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The rise of macropredatory
pliosaurids near the Early-Middle
Jurassic transition

Sven Sachs®?, Daniel Madzia®?*, Ben Thuy©®? & Benjamin P. Kear®*

The emergence of gigantic pliosaurid plesiosaurs reshaped the trophic structure of Mesozoic marine
ecosystems, and established an ~80 million-year (Ma) dynasty of macropredatory marine reptiles.
However, the timescale of their ‘defining’ trait evolution is incompletely understood because the
fossil record of gigantic pliosaurids is scarce prior to the late-Middle Jurassic (Callovian), ~165.3 Ma.
Here, we pinpoint the appearance of large body size and robust dentitions to early-Middle Jurassic
(Bajocian) pliosaurids from northeastern France and Switzerland. These specimens include a new
genus that sheds light on the nascent diversification of macropredatory pliosaurids occurring shortly
after the Early-Middle Jurassic transition, around ~171 Ma. Furthermore, our multivariate assessment
of dental character states shows that the first gigantic pliosaurids occupied different morphospace
from coeval large-bodied rhomaleosaurid plesiosaurs, which were dominant in the Early Jurassic but
declined during the mid-Jurassic, possibly facilitating the radiation and subsequent ecomorph acme of
pliosaurids. Finally, we posit that while the emergence of macropredatory pliosaurids was apparently
coordinated with regional faunal turnover in the epeiric basins of Europe, it paralleled a globally
protracted extinction of other higher trophic-level marine reptiles that was not completed until after
the earliest-Late Jurassic, ~161.5 Ma.

The pliosaurid plesiosaur (Pliosauridae, Plesiosauria) clade Thalassophonea, or ‘sea murderers, encompassed
a taxonomically diverse marine reptile lineage whose fossils have been identified from Middle Jurassic to
lower-Upper Cretaceous strata virtually worldwide!-®. The group was characterised by proportionally very
large skulls, robust dentitions, short necks, and mega-body size with some forms exceeding lengths of 10 m”’.
However, the evolutionary timescale over which thalassophonean pliosaurids acquired these apex-predator
traits is contentious because substantial gaps exist in the plesiosaur fossil record'’. Indeed, although the origin
of Thalassophonea has been estimated to occur near the Early-to-Middle Jurassic transition'?, there are as yet no
definitively attributable skeletal remains recognised from strata older than Callovian (upper-Middle Jurassic).
Moreover, with the exception of the lower Callovian Marmornectes candrewi'* and middle Oxfordian (Upper
Jurassic) Anguanax zignoi®?, all other more basally divergent non-thalassophonean pliosaurids are Early Juras-
sic in age, and typified by comparatively small skulls, gracile dentitions, long necks, and diminutive body sizes
(up to~4 m)™*+Y.

Here, we assess one of the geologically oldest unequivocal thalassophonean pliosaurids from the upper Bajo-
cian (mid-Middle Jurassic) Marnes de Gravelotte of Lorraine in northeastern France. This taxon is represented
by a partial skeleton (Fig. 1a) excavated in 1983 by palaeontology enthusiasts from the Association minéral-
ogique et paléontologique d’Hayange et des environs (AMPHE). The fossils were later donated to the Musée
national d’histoire naturelle de Luxembourg (MNHNL) and identified as a species of the Callovian pliosaurid
Simolestes®™. Although since only briefly mentioned in the literature, this taxon—Simolestes’ keileni (Godefroit,
1994)*—is significant because the type specimen (MNHNL BU159) preserves an almost complete mandible that
is 1.33 m in maximum length and incorporates a robust dentition indicative of macropredatory thalassophone-
ans. MNHNL BU159 is also both geographically and stratigraphically proximal to a second very large (~ 1.5 m
in maximum length) but incomplete “pliosaurid-like” mandible (Paldontologisches Institut und Museum der
Universitat Ziirich [PIMUZ] A/I110521) that was recovered from the lower Bajocian Passwang Formation near
Arisdorf in the Basel-Land canton of Switzerland?'.
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Figure 1. Skeletal remains of the holotype (MNHNL BU159) of Lorrainosaurus keileni. (a) Reconstruction in
lateral view showing recovered elements. (b) Tooth crown with root. (c) Posterior section of mandible in lateral
view. (d) Glenoid section of mandible in articular view. (e) Complete mandible in ventral view. (f) Enlargement
of the mandibular symphysis. (g) Coracoid in dorsal view.

‘Simolestes’ keileni and PIMUZ A/I110521 have thus been advocated as “evidence for the continuous pres-
ence of gigantic apex predatory plesiosaurs in Europe” following a marine reptile turnover in western Europe
(Fischer et al.?, p. 28) that spanned the Aalenian (earliest-Middle Jurassic), and was marked, among others, by
the replacement of Early Jurassic large-bodied rhomaleosaurid (Rhomaleosauridae) plesiosaurs by archetypal
later Jurassic pliosaurids that then dispersed globally as the highest trophic-level predators?. Notably, though,
no unambiguous pliosaurid fossils were actually identified from these studied successions, and the systematic
affinities of ‘S’ keileni and PIMUZ A/II10521 have hitherto remained uncertain.

We provide detailed osteological description of ‘S’ keileni and perform phylogenetic and multivariate analyses
(Electronic Supplementary Material 1-5), targeting ‘S’ keileni and PIMUZ A/II10521, to: (1) establish the phylo-
genetic placement of the specimens within Plesiosauria; (2) compare the dental morphospace occupation of ‘S’
keileni with that of pliosaurid and rhomaleosaurid plesiosaurs; and (3) explore the timescale and global context
of plesiosaur apex-predator turnover associated with the Early-to-Middle Jurassic transition.

