tylosaurus and Plioplatecarpus were
also placed in this macrophagous group of mosasaurs by the authors of [10]. Although this
study did not find significant spalling as mesowear and used microwear instead, the two-
dimensional microwear largely confirms the Mosasaurus-Prognathodon niche differentiation
hypothesis. Empirically, both intraspecific and interspecific differences between the upper
and lower toothrows in terms of microwear were also found. The statistical analysis did
not find these differences to be significant, though. It is possible that more data would
be needed to explore this further, as the authors of [34] found intraspecific microwear
differences along the toothrows of crocodylians and varanids, both of whom could be
argued to be extant equivalents of extinct marine reptiles. Moreover, the highly kinetic
skulls of mosasaurs would infer a similar outcome, as with skull kinesis, different parts of
the dentition would be expected to generate different microwear.

Coupling back to the EDX, although there is some overlap between Prognathodon
and Mosasaurus, there is a stark difference between both types provided by the Sr/Ca
and Ba/Ca ratios. Mosasaurus seems to be an ‘all-rounder’, overlapping with almost all
other groups. Indeed, a Dental Microwear Texture Analysis (DMTA) of type-Maastrichtian
Mosasaurus hoffmanni displays a generalist diet for this large taxon [12]. Though not as large
as M. hoffmanni, M. missouriensis was definitely on the larger side of the Bearpaw mosasaur
spectrum (reaching up to 8 m in length). Its two-dimensional microwear shows a general
high distribution of fine scratches, as well as pits, indeed confirming usage of its teeth for
both softer and harder food items. Finally, the tooth bending strength between the two
taxa clearly separates Mosasaurus from Prognathodon, with the latter showing higher tooth
bending strength and therefore teeth that could withstand higher stresses, which concurs
with the microwear and EDX.
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Table 2. Sr/Ca and Ba/Ca ranges of all mosasaurs from this study, with dominant microwear and
inferred prey.

Taxon Mosasaurus Prognathodon Tylosaurus Plioplatecarpus
Sr/Ca range 0.2-0.73 0.11-0.57 0.31-0.77 0.17-0.71
Ba/Ca range 0.06-0.33 0.03-0.33 0.13-0.21 0.03-0.11

Df)mmant Fine scratches Pits Gouges Fine scratches
microwear
Harder vertebrate prey Softer prey items

Large range of

items (turtles and large fish) (squid and fish)

Inferred prey vertebrate prey items Harder invertebrate prey Fish and larger Harder prey items
Large range of . . vertebrates :
. . items (shellfish and (large fish and
invertebrate prey items . .
ammonites) ammonites)

Prognathodon is represented at one end of the spectrum (Figure 7), closer to sawfish than
sharks, and is clearly separated from Plioplatecarpus. Dental microwear texture analysis of
type-Maastrichtian mosasaurs revealed that prognathodons surprisingly not only foraged
for harder prey items, but softer invertebrates as well, likely displaying foraging behavior
on benthic invertebrates [12]. Modern sawfish show a propensity to bottom-feeding
durophagy, which is another link to the microwear in this current study, the DMTA [12],
and the Prognathodon stomach content of TMP 2007.034.0001 and its mesowear. Finally,
a partial lobster was recovered as putative stomach content of Bearpaw Prognathodon
TMP 2007.034.0001, but this was never confirmed as the position of the lobster was not as
undeniable as stomach content as the turtle and fish were [9]. If it was stomach content, this
would again confirm both Prognathodon’s position in the PCA diagram as overlapping with
bottom-feeding sawfish, as well as being a consumer of both harder prey and invertebrates.
The tooth bending strength shows higher levels for Prognathodon compared to the other
measured mosasaurs (Figure 6). Prognathodon teeth are higher in FABL and BW than
Mosasaurus and Plioplatecarpus. This emphasizes the fact that Prognathodon’s teeth were
suitable to process much harder prey. Together with a high overall count of pits, especially
compared to fine scratches and gouges, this shows a handling of prey items through more
oral food processing than Mosasaurus.

Plioplatecarpus also occupies a distinct position in the Sr/Ca Ba/Ca spectrum with
little overlap with sharks and elasmosaurs. Traditionally, plioplatecarpids, by virtue of
their presumed piscivorous tooth morphology, are placed in the piscivorous ‘cut’ end of the
guild sensu [32]. However, type-Maastrichtian Plioplatecarpus marshi displays a surprising
tendency for harder invertebrate consumption [12]. Two-dimensional microwear counts
from the Bearpaw Plioplatecarpus primaevus equally show microwear pointing to harder prey
items besides fine scratches pointing to softer prey. The authors of [22] already questioned
plioplatecarpids exclusively feeding on softer prey items such as belemnites, and with
its EDX results showing an offset from the other Bearpaw mosasaurs, away from sharks
and piscivorous elasmosaurs, this smaller type of mosasaur presents the most enigmatic
feeding ecology. A clue, perhaps, comes from another Bearpaw Plioplatecarpus: TMP
2022.043.0001 [35]. This particular specimen has very large orbits, which, according to [35]
indicates visual foraging at the deepest reaches of the photic zone. The large parietal is
similarly proposed by the authors of [35] to have been of use for fast movement and chasing
agile prey, as well as dodging larger predators (such as Prognathodon and Mosasaurus). This
hypothesis would suit an existence in a different feeding niche from the other Bearpaw
mosasaurs, as indicated by the EDX results, and to a lesser extent, the microwear of this
study. Another clue could come from a unique basicranial circulation pattern discovered
by the authors of [36]. Here, the type of circulation to the cranium that plioplatecarpines
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display is likened to those of arboreal snakes and helps with being upside down whilst
hunting for prey. Perhaps Plioplatecarpus dove for prey out of reach of other mosasaurs. This
does not, however, answer the question of why Plioplatecarpus demonstrates such ‘rough’
microwear. Even with this limited sample, Plioplatecarpus shows an intermediate to high
tooth bending strength (Figure 6). Harder prey such as large fish with hard ganoid scales
or ammonites, could have been on the Plioplatecarpus menu, but there is no unequivocal
evidence of this [37-39]. Moreover, an isotopic analysis of Plioplatecarpus dentition from the
type Maastrichtian does not support a deep diving lifestyle [40].

An additional future line of evidence to answer some of these standing questions
would involve using DMTA on these Bearpaw mosasaurs as well as an isotope analysis of
dental enamel. Both are currently in preparation for future studies. What seems to become
more clear, however, is that Cretaceous marine ecosystems were high in productivity,
supporting rich fauna, and were able to support multiple predators, as seen in [12,40,41].

5. Conclusions

A combination of two-dimensional microwear analysis, EDX analysis using Sr/Ca and
Ba/Ca ratios, and calculated tooth bending strengths for the Alberta Bearpaw mosasaurs
Mosasaurus missouriensis, Prognathodon overtoni, Plioplatecarpus primaevus, Tylosaurus proriger,
and possibly Mosasaurus conodon, shows a distinct niche differentiation pattern. There is a
clear separation between Mosasaurus and Prognathodon, with the former showing generalist
dietary preferences and the latter showing a tendency to feed on harder prey items and a
possible tendency for macrophagy. Plioplatecarpus remains an enigmatic smaller mosasaur
in terms of dietary preferences, although it also shows a distinct dietary area according
to EDX and the tooth bending strength analysis, with a mainly piscivorous note from its
microwear, and additional foraging on harder prey that is still unidentified. Tylosaurus
seems to follow a similar diet to the Bearpaw elasmosaurs or even predated on them.
Future DMTA and isotopic studies will further clarify the dietary niches of the Bearpaw
mosasaurs.
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Abstract: A large data set of new and previously published measurements of 5!3C values
derived from tooth enamel (n = 223, of which 93 are new) are compiled to explore patterns
of foraging area preferences of Late Cretaceous mosasaurid squamates over evolutionary
time scales (~93-66 Ma). Our results indicate that small-bodied halisaurines are restricted
to a relatively nearshore range, overlapping the lower end of the range of plioplatecarpines
and some mosasaurine taxa. Most moderately sized plioplatecarpines occupy a relatively
narrow foraging area in much of the nearshore and proximal offshore marine foraging
area for the majority of their existence. Tylosaurines exhibit a greater offshore marine
range than plioplatecarpines, consistent with their large body size and the robustness
of their feeding apparatus. The largest tylosaurine taxa are replaced by Mosasaurus in
the Late Campanian—-Maastrichtian in the offshore foraging range. Mosasaurine taxa are
found to occupy the broadest range of foraging areas, but their ranges are taxonomically
segregated, consistent with adult body size and the diversity of feeding adaptations such
as tooth morphologies and skull architecture seen in that subfamily. Where foraging areas
of multiple taxa overlap, differences are typically in tooth form, reflecting prey preference
or feeding niche. Foraging area occupation by multiple taxa with similar tooth forms
suggests that other factors such as body size and prey acquisition style may have allowed
for the finer partitioning of resources. Deep diving and long submergence may have also
contributed to the depleted signals recovered for some of the large-bodied durophages and
the largest of the macrophagous apex predators.

Keywords: paleoecology; foraging area; Mosasauridae; 5'3C; stable carbon isotopes; Late
Cretaceous

1. Introduction

In this contribution, we report measurements of §!3C derived from tooth enamel
as a proxy for foraging area for a large temporal, geographic, and taxonomic sample of
mosasaurs. Mosasaurs are an extinct clade of lizards that entered the marine realm at
about 98 Ma and went extinct at the Cretaceous/Paleogene (K/Pg) boundary event at
66 Ma [1] (Figure 1). Early mosasaurs were morphologically similar to extant monitor
lizards, and Mosasauria was recovered in recent phylogenetic analyses as the sister taxon
to Varanoidea [2]. During their 32-million-year history, they adapted to life in water,
undergoing significant morphological changes, most apparent in the development of
flippers, fluked sculling tails, and a fusiform body shape [3]. Despite our increasing
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knowledge of the morphology and phylogenetic relationships of mosasaurs, comparatively
little is known of their feeding ecology. Most studies of this nature have used dental
morphology and gut content to infer prey preference or the suitability of dentition to a
particular prey type, but do not address the spatial segregation of their foraging area [4-20].

Halisaurus

Dallasaurus u
Clidastes I

Carinodens :C-;I- S i

—| 1Globidensini [
Globidens : |
Prognathodon

------------ cf. Liodon
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Halisaurinae

Mosasaurinae

Plioplatecarpus
Latoplatecarpus
Platecarpus :
Plesioplatecarpus

Gavialimimus
“P” somenensis ,

Russellosaurina ' i
Selmasaurus - (- Selmasaurini n

Ectenosaurus
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Tethysaurus —, ™ H
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Tylosaurinae

Figure 1. Simplified cladogram of mosasaurid relationships. See text for details.

Other studies have addressed the habitat preference of mosasaurs by inferring shore-
line proximity and paleobathymetry from sedimentary analyses of the deposits in which
mosasaur remains have been found [21-26]. Analyses of rare earth elements (REEs) have
also been applied to mosasaur bones to infer the paleobathymetry of their habitats [27-29].
Although facies and REE analyses do provide clues as to the depositional environment in
which the fossils are preserved, they do not necessarily reflect where the animals lived and
foraged because of the possible postmortem transport of carcasses (e.g., [30]).

Conversely, carbon isotope measurements (5!3C) of marine vertebrates relate more di-
rectly to the diet [31] and foraging area [32] of the animal while alive. This is because marine
primary producers have a wide range of §'>C compositions reflecting the spatial gradient
(nearshore to offshore) of particulate organic matter (POM; [33-35]). The 13C—depleted
nature of offshore primary producers propagates through the food web, causing larger,
offshore-dwelling predators to have depleted §'3C values compared to their nearshore
counterparts. Clementz and Koch [32] used this phenomenon to identify differences in
foraging zones between multiple marine, freshwater, and terrestrial mammals by analyzing
the 5'3C values of tooth enamel.

Robbins et al. [36] were the first to explore mosasaur diet and foraging segregation
through the examination of §!3C values from tooth enamel, employing the methods of
Clementz and Koch [32]. That study analyzed a small number of mosasaurine mosasaurids,
a dolichosaurid, and the extant Galdpagos marine iguana, Amblyrhynchus cristatus, and
found that larger animals generally had lower 5'*C compositions, consistent with foraging
farther from shore. Comparison with the isotopic ranges of tooth enamel §!3C in mod-
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ern pinnipeds grouped by foraging zone [32] revealed that smaller mosasaurs such as
Dallasaurus, Clidastes, and juvenile Globidens had §'3C values similar to modern kelp-bed-
dwelling animals, with some specimens of Clidastes just bordering on the nearshore marine
range. Larger mosasaurs, such as Mosasaurus and an adult Globidens from north Texas,
fell within the nearshore marine range. Specimens of Globidens and Prognathodon from the
Maastrichtian of Angola fell into the offshore range, which Robbins et al. [36] argued may
have been the result of offshore foraging, deep diving (see below), or a combination of the
two. Other studies [37-40] employed geographically and temporally restricted samples
to infer resource partitioning in contemporaneous assemblages. In those studies, more-
depleted 5'3C values were generally correlated with increased body size. Most recently,
Leuzinger et al. [41] explored high-latitude stable isotopes, interpreting the composition of
their mosasaur sample as an indication of a deeper, more offshore foraging area compared
to the values recovered for their fish sample.

The simplified cladogram presented in Figure 1 is a synthesis of recent phyloge-
netic analyses [42—45]. Although there are a small number of basal branching, plesiopedal
mosasaurids present in the Cenomanian and Turonian (~98 Ma—-~90 Ma), most mosasaurids
belong to one of four broadly recognized subfamilies (Halisaurinae, Tylosaurinae, Plio-
platecarpinae, and Mosasaurinae) which appear to diverge in the Late Cenomanian or
Early Turonian [43,46]. The compositions of the subfamily-ranked clades are relatively
consistent among various workers, but the ingroup relationships of those subfamilies are
somewhat more labile (e.g., [42-45,47-53]). Two additional subfamilies were erected by
Palci and Caldwell [54] but not recovered in recent analyses [43,45], and the constituent
taxa of those, along with Ectenosaurus, Yaguarasaurus, and Angolasaurus, are shown here as
basal branching plioplatecarpines, but topologies may differ among analyses [42-44,51,55].

Later branching plioplatecarpines are included in the tribes Selmasaurini and Plio-
platecarpini. Longrich et al. [45] erected the tribe Selmasaurini to include the genera
Selmasaurus, Gavialimimus, Goronyosaurus, and Khinjaria, to which we provisionally add,
here, “Platecarpus” somenensis Thevenin 1896. The tribe Plioplatecarpini was originally
erected by Russell [21] to include the genera Platecarpus, Plioplatecarpus, and Ectenosaurus,
but was revised by Longrich et al. [45] to include the genera Plesioplatecarpus, Platecarpus,
Latoplatecarpus, and Plioplatecarpus, but not Ectenosaurus, as that taxon is more basal branch-
ing in their analysis (see also [52]). Species currently referred to Ectenosaurus are united
by a number of characters unique among mosasaurids and likely form a monophyletic
clade [55]; however, monophyly was not recovered in the strict consensus of recent analy-
ses [55,56]. Our sample includes a single specimen (SMU76350) from Texas referred to the
genus Ectenosaurus [57].

Mosasaurinae is a large and diverse clade that originates in the Turonian, represented
by Dallasaurus, a small, plesiopedal taxon, recovered as a basal branching member of that
clade [58]. The genus Clidastes, which we here consider monophyletic (but see also [59]),
appears in the Coniacian and ranges into the middle Campanian [60]. In the Campanian,
mosasaurines develop taxonomically disparate dental morphologies [1,61,62]. We use
the tribe name Plotosaurini (sensu [47]) to include the genera Mosasaurus, Plotosaurus,
Jormungandy, Bentiabasaurus, Moanasaurus, and Rikisaurus. Plotosaurini is the sister clade to
the poorly resolved tribe Globidensini (sensu [47]), which includes the genera Globidens,
Prognathodon, Plesiotylosaurus, Thalassotitan, certain taxa previously referred to the genus
Liodon (fide [63]), and provisionally, Carinodens.

Halisaurinae has long been considered to have branched prior to the Mosasaurinae—
Russellosaurina split [47,64]; however, some analyses recover Halisaurinae more closely
related to Russellosaurina [50]. Halisaurines share a plesiomorphic configuration of the
temporal arcade and quadrate suspensorium, a novel path for the internal carotid artery
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in the parabasisphenoid, and complete paired nasals separating the premaxilla from the
frontal, overlying the latter [65,66]. Given the plesiomorphic nature of this subfamily, we
illustrate it in Figure 1 as branching basal to the Mosasaurinae—Russellosaurina split.

This study explores patterns of the foraging area preference of mosasaurs through
time using §'3C measurements from their tooth enamel. The data are compiled from
both published and previously unpublished sources [36,37,39—41]. The sample includes
species of four subfamilies, ranges in age from the lower middle Turonian (~92.5 Ma)
to the Late Maastrichtian (~66 Ma), and includes specimens from North America (USA:
Texas, Kansas, Arkansas), Israel, the Netherlands, Denmark, Sweden, Angola, Argentina,
and Antarctica. We present the results by taxon and discuss patterns of foraging area
segregation through time.

2. Materials and Methods
2.1. Sample Selection

A total of 93 new samples were analyzed for this contribution (see Appendix A
for sample and replicate details). Teeth with good surface preservation and few cracks
were preferentially selected to avoid breakage during the mechanical removal of the
enamel, although incomplete teeth with broken bases or tips were also used, as these
breaks made the identification of the dentine and enamel layers easier. One sample (P.
currii) was recovered as enamel fragments left in a silicone mold of a single tooth of the
holotype specimen. Where practical, molds of the teeth prepared for this study were made
prior to sampling, and casts were deposited in the Shuler Museum of Paleontology at
Southern Methodist University, Dallas, TX, USA. The mold of the P. currii tooth is housed
at Lund University.

2.2. Sample Pretreatment

Teeth with adhesives on their exterior were first subjected to a 24 h suspension in
acetone followed by vigorous rinsing and scrubbing with a soft brush before placement in a
0.1 M acetic acid solution for 72 h to remove diagenetic carbonate adhered to the surface of
the tooth. This pretreatment method has been shown to remove diagenetic carbonate with-
out affecting the original isotopic signature of the bioapatite [67]. The teeth were thoroughly
washed again with deionized water, followed by two 20 min suspensions in an ultrasonic
methanol bath to remove organic matter, and a third suspension in deionized water.

2.3. Sample Enamel Removal

After thorough drying, enamel was selectively removed using a low-speed rotary tool
with a 0.5 mm tungsten carbide burr bit. The enamel was removed in passes and collected
on sterile weigh paper and regularly transferred to a vial. The low-speed nature of the
drill and regular collection of material assured that the specimen was not heated and that
only enamel was collected. Any material that was present on the weigh paper when the
drill struck dentin was discarded. One sample (P. currii) was only available as crushed
material. Enamel was picked from this sample mechanically under a microscope to avoid
the presence of any dentin.