Institutional abbreviations

GFMSU, Geological Faculty, Lomonosov Moscow State University, Moscow, Russian Federation; GIK, Institut fiir
Geologie und Mineralogie, Universitit Koln, Cologne, Germany; MNHNL, Musée national d’histoire naturelle
de Luxembourg, Luxembourg; MWGUW), Stanistaw Jézef Thugutt Geological Museum, Faculty of Geology,
University of Warsaw, Warsaw, Poland; NNGASU, Museum of Nizhny Novgorod State University of Architecture,
Nizhny Novgorod, Russian Federation; PIMUZ, Paldontologisches Institut und Museum der Universitat Ziirich,
Zirich, Switzerland; SOIKM, Samara Regional History and Local Lore Museum named after P. V. Alabin, Samara,
Russian Federation; TsSNIGR, Central Scientific Research Geological Survey Museum named after Academician
E N. Chernyshev, St Petersburg, Russian Federation.
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Geological and stratigraphic setting

MNHNL BU159 was recovered from a temporary cutting excavated during an upgrade of the roadway between
Montois-la-Montagne and Sainte-Marie-aux-Chénes near Metz in Lorraine, northeastern France?® (Electronic
Supplementary Material 6, Fig. S1). At the time of discovery, this exposure revealed a succession of grey-blue
marls and yellow-brown argillaceous limestones that were rich in shell debris. The skeletal remnants of MNHNL
BU159 (Figs. 2, 3, 4, 5, 6 and 7, Electronic Supplementary Material 6, Figs S2-S4) occurred within a sandy cal-
careous marl horizon equivalent to the Marnes de Gravelotte”*?*, a regional lithostratigraphical unit that extends
along the northeastern margin of the Paris Basin. The Marnes de Gravelotte is laterally and stratigraphically
bounded by oolithic limestones and corresponds to a localised siliciclastic episode that affected marine sediment
accumulation along the northeastern periphery of the Middle Jurassic Burgundy carbonate platform?:.

The Marnes de Gravelotte has been specifically correlated with the upper Bajocian Parkinsonia parkinsoni
Zone, and yields abundant marine invertebrate assemblages comprising epifaunal and infaunal bivalves, belem-
nites, ammonites, terebratulid and rhynchonellid brachiopods, echinoderms, and serpulid annelids*. The depo-
sitional setting is interpreted as subtidal and above storm-wave base with episodic high-energy conditions*. The
seafloor seems to have been well-oxygenated and intensely bioturbated, as exemplified by the bones of MNHNL
BU159, which exhibit extensive bio-encrustation by serpulids and bivalves. This is most prolific on the dentiger-
ous surfaces of the mandible and ventral surface of the coracoid, but also affects the gastral ribs. We interpret
this as evidence for the skeletal remnants of MNHNL BU159 having decayed, dispersed and lain exposed on the
seafloor for some time where they served as hard substrate islands for benthic invertebrates before eventually
becoming buried in muddy substrate.

Material and methods

Plesiosaur dental terminology

Our terminology for the anatomical orientation of plesiosaur teeth refers to ‘apical’ as the direction toward the
tooth crown apex, and ‘basal’ describing the direction towards the cervix dentis®. Likewise, ‘distal’ and ‘mesial’
indicate the directions either away from or towards the snout tip, respectively. Lastly, labial’ implies the direc-
tion towards the lips, and ‘lingual’ implies the direction towards the tongue. Plesiosaur dental enamel surface
morphology complies with other recent studies>>?*-* in defining ‘apicobasal ridges’ as extending longitudinally
from the crown apex to base, and also usually being semicircular or triangular in cross-section. In turn, ‘ridglets’
refers to subtle apicobasally-oriented enamel structures often developed between adjacent apicobasal ridges or
on the non-ridged enamel surface; ‘ridglets’ can also be smooth or developed into a vermiculate surface orna-
mentation (Madzia®, Fig. 7).

Phylogenetic analyses

The phylogenetic relationships of pliosaurid plesiosaurs were investigated using the dataset of Sachs et al.*.
We obtained first-hand scores for MNHNL BU159 and PIMUZ A/II10521, and also added information for the
Early Jurassic (late Pliensbachian) pliosaurids Arminisaurus schuberti'® and Cryonectes neustriacus's, and for
the Middle Jurassic (middle Callovian) thalassophonean Eardasaurus powelli**, based on original observations,
photographs, and the literature. Our TNT 1.6>% search methods utilised an ordered ‘ccode’ set, with (1) an
unweighted parsimony analysis (UPWa); (2) a weighted parsimony analysis (IWa) with K=6; (3) IWa with the
K-value selected so that the weight ratio between no homoplasy and maximum possible steps was 1 to 10 (default
value); and (4) enforced monophyly of MNHNL BU159 and Simolestes vorax to assess the sister-taxon relation-
ship between the two operational taxonomic units (OTUs) as indicated by original assignment of MNHNL BU159
to Simolestes®. Maxtrees were manually fixed at ‘hold 200000;> Our initial ‘New Technology’ search involved
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Figure 2. Maxilla fragment from the holotype (MNHNL BU159) of Lorrainosaurus keileni in (a) lateral, (b)
dorsal, (c) ventral, and (d) medial views.
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Figure 3. Mandible from the holotype (MNHNL BU159) of Lorrainosaurus keileni in dorsal view: (a)
photograph; (b) graphic illustrating individual bones and important structures.

1000 addition sequences and default settings activated for sectorial searches, ratchet, drift, and tree fusing. A
subsequent ‘Traditional Search’ with tree bisection-reconnection (TBR) branch-swapping was performed on trees
saved to RAM. Bremer support was calculated for UPWa with TBR and sub-optimal trees retained with up to
three additional steps. Node support was determined using Symmetric Resampling for IWa with a “Traditional’
search, 1000 replicates, the default change probability P =33, and output expressed as GC frequency differences.

Tree topologies and numerical results from our phylogenetic analyses, as well as our character state matrix
are presented in Electronic Supplementary Material 1 and 2.

Multivariate analyses

We added MNHNL BU159 to the pliosaurid dental character state dataset of Zverkov et al.?, but with a corrected
carinal score (character 3) for the ‘Crimean pliosaurid’ GFMSU h-216 (0 —2)**> %, and new information on
selected rhomaleosaurid plesiosaurs (Electronic Supplementary Material 3). Our modified matrix (Electronic
Supplementary Material 3) was subjected to a 50% completeness threshold to mitigate the effects of missing state
entries. The data were also scaled to equal variance and a zero mean applied through subtraction of the mean
value for each character divided by the standard deviation. Using the cluster 2.1.0 package in R*® we applied
the Gower metric® to create a distance matrix. Our cluster dendrograms were produced using the stats
package and the Ward.D2 method. Our principal coordinates analysis (PCoA) was undertaken with the ape
5.3 package®” and a Gower metric with Cailliez correction for negative eigenvalues. All R code is supplied in the
Electronic Supplementary Material 4.
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Figure 4. Mandible from the holotype (MNHNL BU159) of Lorrainosaurus keileni in ventral view: (a)
photograph; (b) graphic illustrating individual bones and important structures.

Nomenclatural acts

This published work and the nomenclatural acts it contains have been registered in ZooBank, the proposed online
registration system for the International Code of Zoological Nomenclature (ICZN). The ZooBank LSIDs (Life
Science Identifiers) can be resolved and the associated information viewed through any standard web browser by
appending the LSIDs to the prefix http://zoobank.org/. The LSIDs are urn:lsid:zoobank.org:pub:5CF1780F-3728-
423C-A1E5-111DE436F2DO0 for this publication and urn:lsid:zoobank.org:act:1IED4F59D-AEAB-4142-872C-
2B974FFD8DO5 for the new genus Lorrainosaurus.

Systematic palaeontology

Plesiosauria de Blainville, 1835%!
Pliosauridae Seeley, 1874*
Thalassophonea Benson & Druckenmiller, 2014!
Lorrainosaurus gen. nov.

Etymology

Derived from ‘Lorraine) for the type locality; and ‘sadpog’ (sauros), Greek for ‘reptile’

Type species

Lorrainosaurus keileni (Godefroit, 1994)%.

Holotype

MNHNL BU159, an incomplete skeleton (Fig. 1a) comprising four associated teeth (Fig. 1b), a maxilla frag-
ment and articulated mandible (Fig. 1a-f), together with a left cervical rib and dorsal and gastral rib sections,
a mesopodial element and phalanx, the left coracoid (Fig. 1g), and several other unidentifiable bone remnants
(Figs. 2, 3, 4, 5, 6 and 7, Electronic Supplementary Material 6, Figs S2-S5).
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Figure 5. Mandible from the holotype (MNHNL BU159) of Lorrainosaurus keileni in right (top) and left
(bottom) lateral views: (a) photograph; (b) graphic illustrating individual bones and important structures.

Type locality and stage

A temporary road cutting between Montois-la-Montagne and Sainte-Marie-aux-Chénes ~ 18 km northeast
of Metz in Lorraine, northeastern France®. These deposits form part of the Marnes de Gravelotte regional
lithostratigraphical unit correlated with the upper Bajocian (mid-Middle Jurassic) Parkinsonia parkinsoni Zone.

Diagnosis

Large-bodied thalassophonean pliosaurid autapomorphically distinguished by a transversely broad, ‘wedge-
shaped’ splenial contact that extends anteriorly to the level of the fourth mandibular alveolus. Lorrainosaurus
keileni also displays a unique character state combination: (1) laterally expanded and posteriorly constricted
‘spatulate’ symphyseal section of the mandible bearing five to six alveoli; (2) lateral trough on the mandible
anterior to the glenoid fossa; (3) a retroarticular process that is shorter than the glenoid fossa; (4) retroarticular
process with posteroventrally oriented dorsoventral long axis and slightly posteromedially inflected mediolateral
long axis; (5) wide posteromedial seperation of the coracoids; (6) posterolateral edge of the coracoid (cornu)
projecting beyond the level of the glenoid fossa (Fig. 1).

Description and comparisons of MNHNL BU159

Cranium and mandible

MNHNL BU159 comprises an incomplete skeleton that was apparently disarticulated and dispersed prior to
burial. The cranium was not described by Godefroit®, but is represented by a section of the maxilla that preserves
at least four discernible alveoli, but potentially has up to six tooth positions accommodated in succession (Fig. 2).

The alveoli (herein designated MA1-MA4, Electronic Supplementary Material 6, Fig. S3a) are 21-24 mm in
maximum diameter and upright rather than procumbent, suggesting an original placement towards the poste-
rior maxillary tooth row (based on comparisons with complete dentitions attributed to Pliosaurus**. However,
MA2 is offset out of alignment, and is thus reminiscent of the transversely constricted mid-maxillary tooth row
in Liopleurodon ferox (Andrews*, p. 6, Text-Fig. 1). Indeed, the finished exterior bone surface is perforated by
sparse foramina and has an undulating profile that expands laterally around the alveoli, but is constricted by a
vertical trough that likely bordered a diastema between MA2-MA3. The medial and dorsal surfaces of the max-
illa fragment are damaged, with the dorsal surface having suffered severe corrosion, possibly through abrasion
during transport and subsequent bioerosion on the seafloor.

In contrast to the cranium, the mandible of MNHNL BU159 is largely intact with a well-preserved symphy-
seal section (Electronic Supplementary Material 6, Fig. S2) and exterior bone surfaces extending posterior to
the retroarticular processes (Figs. 3, 4 and 5, Electronic Supplementary Material 6, Fig. $4). Godefroit (%, p. 86)
identified up to six alveoli in the symphyseal part of the mandible with the first and sixth being smallest and
possessing a diagnostic “forme elliptique”. We alternatively interpret the alveolar shape as being more irregularly
oval to circular in outline, with five and a half symphyseal alveoli (designated mA1-mA6) discernible on the right
mandibular ramus, and at least five on the left (Electronic Supplementary Material 6, Figs S2a, S3b).