2.4. Sample Analysis

For samples analyzed in the Stable Isotope Laboratory at Southern Methodist Uni-
versity, Dallas, TX, USA, between 0.7 and 5 mg of powdered enamel were reacted under
vacuum with 102% phosphoric acid for at least 4 h at 25 °C before extraction on a vacuum
line. Purified CO, gas was measured for isotopic composition on a Finnigan MAT 252 mass
spectrometer and calibrated against a tank of carbon dioxide gas from Oztech Trading
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Corporation (Houston, TX, USA). This tank was periodically calibrated using a suite of
international (NBS-18 [5!13C —5.01%o, 6'80 —23.2%0], NBS-19 [5!3C 1.95%0, 680 —2.2%.])
and in-house (Carrara marble [6'3C —2.2%o, 5!80 —5.9%o]) carbonate standards.

Samples analyzed in the Stable Isotope Geosciences Facility at Texas A&M University,
College Station, TX, USA, were weighed between 0.5 and 2 mg and reacted under vacuum
with 102% phosphoric acid for ~15 min at 75 °C in a Kiel IV carbonate device coupled to a
ThermoFinnigan MAT 253 mass spectrometer. These samples were run alongside multiple
NBS-19 standards for calibration and quality control. Isotopic compositions are reported
in §-notation and expressed in part per thousand (%.) with respect to V-PDB. Analytical
uncertainty from both labs was less than 0.1%..

2.5. Compiled Data

The previously published data sets (1 = 130 samples total) were run in different
labs in the USA and Europe [36,37,39-41] using slightly different methods. For instance,
samples were reacted at higher temperatures according to the methods of [37,40] than in
the US labs [34,37, this study]. While there is concern about the high variability in oxygen
isotopic compositions with different reaction temperatures and methods [68-70], the carbon
isotopes, which are the focus of this study, show little variation when analyzed at different
temperatures or through different techniques (see [70]) if the calibration methods are similar
(i.e., one-point calibration; [71]). Each lab that measured the teeth reported their calibrated
carbon isotopic compositions using international standards (SMU: NBS-18 [6'3C —5.01%o,
8180 —23.2%0], NBS-19 [6'3C 1.95%0, 180 —2.2%0]; TAMU: NBS-19; UNIL: NBS-19; Vrije
Universiteit (Amsterdam) Earth Science Stable Isotope Laboratory: IAEA-603 [613C 2.46 %o,
8180 —2.37%o]). This calibration step, along with the consistent behavior of carbon isotopic
fractionation using different reaction temperatures and techniques, allowed us to compare
results between labs. Isotopic compositions from each lab are reported in 6-notation and
expressed in part per thousand (%) with respect to V-PDB. Analytical uncertainty based
on the standards run alongside the samples was 0.14 %o or better.

2.6. Taxonomic Identifications

The teeth in our new data set were identified to taxon by sampling from published
specimens (e.g., [51,72]) or by comparison with specimens in institutional collections and
descriptions and illustrations in the literature (e.g., [17,63,73-75]). The taxonomic identifica-
tions of samples from previous studies were maintained, with the exception of two samples
referred to Plioplatecarpus [41], here considered Taniwhasaurus sp. based on comparisons
with figured specimens [76]. We referred the teeth from Sweden to the taxon “Platecarpus”
cf. “P.” somenensis because it compares well with the European holotype material of “Plate-
carpus” somenensis Thévenin 1896, which we consider a selmasaurin plioplatecarpine, and
is not in reference to large North American plioplatecarpin plioplatecarpines that have
been erroneously assigned to that taxon [47,52]. Species referred to the genus Liodon are
considered to be closely related to or in some cases included in the genus Prognathodon [63];
however, we maintained the assignments to Liodon for the published samples [41] in our
compiled data set.

2.7. Institutional Abbreviations

HUJ, Hebrew University of Jerusalem, Israel; LO, Paleontological Collection, Depart-
ment of Geology, Lund University, Lund, Sweden; MGUAN PA, Museum of Geology,
Universidade Agostinho Neto, Luanda, Angola; NHMM, Natuurhistorisch Museum Maas-
tricht, Maastricht, the Netherlands; SMU, Shuler Museum of Paleontology, Southern
Methodist University, Dallas, TX, USA.
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3. Results

The detailed results are presented in Appendix A and graphically summarized in
Figure 2. In the following sections, we present the findings by taxonomic group, placing
them within foraging areas following the zonation scheme of Clementz and Koch [32].
We use the general terms “more nearshore” and “more offshore” to encompass the range
of values from 0%o to —16%.. We use the term “Nearshore Zone” (NSZ) to include the
combined ranges of the “Kelp Bed Zone” (KBZ) and that portion of the “Estuarine Zone”
(EZ) of Clementz and Koch [32] that falls below —8.0%.. We use “Nearshore Marine Zone”
(NSMZ) and “Offshore Marine Zone” (OSMZ) for those partially overlapping zones defined
by Clementz and Koch [32].
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Figure 2. Mosasaurid §'3C values by taxon. Color coding denotes subfamily membership:
yellow = Halisaurinae; red = Mosasaurinae; green = Plioplatecarpinae; blue = Tylosaurinae. See
Appendix A for details.
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3.1. 613C by Taxon
3.1.1. Halisaurinae

Samples of Eonatator sp. from the latest early Campanian of Asen, Sweden, yielded
513C values of —5.9 and —7.7%., and Halisaurus sp., from the Lower Maastrichtian of
Angola [39], yielded a value of —7.2%o, suggesting foraging in the NSZ.

3.1.2. Early-Diverging Plioplatecarpinae

Tethysaurus nopscai, from the lower Turonian of Morocco, with an average 5!C value
of —6.9%o, suggests a NSZ preference. Russellosaurus coheni, from the middle Turonian
of Texas ranged from —3.5%o to —4.3%., suggesting foraging in the least depleted NSZ,
exceeding the ranges given by [32]. Ectenosaurus sp. from the upper Santonian of west
Texas [57] had a range of —3.1%0. to —4.6%o., indicating foraging in the most enriched
NSZ and similar to the results for Russellosaurus. Angolasaurus bocagei from the Coniacian
of Angola [74] yielded values of —7.4%o to —9.2%., within the range of later branching
plioplatecarpins and within the NSMZ.

3.1.3. Plioplatecarpinae: Plioplatecarpini

Three North American plioplatecarpins yielded values between —7.5%0 and —9.6%o,
falling within the lower half of the NSMZ. Plesioplatecarpus sp. from Kansas and Texas
yielded —8.8%0 and —7.5%o, respectively. Latoplatecarpus sp. from Kansas yielded —7.6%o
and the Texas sample yielded a range of values from —9.1%o to —9.6%o. Plioplatecarpus sp.
from north central Texas and western Arkansas yielded —7.6%o and —7.7%o., respectively.
The northern European Plioplatecarpus samples yielded a range from about —7.0%o. to
—11.1%o. One Scandinavian Plioplatecarpus sample yielded —9.5%0, while a juvenile sample
yielded a value of —0.2%., which appears to be an outlier and is likely diagenetically altered.
Apart from the aforementioned outlier, most Plioplatecarpus samples fall within the NSMZ,
but the European-Scandinavian sample’s upper range is more depleted than the North
American sample.

3.1.4. Plioplatecarpinae: Selmasaurini

Three selmasaurin taxa yielded a range of values from —6.9%o to —11.5%o. Selmasaurus
johnsoni from the lower Santonian of western Kansas yielded —6.9%o, falling within the
NSZ. Three specimens of the selmasaurin “Platecarpus” cf. “P.” cf. somenensis from the
lower Campanian of Asen, Sweden, had average 513C ratios of —10.9%0, —11.3%., and
—11.5%o, within the overlapping part of the NSMZ and the OSMZ, the most depleted
(offshore) values of any plioplatecarpine. An individual from Ugnsmunnarna, Sweden,
also lower Campanian, had an average value of —7.7%., within the distal part of the NSZ.
Gavialimimus sp. [20] from the Lower Maastrichtian of Bentiaba, Angola, yielded values
ranging from —7.2%o. to —10.9%., suggesting that it was foraging in much of the NSMZ.

3.1.5. Tylosaurinae

An undescribed basal branching tylosaurine from the Turonian of North Texas
(LO7786) yielded a 5'3C ratio of —7.0%., indicating foraging in the depleted portion of the
NSMZ. Eight specimens of Tylosaurus aff. T. proriger yielded values ranging from —8.2%. to
—13.3%o, occupying most of the NSMZ but extending into the more depleted portion of the
OSMZ. Nine samples of Tylosaurus ivoensis from Asen, Sweden, yielded average 5'>C ratios
between —7.6 and —12.4%o., suggesting foraging primarily in the NSMZ, but also ranging
into the OSMZ.
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3.1.6. Early-Diverging Mosasaurinae

The basal branching mosasaurine Dallasaurus turneri from the middle Turonian of
Texas yielded a 8'3C value of —2.8%o, suggesting foraging in the most enriched NSZ,
similar to the results for Russellosaurus and Ectenosaurus. Clidastes from Texas yielded
values ranging from —6.7 %o and —8.3%o., and Clidastes from Asen, Sweden, ranged from
—5.4 %o to —9.1%o., indicating that Clidastes was foraging in the NSZ and the less depleted
portion of the NSMZ.

3.1.7. Mosasaurinae: Plotosaurini

A single specimen of Mosasaurus conodon yielded a value of —7.4%o., foraging in the
most depleted part of the NSZ. Adult specimens of Mosasaurus hoffmanni ranged from
—7.1%o to —14.9%., with specimens from Texas yielding values from —7.4%o to —9.5%., the
Netherlands —7.1%o to —14.9%., and Angola from —8.9%. to —12.9%., ranging through
all three foraging zones and beyond the OSMZ. Juvenile specimens of M. hoffmanni from
northern Europe yielded values of —7.1%o to —9.2%., ranging from the most depleted part
of the NSZ to the less depleted quarter of the NSMZ.

3.1.8. Mosasaurinae: Globidensini

A juvenile Globidens alabamaensis yielded an average 5'C value of —5.3%o, at the most
enriched end of the NSZ. A co-occurring adult specimen of G. alabamaensis yielded an
average value of —10.5%o, in the lower part of the more depleted half of the NSMZ. Samples
of Globidens phosphaticus teeth from the Lower Maastrichtian of Bentiaba, Angola, yielded
average 5'°C values ranging from —10.8%o and —16.1%o, falling mostly within, but also
exceeding, the OSMZ. Carinodens from the Upper Maastrichtian of northern Europe yielded
values ranging from —10.3%o to —10.8%o; a single sample from Denmark yielded —6.3%o
and a single Angolan sample yielded —8.1%.. Taken together, these suggest that Carinodens
foraged in the upper half of the NSZ and much of the NSMZ. A single specimen of P. currii
from the latest Campanian of Israel gave a single measurement of —15.1%o, falling within
the most depleted portion of the OSMZ.

A Prognathodon cf. P. overtoni specimen from the Lower Maastrichtian of north Texas
had a §'3C average value of —11.5%0 [36], falling within the overlapping portions of
the NSMZ and OSMZ. Two specimens of Prognathodon cf. P. lutugini from the middle
Campanian of Asen, Sweden, yielded 5'3C values between —5.4%0 and —9.3%,, ranging
from the NSZ into the lower half of the NSMZ. Prognathodon sectorius from the Maastrichtian
of northern Europe yielded §!3C values of —9.9%0 to —12.2%0, approximately in the upper
half of the NSMZ and the overlapping, less depleted part of the OSMZ. Prognathodon
saturator from the Maastrichtian of northern Europe yielded values ranging from —10.9 %o
to —13.6%., falling within the more depleted part of the NSMZ and ranging into the
upper half of the OSMZ. Prognathodon kianda from the Lower Maastrichtian of Bentiaba,
Angola, ranged from —5.2%o to —15%o, suggesting foraging across all three defined zones.
Specimens tentatively referred to Liodon from Antarctica ranged between —8.2%. and
—13.5%0, encompassing the NSMZ and ranging into the upper half of the OSMZ.

3.2. 813C Through Time

Figure 3 illustrates the geographic distribution of mosasaurs and feeding guild cover-
age [8,17,37,77] for five time slices and §'3C values by taxon through time, ranging from
the early middle Turonian (~93 Ma) though to the latest Maastrichtian (66 Ma), for the taxa
analyzed in this contribution.
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Figure 3. Temporal distribution of mosasaurs, tooth guild occupation, and isotope values by taxon.
Geographic distribution of mosasaurs through time after [1]; horizontal tan bands span 15° to
30° north and south latitude. Tooth-morphology-based guild membership is subjectively assessed
following previous research [8,17,77]. Color denotes subfamily membership: yellow = Halisaurinae;
red = Mosasaurinae; green = Plioplatecarpinae; blue = Tylosaurinae.

3.2.1. Early Radiations

Foraging area segregation at the subfamily level appears to be established by the lower
middle Turonian. Early-diverging plioplatecarpines, such as Tethysaurus and Russellosaurus,
range farther offshore than Dallasaurus, which is also differentiated by its small size (~1 m)
and tooth form [58]. Tethysaurus has the most depleted values, falling within the NSMZ
(but see discussion below). A three-to-four-meter-long basal branching tylosaurine from
the upper part of the middle Turonian of Texas occupies the proximal part of the NSMZ,
but also maintains a conservative dentition, similar to Russellosaurus in size and shape.

3.2.2. Coniacian-Santonian

By the Coniacian-Santonian, most moderately sized plioplatecarpines, such as An-
golasaurus, fall within the NSMZ, a foraging range they occupy through the remainder
of the Cretaceous. Exceptions to this include the rare taxa Ectenosaurus, Selmasaurus, and
“P.” ct. somenensis, all of which deviate from contemporaneous plioplatecarpins in dental
morphology, skull architecture, or both. Within the Coniacian-Santonian sample, Clidastes
is the first mosasaur bearing blade-like teeth. Although Clidastes is approximately the
same adult size as contemporary plioplatecarpines, it appears to prefer a more nearshore
foraging area. However, there are only a couple of contemporary plioplatecarpine samples
and no tylosaurine samples for this interval, limiting direct comparisons.
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3.2.3. Campanian

In the middle Campanian, most plioplatecarpin plioplatecarpines fall within the
NSMZ, as in the prior and following stages. The exceptions to this are the early occurrences
of Plioplatecarpus which appear in the upper Campanian of the North American Gulf Coast,
with our samples from Texas and Arkansas falling within the most distal part of the NSZ.
Also in the Campanian, tylosaurines achieve gigantic proportions [1] and range from the
NSMZ into the proximal two-thirds of the OSMZ. Clidastes maintains a relatively nearshore
habitat and is present into the middle Campanian, but is not known from the upper Cam-
panian or thereafter. In the lower and middle Campanian, mosasaurines show a marked
increase in taxonomic diversity and morphological disparity (Figure 1; [1]), with the first
appearance of globidensin mosasaurines represented by Prognathodon, Liodon, and the
durophagous Globidens. The first appearance of a plotosaurin mosasaurine is Mosasauris
conodon, with our sample falling within the foraging range of Clidastes. The body size
and dentition of Mosasaurus conodon is similar to that of the large middle Campanian
Clidastes, which it likely replaced in that feeding niche in the later part of the Campa-
nian. Prognathodon cf. P. overtoni falls within the proximal part of the OSMZ and bears
a robust crush—cut guild dentition, while Prognathodon cf. P. lutugini falls within the NS
and NSMZ, has a sectorial dentition, and falls within the cut guild. Globidens is found in
the NSZ and NSMZ and bears a nearly hemispherical crushing dentition in the middle
tooth row.

3.2.4. Maastrichtian

In the Maastrichtian, plioplatecarpin plioplatecarpines are represented by Plioplatecar-
pus from northern Europe in our sample set. They fall within a slightly expanded range
compared to previous stages, in the distal part of the NSZ and spanning the entire NSMZ.
This is also the case for the selmasaurin Gavialimimus sp. from the Maastrichtian of Angola.
The large plotosaurin mosasaurine Mosasaurus hoffmanni also appears in the Maastrichtian
and occupies the distal NSZ to beyond the defined limit of the OSMZ. This taxon is similar
to Tylosaurus in size and dental morphology, completely overlaps with its foraging range,
and thus appears to be the ecological replacement for large tylosaurines, which are not
known after the Early Maastrichtian.

A remarkable increase in disparity in tooth morphology occurs in Globidensini. There
is increased taxonomic diversity in durophagous taxa with the appearance of large-bodied,
low-crowned durophages such as Globidens phosphaticus, the high-crowned durophage
Prognathodon currii, and small-bodied taxa such as Carinodens. There is also significantly
expanded taxonomic diversity and tooth disparity in large macrophagous taxa such as
Prognathodon saturator and a range of other forms bearing more or less sectorial dentitions
but varying in their degree of lateral compression, such as in the taxa Prognathodon sectorius
and P. kianda. The Maastrichtian durophagous taxa in our sample are both relatively
depleted. Globidens phosphaticus ranges from the distal part of the NSMZ to beyond the
OSMZ, the most depleted (offshore) values for any taxon in our sample. Our single sample
of P. currii falls in the most depleted part of the OSMZ. P. saturator and P. sectorius (which
overlap the more enriched part of the range of P. saturator) fall within approximately the
middle of the foraging range recovered for the contemporaneous M. hoffmanni. However,
those three co-occurring taxa differ from one another in tooth morphology [37,78] and, in
the case of P. saturator, in skull architecture as well [79].
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4. Discussion
4.1. Trophic Level and Foraging Habit

Based on tooth form and known gut content, the mosasaur taxa discussed here were
carnivorous [8,17,20,77]. To facilitate comparisons between taxa, we assume dietary frac-
tionation was the same for all taxa. Fractionation factors from diet to enamel (Xgiet-enamel)
vary less among carnivores compared to herbivorous taxa (see [80,81]), typically centering
around 9 %o for terrestrial carnivores [82,83] and ~10%. for modern odontocetes [84-87].
While enrichment in whole-body 13C occurs from one trophic level to the next, its relevance
is relatively minor (up to 1%. per trophic step, [31]). The opposite is true for §'3Cpom
values, which become more depleted (increasingly negative) with distance from shore
and with depth, which propagates depletion from primary producers to top predator §'3C
enamel values through the trophic chain [32].

Foraging depth may also be a factor in interpreting 5'3C values. Benner et al. [88]
demonstrated a decrease in primary producer 5§!*C of about 3%. between waters 100 to
200 m deep. This decrease in primary producer §'3C with increasing depth propagates
through the food web, resulting in carnivores that consistently feed at depth having
depleted 5'3C ratios compared to shallow-foraging individuals. For example, Clementz
and Koch [32] argued that the depleted nature of elephant seal tooth enamel §'3C (~—13%o)
relative to other pinnipeds may be in part related to their habit of deep diving (>300 m,
with some dives exceeding 1000 m [89]). Thus, we interpret §!3C values primarily as a
proxy for foraging area, which may indicate shoreline proximity, water depth, or some
combination of the two.