This arrangement compares with S. vorax, ‘Polyptychodon’ hudsoni, and Acostasaurus pavachoquensis,
which also have five-six symphyseal tooth positions*¢. Conversely, only three-four tooth positions parallel
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Figure 6. Postcranial elements from the holotype (MNHNL BU159) of Lorrainosaurus keileni. Left cervical
rib in (a) posterior, (b) lateral, (c) dorsal, (d) anterior, (e) medial, and (f) ventral views. (g) Dorsal rib section.
(h) Gastral rib. (i) Probable mesopodial element in dorsoventral view. Phalanx in (j) dorsoventral, (k)
anteroposterior, (1) proximal, and (m) ventral views.

the symphysis in Sachicasaurus vitae*, and the basally branching pliosaurids Thalassiodracon hawkinsii'>*

Stratesaurus taylori*’.

Symphyses with six-seven tooth positions are otherwise typical of pliosaurids, such as L. ferox, Brachauche-
nius lucasi, Pliosaurus macromerus, ‘Pliosaurus’ rossicus, Megacephalosaurus eulerti, Cryonectes neustriacus and
Kronosaurus queenslandicus'®***>1. Pliosaurus brachydeirus, Pliosaurus brachyspondylus, and Pliosaurus car-
penteri*>>? alternatively have eight-nine symphyseal tooth positions, with ‘Pliosaurus’ andrewsi®*, Marmornectes
candrewsi'?, Stenorhynchosaurus munozi*, and probably Makhaira rossica* having 10-12, and Peloneustes philar-
chus possessing 14-16*.

The symphyseal section of the mandible in MNHNL BU159 is transversely expanded (180 mm in maximum
transverse width) and ‘spatulate’™>, accommodating for a progressive increase in alveolar size up to the dimension-
ally largest mA4-mA5 tooth positions (37-39 mm in maximum diameter, respectively). The alveolar diameter
subsequently decreases from mA6 (31 mm in maximum diameter) to mA7-mAS8, which are the smallest alveoli
(22-20 mm in maximum diameter, respectively) and situated within a tapered “dentary constriction” (Gémez-
Pérez & Noé, p. 25), ~175 mm from the rostral-most tip of the dentary. Laterally expanded and posteriorly
constricted mandibular symphyses are historically characteristic of the genus Simolestes, including S. vorax** and
Simolestes indicus™, but also typify some Early Cretaceous pliosaurids, such as A. pavachoquensis*®, as well as the
indeterminate ‘short-necked’ plesiosaur from the Berriasian (lowermost Cretaceous) of northwestern Germany
(e.g. GIK 2120°°), and the Early-Middle Jurassic rhomaleosaurids Rhomaleosaurus thorntoni>®, Maresaurus

and
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Figure 7. Left coracoid from the holotype (MNHNL BU159) of Lorrainosaurus keileni in (a) dorsal, and (b)
ventral views.
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coccai®’, Meyerasaurus victor™, Atychodracon megacephalus®, and Thaumatodracon wiedenrothi®. Holland™!
further noted that marginal “embayments” accommodated the overhanging premaxillary teeth in S. vorax and
some other pliosaurids (e.g. K. queenslandicus®, p. 7, Fig. 5); however, these are not evident in MNHNL BU159
where the symphyseal margin is smoothly rounded.

The symphyseal alveoli of MNHNL BU159 are procumbent and dorsolaterally inclined in the right ramus,
but seem to be distorted and damaged on the left. Benson et al.*’ otherwise considered dorsolateral orientation
of the symphyseal alveoli to be an autapomorphy of Pliosaurus kevani.

Medially, the symphyseal alveoli of MNHNL BU159 are paralleled by a series of dental lamina foramina®"
that house remnants of at least three replacement teeth (Electronic Supplementary Material 6, Fig. S2a). There is
also a conspicuous “fossa” or “vacuity” (sensu®”%?) along the inset midline suture that may have connected with
openings to the Meckelian canal as described in S. vorax®, A. pavachoquensis*®, P. philarchus®, Hauffiosaurus
tomistomimus'®, and P. kevani*’, as well as the rhomaleosaurids R. thorntoni*®, A. megacephalus®, T. wiedenrothi®,
and the indeterminate ‘short-necked’ plesiosaur from the Berriasian of Germany>>.

Externally, the mandibular symphysis of MNHNL BU159 encloses an autapomorphically broad and ‘wedge-
shaped’ splenial contact that extends anteriorly up to the level of mA4. The splenial also forms a projecting
platform along the symphyseal midline that lacks any obvious contribution from the coronoid as occurs in B.
lucasi, P. philarchus, P. kevani, and K. queenslandicus*®*>%%; both the coronoid and angular contact the man-
dibular symphysis in Pliosaurus almanzaensis®. Strikingly similar “wide ventral ridge[s]” have been illustrated
on the mandibular symphyses of the rhomaleosaurids A. megacephalus (Smith*, p. 6, Fig. 3) and Macroplata
tenuiceps (Ketchum & Smith®, p. 1072, Fig. 1), but these do not integrate the splenial as a prominent ‘wedge-
shaped’ element.

The external surfaces of the dentary are perforated by numerous small nutrient foramina (Electronic Sup-
plementary Material 6, Fig. $2b,c). Foffa et al.*” showed that such foramina connect to intra-osseous channels
that potentially housed a dermal sensory system. Similar interpretations have been proposed for the mandibular
channels in ichthyosaurs®, and might evince crocodilian-like pressure receptors®, or electroreceptors as in some
aquatic mammals (e.g. dolphins)”’.

Most of the post-symphyseal alveolar row has been lost to weathering, although a sequence of four-five
anterior alveoli (mA9-mA13) are still preserved on the right mandibular ramus (Fig. 3). The most complete
of these (mA11-mA12) are 31-27 mm in maximum diameter, respectively, suggesting that the dentition was
anisodont**7!, with the largest functional teeth situated in the rostral-most section of the jaw around tooth
positions mA4-mAS5. Andrews* reported an identical tooth-size distribution in S. vorax, and anisodont denti-
tions also occur in species of Pliosaurus®, L. ferox®, A. pavachoquensis*®, Monquirasaurus boyacensis’> and K.
queenslandicus®.

Godefroit (%, p. 80) suggested that a “profonde encoche” (= “deep notch”) along the exposed post-symphyseal
edge of the splenial articulated with the coronoid, although this could not be confirmed. On the other hand,
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the angular clearly extends along the entire length of the mandible and underlaps the retroarticular process;
anteriorly the angular intercalates between the splenial and dentary behind the symphyseal confluence (Fig. 3).

None of the proximal mandibular elements have traceable sutures, but remnants of the surangular, angular,
prearticular (extending posteriorly below the glenoid as in H. tomistomimus'®, and articular all appear to be in
life-position (Fig. 5 and Electronic Supplementary Material 6, Fig. S4a). The mandibular fossae are badly dam-
aged and the coronoid processes, together with most of the surangular and dentary have eroded away to expose
the floors of the Meckelian canals (Fig. 3a).

The medial surfaces of the mandible are not visibly fenestrated in the post-symphyseal region (e.g. as in A.
pavachoquensis46), nor near the posterior mandibular foramen®®. Like other pliosaurids (Ketchum & Benson’®,
appendix 3, character 102), the glenoid fossa is dorsomedially inclined and projects medially as a prominent
flange (130 mm in maximum width); this imparts a distinctively “bowed” (Druckenmiller & Russell’®, p. 43,
character 75) mandibular profile in occlusal view (Fig. 3 and Electronic Supplementary Material 6, Fig. S4).

The posterolateral mandibular surfaces are indented by longitudinal troughs that extend anteriorly from the
glenoid articulations (Fig. 5). Similar troughs have been illustrated in PIMUZ A/II10521 (Sachs et al.?!, p. 339,
Fig. 2) and H. tomistomimus (Benson et al.'é, p. 552, text-Fig. 3), as well as in the rhomaleosaurids M. victor
(Smith & Vincent®, p. 1054, text-Fig. 3C), and T. wiedenrothi (Smith & Araujo®, p. 105, text-Fig. 7C). Benson and
Druckenmiller! considered the lateral mandibular trough to be a synapomorphy for Cretaceous leptocleidians
based on its occurrence in Brancasaurus brancai (Sachs et al.”>, p. 16, Fig. 4), Nichollssaura borealis (Drucken-
miller & Russell’s, p. 7, text-Fig. 5C), and Plesiopleurodon wellesi (Benson & Druckenmiller!, p. 11, Fig. 4).

The articular forms the posterior margin of the glenoid in MNHNL BU159, which is also situated at the level
of the tooth row (Druckenmiller & Russell’%, p. 45, character 82). The retroarticular processes (Electronic Supple-
mentary Material 6, Fig. S4c) are posteromedially inflected with their mediolateral long axes and posteroventrally
oriented with their dorsoventral long axes. The maximum anteroposterior length (115 mm) is equivalent to the
length of the glenoid, and the straight dorsal and curving ventral margins conforming to the “Type III” category
listed as diagnostic for P. brachydeirus and P. macromerus by Knutsen (*2, p. 266, Fig. 6).

Dentition

The remains assigned to MNHNL BU159 include three incomplete functional teeth ranging up to 30-36 mm
in maximum cross-sectional diameter. The only complete tooth (Fig. 1a) is 79.9 mm in maximum height to
the worn apex (28.6 mm from the lingual enamel base), and 15.7 mm in maximum labiolingual diameter. The
crown is conical with a sub-circular basal cross-section comparable to the teeth in Simolestes vorax> ®, ‘Plio-
saurus’ andrewsi>**%, Pachycostasaurus dawni®, Liopleurodon ferox®, Brachauchenius lucasi*®, Monquirasaurus
boyacensis’*, Kronosaurus queenslandicus”’, Marmornectes candrewi'?, Peloneustes philarchus®, Cryonectes neus-
triacus'®, Acostasaurus pavachoquensis*®, Sachicasaurus vitae*, Megacephalosaurus eulerti¥’, the multitaxic dental
assemblage historically assigned to ‘Polyptychodon interruptus™?, ‘Polyptychodon’ hudsoni (D.M. pers. obs.),
and numerous other isolated pliosaurid teeth®?*3%31.7879 The various species of Pliosaurus****>2, Gallardosaurus
iturralde®®, Makhaira rossica®, Stenorhynchosaurus munozi*, Luskhan itilensis®', and others®>* alternatively pos-
sess trihedral (M. rossica, Pliosaurus spp.) to sub-trihedral (G. itturraldei, L. itilensis, P. kevani, S. munozi), and
trihedral-to-trapezoidal®” crown shapes. MNHNL BU159 further lacks carinae or cutting edges, although one
(e.g. G. itturraldei, L. itilensis, P. kevani), two (most species of Pliosaurus), or three (M. rossica) prominent carinae
may be present in different pliosaurid taxa®*7480-82,

As noted by Godefroit®, the dental enamel of MNHNL BU159 is densely ornamented by 55 apicobasal ridges
that circumscribe the crown base; only 24 enamel ridges extend to the tooth apex with at least eight terminating
prior to the worn tip. Some short enamel ridglets are also interspersed between the apicobasal ridges. The enamel
ridge cross-sections are sub-triangular, with one branching ridge present on the lingual surface (Godefroit®, p.
81). Branching enamel ridges are absent in S. vorax® but occur elsewhere in P dawni®®, B. lucasi*®, M. eulerti®,
‘P’ hudsoni (D.M. pers. obs.), and various isolated pliosaurid teeth®® including the specimen identified as the
‘Maryevka pliosaurid’ (SOIKM KP-28988) or Thalassophonea indet. ‘Morphotype 1’ by Zverkov et al.’. Notably,
while the MNHNL BU159 tooth crown is most compatible with the ‘Maryevka pliosaurid; it lacks development
of the apicobasal ridges as “meandering” cutting edges (Zverkov et al.?, p. 829).

Postcranial elements

Only a handful of postcranial bones were recovered with MNHNL BU159. Godefroit® listed a cervical rib and
some dorsal rib fragments representing the axial skeleton. The cervical rib (Fig. 6a—e) is compact with “co-joined”
(Benson & Druckenmiller!, appendix 2, character 160) dorsal articular facets separated by a transverse groove
that can be traced onto the anterior and posterior surfaces of the rib shaft. Ventrally, the shaft becomes shallowly
downcurved and markedly compressed to form lobate anterior and posterior processes (59 mm in combined
anteroposterior length) resembling those on the short anterior-most cervical ribs of Jurassic pliosaurids like
Liopleurodon ferox (Andrews*, p. 15, Text-Fig. 4).