4.2. Physiological Factors

Air-breathing marine amniotes accumulate CO; in their bodies during oxygen con-
sumption while breath-holding [90-92]. This increased amount of respired CO; in the
blood among deep divers (or long-duration breath-holding) leads to a more depleted 5'3C
value compared to shallow-diving or surface-dwelling individuals. During long-term
dives, marine reptiles may increase the accumulation of CO; in their body fluids, including
the blood, as a result of the increased resistance to blood flow [90,93,94]. The CO, present
in the blood then reacts with water, forming carbonic acid. This acid dissociates into
carbonate and bicarbonate (HCO3), the latter being the predominant form of CO, in the
blood [91]. The majority of bone and enamel carbonate is derived from the respired CO, in
the blood. Thus, the *C-depleted nature of respired CO, results in a negative correlation
between the amounts of respired CO, incorporated in bone carbonate and the §'3C of that
carbonate [95].

Physiological differences between shallow and deep divers may influence the fraction-
ation captured in tooth enamel. Deep-diving marine amniotes typically store more oxygen
in their blood and tissues than their lungs [94]. During long, deep dives, oxygen release
is favored over oxygen uptake, which efficiently uses stored oxygen and increases the
amount of respired CO, in the blood. The '3C-depleted respired CO, is then incorporated
into the tissue carbonate. Shallow divers lack the deep-diving adaptation of increased
oxygen storage in the blood and tissues, instead storing more oxygen in the lungs [94].
During long dive periods, blood pH decreases. This pH decrease occurs in tandem with the
decrease in pO; in the lungs, a situation which favors oxygen uptake rather than release.
The Bohr effect, a decrease in oxygen affinity with decreasing pH, is disadvantageous
under these long, shallow dive conditions. The Bohr effect decreases over the course of a
prolonged dive to compensate for the drop in pH, which allows for the release of the last
traces of Oy in the lungs [94]. This method is a less efficient oxygen transport system than
that of deep-divers, resulting in lower amounts of respired CO; in the blood compared
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to deep-diving species. The carbonate precipitated in equilibrium with the blood of a
shallow-diving animal should therefore be enriched in '3C compared to deep-divers.

Biasatti [96] examined modern sea turtle remains for evidence of the effects of respira-
tory physiology, diet, and latitude on the 5'3C ratios of sea turtle bone carbonate. Samples
from the Green sea turtle, Chelonia mydas, a shallow-diving species, were similar to those
of barnacles found on their carapaces and the 5'C ratios of marine dissolved inorganic
carbonate (DIC; 0-1%o). Biasatti [96] also argued that the deep-diving adaptations and
behavior of Leatherback (Dermochelys coriacea) and Olive Ridley (Lepidochelys olivacea) sea
turtles cause a greater accumulation of CO, in the blood compared to species not adapted
for deep diving. The depleted values from the Leatherback turtle (—6 to —13%o) and
Olive Ridley turtle (—7 to —9%.) were similar to the ranges found among deep-diving
cetaceans [96,97].

Although carbon isotope ratios may be influenced by depth [88] and dive duration [95,96],
when viewed in the context of depositional environment or other clues as to feeding style,
these factors may provide more nuanced interpretations of the raw §!3C values in certain
taxa. One example is the large Maastrichtian durophage Globidens phosphaticus and the
locality of Bentiaba, Angola [73]. Skeletal remains and numerous shed teeth are found
within a small geographic area at Bentiaba, associated with the remains of other taxa
which yielded much more enriched §'3C values [39]. Thus, shoreline proximity alone
cannot account for the depleted values seen in Globidens phosphaticus (~—11~—16%o). The
depositional setting in the locality is relatively nearshore and the local paleobathymetry is
estimated to be 50-150 m [39]. The taxon possesses large, irregularly hemispherical teeth,
well suited for crushing hard-shelled prey. The locality is also rich in the remains of a
large inoceramid bivalve, reported to be at least one of the prey items of the genus [12].
Taken together, it is reasonable to infer that at least part of the significantly depleted values
seen in this taxon is due to the increased dive time (and depth) associated with bottom
foraging. Additionally, feeding low on the trophic chain, Globidens would not manifest the
1%o per trophic step enrichment of the apex predators in the ecosystem, given comparable
shoreline proximity.

4.3. Other Factors

Local ecological setting and latitude are known to affect §'°C values. However,
patterns of mosasaur assemblages in disparate geographies (and time slices) of our data
are broadly similar (Figure 4), with larger taxa generally exhibiting more depleted values
(Figure 5). This body-size partitioning correlates well with tooth forms, where small-bodied
piscivorous taxa occupy a more nearshore range, large-bodied macrophages forage in a
more offshore range, and generalists with more or less sectorial dentitions foraging in
a broad range irrespective of body size (e.g., Prognathodon kianda). Where two taxa are
found to occupy the same isotopic range, there is little or no overlap in tooth form. Where
differences between similar taxa occur between localities, these may be an artifact of noise
in the sample, local ecological effects related to shoreline proximity, latitude, or some
combination of these. Nonetheless, the broader patterns of foraging area partitioning are
relatively consistent, although comparisons among geographies reveal some differences
in detail.
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Figure 4. 5'3C by select geographic region. Color coding denotes subfamily membership: yel-
low = Halisaurinae; red = Mosasaurinae; green = Plioplatecarpinae; blue = Tylosaurinae.

For instance, the two localities from Scandinavia yielded taxonomic patterns of range
occupation that differ somewhat from one another. The samples were collected from
sediments at Asen and Ugnsmunnarna, deposited at about 50 °N paleolatitude (Figure 4B).
They are latest early Campanian in age (middle Campanian in the North American tripartite
Campanian system) and fall within the informal Belemnellocamax mammillatus biozone,
which is roughly 300 kyr in duration [98]. The marine succession at Asen was deposited
in a nearshore environment. The presence of floodplain sediments, hybodont shark teeth,
and the topography of the adjacent basement rock (i.e., the Holjean valley), suggest that
a fluvial system was located close nearby. At Ugnsmunnarna the fauna preserves a more
ontogenetically mature sample, and was likely more distal or a deeper water deposition
than Asen during the latest early Campanian [99]. The recovered 5'3C values range from
—5.4%o to —12.4%o, with significant overlap among taxa; however, segregation patterns do
exist. Halisaurines, with a range of values from —5.9%. to —7.7%o, overlap with the lowest
part of the range of Tylosaurus (—7.6%o to —12.4 %o) and “P.” cf. somenensis (—7.6%o to
—12%0) and occupy roughly the upper half of the range of both Clidastes (—5.4%o to —9.1%o)
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and Prognathodon (—5.4%o0 to —9.3%o). The relatively enriched values for the halisaurine
Eonatator and its small body size (~3 m), suggest that this taxon was foraging in the depleted
part of the Nearshore Zone. The range of values of Clidastes and Prognathodon, co-occurring
in the Asen sample, nearly overlap, suggesting that they probably occupied the same
nearshore and nearshore marine foraging area, but may have been partitioning by prey
size, with Clidastes being significantly smaller (~4 m) than the larger (~8 m) Prognathodon
species present in the locality (e.g., [75,99]). The aggregate range of values for Tylosaurus
and “P.” cf. somenensis largely overlap; however, the samples from Ugnsmunnarna occupy
opposite parts of the range compared to those at Asen (Figure 4B). It is unclear if the
influence of meteoric water via river discharge at the Asen locality had any effect on the
recovered values; however, one would expect a more uniform skewing of all the taxa in
the locality if this were the case. Instead, the aggregate Tylosaurus and Clidastes values are
roughly comparable to the North American sample, but the nearshore Asen sample does
not contain the more depleted values for Tylosaurus; they are present in the more distal,
offshore sample from Ugnsmunnarna, suggesting instead that this may be an artifact of
sampling. If this is the case, the genera Tylosaurus and “P.” cf. somenensis co-occur in the
mid-shelf to most offshore part of the range, but differences in tooth forms in those taxa
(e.g., [98]) suggest possible partitioning by prey type and size.
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Figure 5. '3C by select geographic region and body length. Size data taken from [1].

The northeastern European sample is from the Maastrichtian type area, deposited at
about 45 °N paleolatitude. Although the values at the depleted end of the range are similar
to the other localities, the most enriched values (Figure 4C) are about ~2-3 %o more depleted
than the other localities. Schulp et al. [37] reported isotope values for five mosasaur taxa
(Figure 4C), finding that depleted 5'3C values largely correlate with increased body size, as
previously noted by Robbins et al. [36]. With the exception of P. saturator, the taxa reported
by [37] range through much of the Late Maastrichtian [100] and are found on a relatively
shallow carbonate shelf, with water depths ranging from 80 m in the uppermost Gulpen
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Formation to between 2 and 15 m in the uppermost part of the Maastricht Formation [101].
The majority of the sample (80%) is from the uppermost part of the Maastricht Formation,
from relatively shallow water. As pointed out by Wendler [102], myriad variables influence
the absolute values of §'3C at specific localities. Thus, the more depleted values seen
in the northeastern European sample, may possibly be due to local shoreline proximity
and water depth, latitudinal factors, or other factors that negatively influence primary
producers. This may also be the case for the Tethysaurus from the lower Turonian of the
North African margin, which yielded relatively depleted values, incongruent with its size
and level of marine adaptation. The locality that produced Tethysaurus was deposited in an
open-platform environment [49] but under unusual and harsh conditions, indicated by a
depauperate fauna [103].

Notwithstanding the large number of variables influencing primary producers [102]
and the exceptions noted above, recovered 5'3C values with respect to body size, taxonomy,
and tooth form (Figures 2-5) are largely consistent across geographies.