The dorsal rib fragments include one reassembled section (Fig. 6g) that has a distinctly circular cross-section
with “diamétre de 40 mm” (Godefroit?, p. 82). However, we also identified parts of at least three gastral ribs,
including two rod-shaped lateral elements with circular cross-sections, and a medial element with distinctively
tapered non-bifurcating ends (Fig. 6h).

The appendicular elements of MNHNL BU159 include a disc-like mesopodial that is still encased in matrix
(Fig. 61), and a phalanx (Fig. 6j—-m) with constricted shaft and rounded articular ends. Proportionally, this pha-
lanx corresponds to the “long and slender (~2-3 times as long proximodistally as broad anteroposteriorly)” state
description of Benson & Druckenmiller (', appendix 2, character 270).
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Finally, Godefroit® identified a right coracoid (Fig. 7) with maximum length/width of 710/380 mm. This
element is highly fractured and missing part of its medial mid-section, but preserves a “plate-like” (Benson &
Druckenmiller!, appendix 2, character 212) anterior process projecting from the anteromedial edge of the inter-
coracoid contact. Laterally, the anterior process borders the concave posterior margin of the pectoral fenestra
(e.g. as reconstructed in the pectoral girdle of Simolestes vorax Andrews*, p. 29, Text-Fig. 8). The intercoracoid
contact is dorsoventrally thickened and sigmoidal in visceral profile where it supports a mediolaterally directed
buttress extending laterally towards the glenoid articulation on the dorsal side. This identifies the element as
the left coracoid. Anteriorly and posteriorly, there is a depression adjacent to the buttress. The obverse ventral
surface of the coracoid is flat but becomes shallowly concave distally. Posteromedially, the right and left coracoids
would have diverged, like those of Attenborosaurus conybeari (Sollas' pl. 23, Fig. 3) or Brachauchenius cf. lucasi
(Albright et al.*%, p. 37, Fig. 10), and were more widely separated than in Peloneustes philarchus (Andrews*, p.
54, Text-Fig. 21), Simolestes vorax (Andrews*, p. 29, Text-Fig. 8), and Hauffiosaurus zanoni (Vincent'’, p. 347,
Fig. 5), but were not embayed as suggested by the rounded posterior extremity. By contrast, the lateral margin of
the coracoid is indented by a long concavity. The adjacent glenoid articular facet is offset from the small triangular
scapular facet by about 130°. The projecting posterolateral edge (cornu) is slightly wider than the glenoid and
rugose, possibly for insertion of the m. coracobrachialis®.

Results

Diagnostic character states of Lorrainosaurus keileni

Despite being known from a partial skeleton, the holotype of Lorrainosaurus keileni (MNHNL BU159) clearly
differs from other currently documented pliosaurid taxa based on a unique combination of characters, includ-
ing one autapomorphy.

Autapomorphically the splenials in L. keileni are transversely broad and ‘wedge-shaped’ and they extend
anteriorly to the level of the fourth mandibular alveolus, thus forming a large part of the ventral mandibular
symphysis. In other pliosaurids such as Simolestes vorax, Peloneustes philarchus, and Liopleurodon ferox, the
splenials are either narrower and/or they do not form a large part of the ventral symphysis (see, e.g. Ketchum &
Benson®, pl. 3, Fig. 6, Noé®, Figs. 42, 139).

The presence of five to six alveoli in the symphyseal part of the mandible was described for S. vorax*, ‘Polyp-
tychodon’ hudsoni*, and Acostasaurus pavachoquensis*. Sachicasaurus vitae bears three-four tooth positions*
whereas other pliosaurids usually have a higher number of teeth adjacent to the symphysis (see description and
comparisons above).

A ‘spatulate’ (roughly rosette-shaped) laterally expanded and posteriorly constricted symphyseal mandibular
portion was described for the pliosaurids Simolestes and Acostasaurus***®>, In other pliosaurids, such as B. lucasi,
P, philarchus, and L. ferox, the symphyseal portion is usually more elongate and less transversely expanded (see
e.g. Albright et al.8, Fig. 3B, Andrew*, plate 2, Fig. 1, Ketchum & Benson®, plate 3, Fig. 6).

The presence of a lateral trough anterior to the mandibular glenoid is a character that distinguishes Lor-
rainosaurus from all other pliosaurids except for Hauffiosaurus and P. kevani (see Benson & Druckenmiller?,
character 121).

The retroarticular process in Lorrainosaurus is shorter than the glenoid fossa. A similar condition of a ret-
roarticular process that is either shorter or subequal in length with the mandibular glenoid was described for
a number of pliosaurids including Pliosaurus spp., L. ferox, Megacephalosaurus eulerti or B. lucasi (see Benson
& Druckenmiller!, character 116). However, some taxa such as S. vorax (see Noé®, Fig. 125), Arminisaurus
schuberti'®, Cryonectes neustriacus'®, Hauffiosaurus spp.'® or A. pavachoquensis*® have a retroarticular process
that is longer than the glenoid fossa.

The retroarticular process in Lorrainosaurus has also a dorsoventral long axis that is posteroventrally inclined
and a transverse long axis that is slightly posteromedially inflected. Such morphology also occurs in Rhaetico-
saurus mertensi®, A. schuberti'®, Kronosaurus queenslandicus®, S. vitae*, and A. pavachoquensis *°, but is absent
in other pliosaurids (see Benson & Druckenmiller!, characters 122 and 123).

Finally, the posteromedial side of the coracoid of L. keileni is strongly divergent and curves laterally. A simi-
lar condition is present in the pliosaurids Attenborosaurus conybeari* and Brachauchenius cf. lucasi*®, whereas
in other pliosaurids such as S. vorax, Hauffiosaurus zanoni, and Luskhan itilensis the posterior portions of the
coracoids are only slightly split®'”** (Electronic Supplementary Material 6, Fig. S5).

Phylogenetic relationships
Although the tree topology resulting from UPWa is unresolved (Fig. 8a), the majority-rule consensus tree and
IWa trees find topologies broadly congruent with those inferred through other recent studies assessing the phy-
logenetic relationships of pliosaurid plesiosaurs (e.g. ©!"**8), and reconstruct L. keileni and PIMUZ A/II10521
within Thalassophonea, as earliest-diverging members of Brachaucheninae. Owing to the insufficient complete-
ness of L. keileni and PIMUZ A/II10521, such placement needs to be treated with caution. Rather, it should only
be considered to support the thalassophonean origin for the grouping.

Lorrainosaurus keileni+PIMUZ A/III0521 are returned as sister taxa in a subset of trees using an IWa with
K =6, based on their posteroventrally inflected dorsoventral orientation of the long axis of the retroarticular
process (122:0 — 1). Alternatively, L. keileni+ PIMUZ A/IT10521 are united by the possession of a medially bowed
mandible anterior to the glenoid (111: 1 —0), and a prominent longitudinal trough incising the lateral surface
of the mandible anterior to the glenoid (121:0 — 1) under IWa settings with K=28.641590 (63 steps of homo-
plasy downweighted 10 times). Lorrainosaurus keileni + PIMUZ A/II10521 additionally share a posteromedially
inflected mediolateral orientation of the long axis of the retroarticular process (123:0 — 1) with brachauchenines.
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Figure 8. Phylogenetic relationships of Lorrainosaurus keileni. (a) Strict consensus and (b) majority-

rule consensus trees from the unweighted parsimony analysis (UPWa); (c) strict consensus tree from the
weighted parsimony analysis (IWa) with K=6; (d) strict consensus tree from IWa with K=28.641590; (e) life
reconstruction of Lorrainosaurus keileni (artwork by Joschua Kniippe); blue shading indicates L. keileni and
PIMUZ A/III0521. Numbers at nodes indicate (a) Bremer support values in UPWa; (b) percentage of trees
reconstructed in UPWa; (c,d) symmetric resampling.

Finally, enforced monophyly of L. keileni+ Simolestes vorax using a UPWa with identical settings increased
both the number of most parsimonious trees (MPTs) and length (L): ‘New Technology’ search results yielding
55 MPTs, L=2056 versus 34 MPTs, L=2051 without enforced monophyly; ‘Traditional’ searches using trees
saved to RAM all reached 200,000 MPTs.

Multivariate analyses

Dental morphology has been used to reconstruct the ecomorphological affinities of pliosaurids® and evaluate the
similarities between their teeth®*!. Consequently, to assess the morphospace occupation of Lorrainosaurus keileni
(MNHNL BU159), we augmented a published dataset of character state scores derived from the teeth of Jurassic
and Cretaceous pliosaurids*>*!, combined with novel scores for Early and Middle Jurassic rhomaleosaurids. Plots
generated from a principal coordinates analysis (PCoA) and cluster analysis (CA) in R*® clearly segregated L.
keileni as an extreme positive outlier compared to rhomaleosaurids, which are broadly distributed along PCol
but on a negative side of PCo2 (Fig. 9a, Electronic Supplementary Material 1, Fig. S2). Lorrainosaurus keileni
is also distinct from later Jurassic pliosaurids along PCol, although Simolestes vorax and the Callovian taxon
Pachycostasaurus dawni® are closely situated on PCo2, and PCo1/PCo3, respectively (Electronic Supplementary
Material 1, Figs S2 and S3). Finally, L. keileni shares morphospace occupation with the ‘Maryevka pliosaurid’,
which represents an indeterminate thalassophonean®. This result is mirrored by our CA dendrogram (Fig. 9b),
which groups L. keileni and the ‘Maryevka pliosaurid’ with P. dawni and B. lucasi amongst pliosaurids sharing
conical tooth crowns, as opposed to those with sub-trihedral or trihedral-shaped teeth epitomised by species of
the Late Jurassic taxon Pliosaurus**.
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Figure 9. Dental morphospace occupation of Lorrainosaurus keileni. (a) Plot of principle coordinates
analysis (PCoA) results with the PCol/PCo2 axes showing L. keileni (bold type) versus rhomaleosaurid (grey
shading) and Jurassic (blue shading) to Cretaceous (green shading) thalassophonean pliosaurids. (b) Cluster
dendrogram of conical (circles), sub-trihedral (semicircles) and trihedral (triangles) thalassophonean tooth
crown morphologies from the Middle (dark blue) and Late Jurassic (light blue) to Early (dark green) and Late
Cretaceous (light green).

Discussion and conclusions

At 1.33 m and ~ 1.5 m in maximum length, the mandibles of Lorrainosaurus keileni and PIMUZ A/I110521,
respectively, proportionately exceed that of Simolestes vorax at 970 mm** and approach the mandibular lengths of
later-diverging thalassophonean taxa, such as the Cretaceous brachauchenines Brachauchenius lucasi at 1.25 m*®
or Megacephalosaurus eulerti at 1.71 m™®. This suggests that large skulls appeared early in their evolutionary
history (at least by the early Bajocian?!, after ~171 Ma). By contrast, mandibular lengths of even the largest
rhomaleosaurids are less spectacular, with the Early Jurassic Rhomaleosaurus zetlandicus at 695 mm®, Atychodra-
con megacephalus at 830 mm?, the Middle Jurassic Borealonectes russelli at up to 512 mm®, and Maresaurus
coccai at a maximum of ~ 1.1 m?!. Presumably, such variation not only reflected smaller skull sizes but also dif-
ferent feeding styles and ecologies. Certainly, while the jaws of gigantic pliosaurids were seemingly capable of
massive adductive forces, their characteristically elongate and structurally ‘weak’ skull shape was hydrodynami-
cally optimised for fast crushing bites®. Rhomaleosaurids, in turn, had broader heads and apparently employed
vigorous shake and twist feeding to dismember prey®. These interpretations are consistent with their dental
morphologies, which as we show, diverged from curved and pointed teeth in rhomaleosaurids, possibly adapted
for feeding on fish and cephalopods®, to robust conical teeth in early thalassophoneans, like L. keileni that may
have fed on fleshy prey including larger fish and aquatic tetrapods®®. Interestingly, our results further suggest that
some pliosaurids dentally converged on rhomaleosaurids concurrent with their decline across the later-Middle
Jurassic (Callovian, up to~161.5 Ma)®!, while others specialised towards trihedral cutting teeth® by the Late
Jurassic (before the Kimmeridgian, ~ 154.8 Ma). Lastly, the archetypal conical-toothed morphology typified by
L. keileni subsequently dominated in later-Early Cretaceous thalassophoneans (from the Aptian, ~ 121.4 Ma)®.