4.4. Evolution of Foraging Behavior in Mosasaurs

As shown above (Figure 3), early in their evolution, mosasaurs generally occupied
a relatively nearshore range. Some taxonomic segregation of foraging area is already
apparent between the small-bodied mosasaurines (e.g., Dallasaurus) and the moderately
sized basal branching plioplatecarpines and tylosaurines (Figure 4). In the Coniacian—
Maastrichtian, moderately sized plioplatecarpines consistently occupy the NSMZ, while
both tylosaurines and mosasaurines expand their range farther offshore. Small-bodied
halisaurines appear to favor a nearshore foraging area.

Dental morphology (see, e.g., [17,37,77]) broadly corresponds with the recovered §'3C
values. All plioplatecarpine and tylosaurine mosasaurs possess simple slightly recurved
conical tooth crowns, only varying in ornamentation and robustness. A laterally com-
pressed sectorial tooth form is first seen in early-branching mosasaurines, such as Clidastes
in the Coniacian, and in the Campanian two new clades of mosasaurines appear: the
Plotsaurini and the Globidensini (Figure 1). Globidensin mosasaurines display the most
disparate range of tooth forms, suggesting a high degree of segregation by prey type and
differences in feeding style, consistent with the broad range of §'3C values recovered for
the clade. Globidensini originates in the Campanian, evidenced by novel and diverse
tooth forms, such as Prognathodon overtoni, which possess a robust bicarinate but squat
dentition; the robust but more laterally compressed dentition of Prognathodon (Dollosaurus)
lutugini [75,104]; and the broadly domed, durophagous dentition of Globidens alabamaen-
sis [105]. By the Late Campanian, diversity in the Globidensini increases, with additional
species of Globidens [62,106] and Prognathodon [107]. In the Maastrichtian, there is continued
diversification, with an apparent radiation of sectorial toothed forms such as Eremiasaurus,
P. sectorius, P. kianda, and other species previously referred to Liodon [63] (see also [15]).
Large macrophages such as P. saturator, Thalassotitan from Morocco [17,18], and a large Prog-
nathodon sp. from Angola [108] also appear in the Maastrichtian, along with durophagous
forms such as the small-bodied Carinodens [109,110], new species of Globidens [73,111], and
high-crowned durophages such as Igdamanosaurus [112] and P. currii [72]. Body size does
not appear to correlate with foraging range in the globidensin taxa Prognathodon kianda and
P. lutugini.

The range of tooth forms in globidensins stands in contrast to that of plotosaurins.
A sectorial dentition is present in Clidastes and Mosasaurus conodon, while large-bodied
forms such as Mosasaurus hoffmanni evolved a large robust macrophagous dentition and
Plotosaurus evolved a high-aspect-ratio piscivorous (piercing) dentition. Among the ploto-
saurin taxa in our sample, evidence of ecological replacement occurs with the appearance
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of Mosasaurus conodon and coincident absence of a large Clidastes in the upper Campanian,
with which it shares a similar dentition, body size, and isotopically determined foraging
range. In the Maastrichtian, the derived species M. hoffmanni possesses a robust tooth
form and attains a large body size, both traits similar to derived Tylosaurus species, a taxon
absent from the OSMZ in the Maastrichtian. Where foraging areas of multiple taxa overlap,
apparent differences in tooth form, body size, or both occur, reflecting prey preference,
suitability, or feeding niche. Foraging area occupation by multiple taxa with similar tooth
forms suggests greater competition and the finer partitioning of resources.

5. Conclusions

In this contribution, we presented a large taxonomic and temporal sample of §'3C
values derived from tooth enamel, revealing patterns of foraging area preferences of Late
Cretaceous mosasaurid squamates over evolutionary time scales (~93-66 Ma). Our results
for individual localities are broadly consistent with previous studies and their predictions,
but new insights were gained from the addition of the temporal axis. Notwithstanding the
relatively small sample size, sparse temporal sampling for certain timeframes, and other
sources of uncertainty, broad patterns of foraging segregation are apparent. Inference of
foraging area preference in conjunction with other data, such as body size, tooth form, skull
architecture, and swimming ability, provides the basis to evaluate niche occupation and
competition over evolutionary time scales.

Patterns of foraging area segregation at the subfamily level are established early
in the record, and there is a trend of increasing offshore range extension through time,
broadly mirroring increases in body size in certain taxa. The nearshore foraging range,
occupied by more basal forms in the Turonian, appears to be increasingly under-represented
through time. Derived russellosaurian mosasaurs are found to occupy nearshore marine
and the more enriched parts of offshore marine environments, although tylosaurines
achieve a large body size early and also are found to range somewhat farther offshore than
plioplatecarpines. Early plioplatecarpines range from nearshore to nearshore marine areas,
and the taxa with the most depleted values overlap with the earliest tylosaurines. From
the Coniacian through the Maastrichtian, plioplatecarpines are largely restricted to the
Nearshore Marine Zone, with a few outliers in the tribe Selmasaurini (e.g., Selmasaurus
johnsoni, “P.” somenensis) and the plioplatecarpin genus Ectenosaurus. Early small-bodied
mosasaurines occupy a relatively nearshore foraging area but diversify in the Campanian,
and thereafter occupy the widest range of foraging areas of all the subfamilies. One
mosasaurine tribe, the Globidensini, shows the greatest taxonomic diversity, plasticity of
tooth form, and range of body size, and also exhibits the broadest range of isotope values
of any clade. Mosasaurus conodon appears to replace the superficially similar, large middle
Campanian Clidastes, and large mosasaurines (e.g., Mosasaurus hoffmanni and some species
of Prognathodon) replace the large tylosaurines (Tylosaurus) in the upper Campanian or
Lower Maastrichtian. These may be two examples of competitive exclusion as a source
of extinction.
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Appendix A

Table A1. The §'3C values, rounded to one decimal place and listed by specimen and sample. Data
sources are as follows: * = this study; [36] = Robbins et al. (2008); [37] = Schulp et al. (2013); [39] = Str-
ganac et al. (2015); [40] = Giltaij et al. (2021); and [41] = Leuzinger et al. (2023). The Scandinavian
specimens processed for this study were un-numbered specimens from the Kristianstad Basin (Swe-
den) collected by one of us (J.L.) and referenced in the table for this contribution as Asenl-Asens8,
Kris1, Kris2, Ugn0, and Ugn1. The cell colors denote subfamily membership: yellow = Halisaurinae;
red = Mosasaurinae; green = Plioplatecarpinae; and blue = Tylosaurinae. The values for '>C and
5180 are represented in %. with respect to V-PDB, and wt.% carbonate and 5180 were included for
the samples for which they were available.

Specimen # (Sample #) Taxon Region s13C  s0 g: :";A)* ]g::a
Asenl (1) Eonatator sp. Scandinavia —7.7 —-3.7 7.8 *
Asenl (2) Eonatator sp. Scandinavia —-5.9 —2.8 7.1 *
Asen2 (1) Clidastes cf. C. propython Scandinavia —9.1 —-3.3 8.2 *
Asen3 (1) Clidastes cf. C. propython Scandinavia —54 31 6.4 *
Asen3 (2) Clidastes cf. C. propython Scandinavia —54 21 42 *
Asen3 (3) Clidastes cf. C. propython Scandinavia =75 =23 4.5 *
Asen4 (1) Clidastes cf. C. propython Scandinavia —8.0 - 7.8 *

SMU76391 (1) Clidastes sp. North Texas —-7.1 -3.0 5.4 [36]
SMU76391 (2) Clidastes sp. North Texas —8.1 —-35 4.9 [36]
SMU76404 (1) Clidastes sp. North Texas —8.3 =341l 3.2 [36]
SMU76281 (1) Clidastes sp. North Texas —6.8 —3.1 5.1 [36]
SMU72184 (1) Clidastes cf. C. propython North Texas —6.7 —43 4.6 *
SMU62504 (1) Clidastes sp. North Texas —6.7 -39 44 *
TMM43209-1 (1) Dallasaurus turneri North Texas —2.8 —4.4 4.8 *
MGUAN PA149 (1) Globidens phosphaticus West Africa —-13.8 25 42 [36]
MGUAN PA149 (2) Globidens phosphaticus West Africa —146 23 4.4 [36]
MGUAN PA149 (3) Globidens phosphaticus West Africa —14.0 4.5 [36]
MGUAN PA149 (4) Globidens phosphaticus West Africa —14.0 4.8 [36]
MGUAN PA149 (5) Globidens phosphaticus West Africa —13.9 3.2 [36]
MGUAN PA149 (6) Globidens phosphaticus West Africa —14.1 5.0 [36]
MGUAN PA149 (7) Globidens phosphaticus West Africa —14.0 59 [36]
MGUAN PA149 (8) Globidens phosphaticus West Africa —14.1 6.0 [36]
MGUAN PA149 (9) Globidens phosphaticus West Africa —14.2 4.0 [36]
MGUAN PA149 (10) Globidens phosphaticus West Africa —14.1 5.8 [36]
MGUAN PA149 (11) Globidens phosphaticus West Africa —14.0 3.0 [36]
MGUAN PA149 (12) Globidens phosphaticus West Africa —14.0 4.4 [36]
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Table A1l. Cont.

Specimen # (Sample #) Taxon Region s13Cc  s0 (;Zl :‘;A)* ]gjza
MGUAN PA149 (13) Globidens phosphaticus West Africa —13.6 5.0 [36]
MGUAN PA149 (14) Globidens phosphaticus West Africa —14.1 5.7 [36]
MGUAN PA149 (15) Globidens phosphaticus West Africa —14.1 2.8 [36]
MGUAN PA149 (16) Globidens phosphaticus West Africa —13.9 4.4 [36]
MGUAN PA149 (17) Globidens phosphaticus West Africa —14.1 4.0 [36]
MGUAN PA149 (18) Globidens phosphaticus West Africa —14.2 3.9 [36]
MGUAN PA149 (19) Globidens phosphaticus West Africa —13.9 3.3 [36]
MGUAN PA149 (20) Globidens phosphaticus West Africa —13.9 5.0 [36]

SMU76241 (1) Globidens alabamaensis (juv.) North Texas —5.2 —2.6 4.1 [36]
SMU76241 (2) Globidens alabamaensis (juv.) North Texas —5.3 —-25 34 [36]
SMU76241 (3) Globidens alabamaensis (juv.) North Texas —54 —2.6 3.7 [36]
SMU76280 (1) Sl SO North Texas 105 -34 36 [36]
(adult)
SMU76280 (2) (Clistdeters (Ao North Texas ~105 22 43 [36]
(adult)
SMU76348 (1) Mosasaurus cf. M. conodon North Texas —74 —-13 5.0 *
SMU76242 (1) Mosasaurus hoffmanni North Texas —95 —53 1.0 [36]
SMU62079 (1) Prognathodon sp. North Texas —-101 =32 2.9 *
SMU76393 (1) Prognathodon kianda South Atlantic —145 21 4.3 [36]
SMU76393 (2) Prognathodon kianda South Atlantic —149 21 4.2 [36]
SMU76393 (3) Prognathodon kianda South Atlantic —15.0 -20 5.0 [36]
HUJ OR 100 (1) Prognathodon currii Israel —151 24 3.5 *
SMU76504 (1) Prognathodon cf. P. overtoni North Texas —11.3 —-47 7.5 *
SMU76504 (2) Prognathodon cf. P. overtoni North Texas —-11.7 —45 7.5 *
Asenb (1) ?Prognathodon cf. P. lutugini Scandinavia -54 29 9.2 *
Asenb (2) ?Prognathodon cf. P. lutugini Scandinavia —54 29 8.6 *
Asenb (3) ?Prognathodon cf. P. lutugini Scandinavia —-76 26 7.9 *
Asenb (4) ?Prognathodon cf. P. lutugini Scandinavia -93 24 7.6 *
SMU76503 (1) ?Prognathodon sp. North Texas —-116 23 5.4 *
SMU76503 (2) ?Prognathodon sp. North Texas —144 22 8.1 *
SMU76503 (3) ?Prognathodon sp. North Texas —-11.8 —-34 9.1 *
SMU76503 (4) ?Prognathodon sp. North Texas -16.0 2.6 8.4 *
SMU76503 (5) ?Prognathodon sp. North Texas —-162 2.7 6.6 *
SMU76503 (6) ?Prognathodon sp. North Texas —157 26 8.4 *
SMU76334 (1) Tethysaurusnopscai North Africa 75 —48 3.0 *
SMU76334 (2) Tethysaurusnopscai North Africa —6.4 -39 2.0 *
MGUAN PA1 (1) Angolasaurus bocagei West Africa —-74  —06 3.7 *
MGUAN PA65 (1) Angolasaurus bocagei West Africa -92 28 4.5 *
SMU76350 (1) Ectenosaurus sp. West Texas —3.1 —4.4 4.0 *
SMU76350 (2) Ectenosaurus sp. West Texas —4.6 —3.0 4.0 *
FHSM VP16582 (1) Latoplatecarpus sp. Western Kansas -76 =53 47 *
SMU76501 (1) Plesioplatecarpus sp. Western Kansas —-88 58 4.8 *
Asenb (1) Platecarpus sp. Scandinavia —-10.9 7.4 *
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Table A1. Cont.

] . wt.% Data

Specimen # (Sample #) Taxon Region §3c 80 Carb * Src.
Asen? (1) s 6, B Scandinavia —120 —46 8.2 *

somenensis

Asen7 (2) R l”;g;fgg;‘;l;f P S ernelinaria 111 -43 83 *
Asen? (3) ”Plustsrc;;l;;z Zj;’isd. E Scandinavia —-11.0 -29 8.4 *
Asen7 (4) P Z“Sts;fe’fl’:;ﬂ;f P Scandinavia ~11.6 4.1 7.8 *
Ugn0 (1) R Z”Sts;ferﬁ;‘;l;f P Sornclimaria 78 —42 84 *
Ugn0 (2) “Platecarpus” ct. - Scandinavia 76 —41 84 .
SMU61617 (1) Latoplatecarpus sp. North Texas -96 47 6.1 *
SMU61617 (2) Latoplatecarpus sp. North Texas —-96 —44 48 *
SMU61617 (3) Latoplatecarpus sp. North Texas -9.6 32 5.5 *
SMU61617 (4) Latoplatecarpus sp. North Texas -91 28 54 *
SMU61617 (5) Latoplatecarpus sp. North Texas =0l —4.1 5.0 *
SMU61617 (6) Latoplatecarpus sp. North Texas =05 =5 49 *
SMU61617 (7) Latoplatecarpus sp. North Texas =01 -3.9 4.5 *
SMU61617 (8) Latoplatecarpus sp. North Texas —95 36 49 *
SMU76381 (1) Indet. sp. North Texas -84 42 3.7 *
SMU76497 (1) Plesioplatecarpus sp. Texas -75 34 4.6 *
SMU76393 (1) Plioplatecarpus sp. Western Arkansas 77 =28 54 *
SMU76498 (1) ?Plioplatecarpus sp. North Texas =76  =5Y 4.1 *
SMU73056 (1) Russellosaurus coheni North Texas —4.3 —5.8 4.5 *
SMU73056 (2) Russellosaurus coheni North Texas —35 —45 5.2 *
FHSM VP 13910 (1) Selmasaurus johnsoni Western Kansas —6.9 —-59 4.1 *
Asen8 (1) Tylosaurus ivoensis Scandinavia —-9.3 —3.6 6.1 *
Asen8 (2) Tylosaurus ivoensis Scandinavia —7.6 —-3.7 8.9 *
Krisl (1) Tylosaurus ivoensis Scandinavia =05 =25 59 *
Kris2 (1) Tylosaurus ivoensis Scandinavia —8.0 —2.6 6.3 *
Ugn1 (1) Tylosaurus ivoensis Scandinavia —-124 58 5.8 *
Ugnl (2) Tylosaurus ivoensis Scandinavia -104 35 5.8 *
Ugnl (3) Tylosaurus ivoensis Scandinavia =95 =33 5.7 *
Ugnl (4) Tylosaurus ivoensis Scandinavia =99 =33 5.7 *
Ugnl (5) Tylosaurus ivoensis Scandinavia -10.6 3.8 4.4 *
SMU76502 (1) Tylosaurus sp. North Texas -82 28 2.9 *
SMU61667 (1) Tylosaurus sp. North Texas —8.1 —3.7 6.9 *
SMU61667 (2) Tylosaurus sp. North Texas -9.0 35 49 *
SMU61667 (3) Tylosaurus sp. North Texas -105 37 53 *
SMU61667 (4) Tylosaurus sp. North Texas —-11.2 =33 5.8 *
SMU61667 (5) Tylosaurus sp. North Texas =117 34 5.7 *
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Specimen # (Sample #) Taxon Region §3c 80 (¥1 ;ﬁA’* ]g:a
SMU61667 (6) Tylosaurus sp. North Texas —-119 —45 6.5 *
SMU76500 (1) Tylosaurus sp. North Texas —-133 —6.7 3.8 *
SMU61113 (1) Tylosaurus sp. North Texas -11.8 3.6 Sl *
SMU61113 (2) Tylosaurus sp. North Texas -124 37 6.2 *
SMU61113 (3) Tylosaurus sp. North Texas —132 42 5.7 *
SMU61113 (4) Tylosaurus sp. North Texas —125 42 6.3 *
SMU61113 (5) Tylosaurus sp. North Texas =121 =39 5.5 *
SMU61113 (6) Tylosaurus sp. North Texas =121 —49 6.3 *
SMU61113 (7) Tylosaurus sp. North Texas =121 =35 4.4 *
SMU61113 (8) Tylosaurus sp. North Texas —-126 3.1 5.1 *
SMU61113 (9) Tylosaurus sp. North Texas —-121 29 49 *
SMU76392 (1) Tylosaurus sp. North Texas —13.0 58 5.4 *
SMU76392 (2) Tylosaurus sp. North Texas —126 —45 4.1 *
SMU76392 (3) Tylosaurus sp. North Texas —125 —6.1 5.6 *
SMU76392 (4) Tylosaurus sp. North Texas —-125 4.8 4.3 *
SMU76392 (5) Tylosaurus sp. North Texas —122 42 4.5 *

LO7786 (1) Tylosaurus sp. North Texas —-70 —48 6.7 *
SMU75374 (1) Tylosaurus sp. North Texas —-11.7 —62 6.3 *
SMU75374 (2) Tylosaurus sp. North Texas —-112 —-6.3 5.9 *
SMU75374 (3) Tylosaurus sp. North Texas -11.8 —69 6.8 *
SMU75374 (4) Tylosaurus sp. North Texas =120 —6.2 5.3 *
SMU76382 (1) Tylosaurus sp. North Texas -92 42 2. *
SMU75586 (1) Tylosaurus sp. North Texas —10.3 8.2 *

NHMM 1980.6 (1) Carinodensbelgicus Northern Europe —-10.8 —4.0 [37]
NHMM 1980.7 (1) Carinodensbelgicus Northern Europe -105 -23 [37]
NHMM 1980.7 (2) Carinodensbelgicus Northern Europe -105 —-23 [37]
NHMM 7354 (1) Carinodensbelgicus Northern Europe -103 3.6 [37]
NHMM 1984.88.1A (1) Plioplatecarpusmarshi Northern Europe —-10.7 —45 [37]
NHMM 1984.88.1A (2) Plioplatecarpusmarshi Northern Europe -11.1 —4.5 [37]
NHMM 1984.88.1B Plioplatecarpusmarshi Northern Europe -10.3 [37]
NHMM 1995 031 (1) Prognathodon sectorius Northern Europe =99 —34 [37]
NHMM LV 150 (1) Prognathodon sectorius Northern Europe -122 =30 [37]
NHMM 1998 141 (1) Prognathodonsaturator Northern Europe —12.8 [37]
NHMM 1998 141 (2) Prognathodonsaturator Northern Europe -133 —34 [37]
NHMM 1998 141 (3) Prognathodonsaturator Northern Europe -136 3.0 [37]
NHMM 1998 141 (4) Prognathodonsaturator Northern Europe -123 -2.8 [37]
NHMM 1998 141 (5) Prognathodonsaturator Northern Europe -123 =31 [37]
NHMM 1317.02 (1) Mosasaurushoffmanni Northern Europe -93 =32 [37]
NHMM MK 591 (1) Mosasaurushoffmanni Northern Europe -7.1 [37]
NHMM 4560 (1) Mosasaurushoffmanni Northern Europe -113 338 [37]
NHMM 1446 (1) Mosasaurushoffmanni Northern Europe —13.7 [37]
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Table A1l. Cont.

Specimen # (Sample #) Taxon Region s13Cc 880 (;Zl ;ﬁA’* ]g:a
NHMM 1446 (2) Mosasaurushoffmanni Northern Europe -13.0 44 [37]
NHMM 1446 (3) Mosasaurushoffmanni Northern Europe -12.6 —4.0 [37]
NHMM 1446 (4) Mosasaurushoffmanni Northern Europe -13.8 —6.2 [37]
NHMM 1446 (5) Mosasaurushoffmanni Northern Europe -140 —44 [37]
NHMM 1446 (6) Mosasaurushoffmanni Northern Europe -134 53 [37]
NHMM 1446 (7) Mosasaurushoffmanni Northern Europe -13.6 —4.0 [37]
NHMM 1446 (8) Mosasaurushoffmanni Northern Europe -149 -39 [37]
NHMM 1446 (9) Mosasaurushoffmanni Northern Europe -14.5 =39 [37]

NHMM 1446 (10) Mosasaurushoffmanni Northern Europe -13.7 38 [37]

NHMM 1446 (11) Mosasaurushoffmanni Northern Europe -13.6 —6.2 [37]
MGUAN PA 171 (1) Carinodens sp. West Africa —8.1 —-15 [39]
MGUAN PA 04 (1) Globidens phosphaticus West Africa —-146 21 [39]
MGUAN PA 05 (1) Globidens phosphaticus West Africa =182 =iz [39]
MGUAN PA 29 (1) Globidens phosphaticus West Africa -143 —12 [39]
MGUAN PA 30 (1) Globidens phosphaticus West Africa -108 —13 [39]
MGUAN PA 301 (1) Globidens phosphaticus West Africa —-126 —-11 [39]
MGUAN PA 307 (1) Globidens phosphaticus West Africa 116 —-17 [39]
MGUAN PA 31 (1) Globidens phosphaticus West Africa —-124 11 [39]
MGUAN PA 313 (1) Globidens phosphaticus West Africa —-125 15 [39]
MGUAN PA 33 (1) Globidens phosphaticus West Africa -11.0 24 [39]
MGUAN PA 500 (1) Globidens phosphaticus West Africa -161 21 [39]
MGUAN PA 61 (1) Globidens phosphaticus West Africa —143 16 [39]
MGUAN PA 314 (1) Halisaurus sp. West Africa —-7.2 —22 [39]
MGUAN PA 309 (1) Mosasaurus sp. West Africa —11.6 —14 [39]
MGUAN PA 309 (2) Mosasaurus sp. West Africa —8.9 —-1.4 [39]
MGUAN PA 44 (1) Mosasaurus sp. West Africa —11.6 26 [39]
MGUAN PA 46 (1) Mosasaurus sp. West Africa —-129 -19 [39]
MGUAN PA 177 (1) Gavialimimus sp. West Africa —7.2 2.1 [39]
MGUAN PA 312 (1) Gavialimimus sp. West Africa —-7.2 2.1 [39]
MGUAN PA 312 (2) Gavialimimus sp. West Africa -76 24 [39]
MGUAN PA 525 (1) Gavialimimus sp. West Africa —-9.2 —2.6 [39]
MGUAN PA 525 (2) Gavialimimus sp. West Africa —9.2 —-33 [39]
MGUAN PA 321 (1) Gavialimimus sp. West Africa —8.2 —-23 [39]
MGUAN PA 38 (1) Gavialimimus sp. West Africa —-109 -15 [39]
MGUAN PA 55 (1) Gavialimimus sp. West Africa —8.7 —3.6 [39]
MGUAN PA528 (1) Prognathodon kianda West Africa -89 —14 [39]
MGUAN PA 526 (1) Prognathodon kianda West Africa —-9.3 =19 [39]
MGUAN PA 527 (1) Prognathodon kianda West Africa —9.2 —23 [39]
MGUAN PA 28 (2) Prognathodon kianda West Africa —111 -16 [39]
MGUAN PA 28 (1) Prognathodon kianda West Africa —114 -23 [39]
MGUAN PA 304 (1) Prognathodon kianda West Africa —-7.3 —15 [39]
MGUAN PA 304 (2) Prognathodon kianda West Africa —69 —16 [39]
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Table A1l. Cont.

Specimen # (Sample #) Taxon Region s1BC 80 (;Zl :‘;A)* ]gjza
MGUAN PA 306 (1) Prognathodon kianda West Africa —-121 24 [39]
MGUAN PA 315 (1) Prognathodon kianda West Africa -10.1 -1.8 [39]
MGUAN PA 318 (1) Prognathodon kianda West Africa —124 24 [39]

MGUAN PA 35 (1) Prognathodon kianda West Africa —-10.7 -—-15 [39]
MGUAN PA 40 (1) Prognathodon kianda West Africa —-11.0 -17 [39]
MGUAN PA 41 (1) Prognathodon kianda West Africa —5.2 -19 [39]
MGUAN PA 45 (1) Prognathodon kianda West Africa -104 33 [39]
MGUAN PA 47 (1) Prognathodon kianda West Africa —-13.7 24 [39]
MGUAN PA 48 (1) Prognathodon kianda West Africa —-109 —16 [39]
MGUAN PA 50 (1) Prognathodon kianda West Africa —141 -37 [39]
MGUAN PA 50 (2) Prognathodon kianda West Africa —134 -19 [39]
MGUAN PA 53 (1) Prognathodon kianda West Africa —-12.8 =35 [39]
MGUAN PA 56 (1) Prognathodon kianda West Africa —6.6 —-2.0 [39]
NHMD 157504 (1) Carinodensminalmamar Scandinavia —6.3 —-3.1 [40]
NHMD 227349 (1) Mosasaurus sp. Scandinavia -111 25 [40]
OESM 8783 (1) Mosasaurus sp. Scandinavia —8.6 —2.6 [40]
NHMM 1984089-1 (1) Mosasaurushoffmanni Northern Europe -103 27 [40]
NHMM 1984089-1 (2) Mosasaurushoffmanni Northern Europe —9.0 —-34 [40]
NHMD 226499 (1) Mosasaurus cf. M. hoffmanni Scandinavia —6.9 —2.8 [40]
NHMD 226499 (2) Mosasaurus cf. M. hoffmanni Scandinavia —11.0 2.7 [40]
NHMD 227350 (1) Plioplatecarpus sp. Scandinavia 0.2 —34 [40]
NHMD 189763 (1) Plioplatecarpus sp. Scandinavia -95 28 [40]
NHMM 1997289 (1) Plioplatecarpusmarshi Northern Europe -70 24 [40]
NHMM 1997289 (2) Plioplatecarpusmarshi Northern Europe —-79 —4.0 [40]
NHMM 1998141-11 (1) Prognathodonsaturator Northern Europe -109 =27 [40]
NHMM 1998141-7 (1) Prognathodonsaturator Northern Europe —-11.6 25 [40]
MLié(S}-_IiZé-)éﬂa: Mosasauridae indet. Antarctica —8.2 —4.0 [41]
Mf;é’;%f) = Globidensini indet. Antarctica 112 —46 [41]
M]le é:ﬁl}-%il )_ = ?Mosasaurus indet. Antarctica —11.8 —44 [41]
MLiég_Iézé')%a: of. Liodon indet. Antarctica ~135 -39 [41]
MLiéé—_I;Zé—)fB?»a: cf. Liodon indet. Antarctica —114 —-3.6 [41]
M]le g:g%f )_ 2 ?Taniwhasaurus indet. Antarctica —10.6 —438 [41]
MIfIgGS:i)Z A(Li?Sa: ?Taniwhasaurus indet. Antarctica —6.8 —4.8 [41]
WLLIP LIS s cf. Liodon indet. Antarctica —11.8 3.5 [41]

ARG-13 (1)
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Table A1. Cont.

Specimen # (Sample #) Taxon Region §3c 80

wt.% Data
Carb * Src.

MLP 15-1-24-33b:

ARG-14 (1) cf. Liodon indet. Antarctica —125 =26 [41]

MLP 13-XI-19-38:

» .. ) B ~
ARG-18 (1) ?Mosasaurinae indet. Argentina 11.1 5.1 [41]

MLP 13-XI-19-38:

» . . B B
ARG-19 ?Mosasaurinae indet. Argentina 11.1 42 [41]
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