The incipient radiation of macropredatory pliosaurids has been associated with a landmark turnover of Early-
to-Middle Jurassic marine reptile assemblages inhabiting the northwestern Tethyan epicontinental periphery
of what is today western Europe®?. Notably, this coincides with abrupt oceanic cooling over the earliest Middle
Jurassic interval (Aalenian, ~ 174.7 Ma)®?, and accompanying extinctions affecting nektonic invertebrates, in
particular cephalopods®?. The ensuing recovery of major belemnite (Belemnopseina)®® and ammonite (Ammo-
nitina)** groups was distinguished by biogeographical provincialism, involving separation into distinct Tethyan
and Boreal faunas®*.

The adaptive diversification of thalassophoneans as apex-predators might have facilitated via local food chain
disruptions triggering ecological niche vacation by rhomaleosaurids and other larger-bodied marine reptiles
in the northwestern Tethys®>*®. However, the consequent innovation and global dispersal of macropredatory
pliosaurids patently did not accelerate until the early-Late Jurassic (Oxfordian, by ~ 154.8 Ma)*, and was approxi-
mately concurrent with the final extinction of rhomaleosaurids (potentially induced by climatic warming across
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the Middle-to-Late Jurassic transition®'), as well as tectonic fragmentation that established seaway connections
permitting migration between the northwestern Tethys and Palaeo-Pacific*®.

In summary, our results demonstrate that thalassophonean pliosaurids were the geologically longest-ranging
clade of macropredatory marine tetrapods with a fossil record spanning ~80 Ma. Their advent paralleled a
regional marine faunal turnover in the earliest Middle Jurassic?*** that was perhaps associated with rapid
oceanic temperature changes and the progressive decline of coeval macrophagous marine reptiles specialised
for feeding on cephalopods®. These included coeval large-bodied rhomaleosaurids®, which persisted until the
latest Middle Jurassic® but were likely not direct competitors. Rather, rhomalosaurids were ecomorphologically
partitioned from the earliest thalassophoneans, which otherwise pioneered plesiosaur macropredator niches to
dominate the Mesozoic seas.

Data availability
The data are provided in the Electronic Supplementary Material.

Received: 13 March 2023; Accepted: 18 September 2023
Published online: 16 October 2023

References

1. Benson, R. B. ]. & Druckenmiller, P. S. Faunal turnover of marine tetrapods during the Jurassic-Cretaceous transition. Biol. Rev.
89, 1-23 (2014).

2. Fischer, V. et al. Peculiar macrophagous adaptations in a new Cretaceous pliosaurid. R. Soc. Open Sci. 2, 150552 (2015).

3. Zverkov, N. G., Fischer, V., Madzia, D. & Benson, R. B. J. Increased pliosaurid dental disparity across the Jurassic-Cretaceous
transition. Palaeontology 61, 825-846 (2018).

4. Paramo-Fonseca, M. E., Benavides-Cabra, C. D. & Gutiérrez, I. E. A new specimen of Stenorhynchosaurus munozi Paramo-Fonseca
et al. 2016 (Plesiosauria, Pliosauridae), from the Barremian of Colombia: New morphological features and ontogenetic implica-
tions. J. Vertebr. Paleontol. 39, 1663426 (2019).

5. Bastiaans, D., Madzia, D., Carrillo-Briceiio, J. D. & Sachs, S. Equatorial pliosaurid from Venezuela marks the youngest South
American occurrence of the clade. Sci. Rep. 11, 15501 (2021).

6. Fischer, V. et al. Anatomy and relationships of the bizarre Early Cretaceous pliosaurid Luskhan itilensis. Zool. ]. Linn. Soc. 198,
220-256 (2023).

7. Knutsen, E. M., Druckenmiller, P. S. & Hurum, J. H. A new species of Pliosaurus (Sauropterygia: Plesiosauria) from the Middle
Volgian of central Spitsbergen, Norway. Nor. J. Geol. 92, 235-258 (2012).

8. Zverkov, N. G. & Pervushov, E. M. A gigantic pliosaurid from the Cenomanian (Upper Cretaceous) of the Volga Region, Russia.
Cret. Res. 110, 104419 (2020).

9. Martill, D. M., Jacobs, M. L. & Smith, R. E. A truly gigantic pliosaur (Reptilia, Sauropterygia) from the Kimmeridge Clay Forma-
tion (Upper Jurassic, Kimmeridgian) of England. Proc. Geol. Assoc. 134, 361-373 (2023).

10. Tutin, S. L. & Butler, R. J. The completeness of the fossil record of plesiosaurs, marine reptiles from the Mesozoic. Acta Palaeontol.
Pol. 62, 563-573 (2017).

11. Madzia, D. & Cau, A. Estimating the evolutionary rates in mosasauroids and plesiosaurs: Discussion of niche occupation in Late
Cretaceous seas. Peer] 8, e8941 (2020).

12. Ketchum, H. E. & Benson, R. B. J. A new pliosaurid (Sauropterygia, Plesiosauria) from the Oxford Clay Formation (Middle Juras-
sic, Callovian) of England: evidence for a gracile, longirostrine grade of Early-Middle Jurassic pliosaurids. Spec. Pap. Palaeontol.
86, 109-129 (2011).

13. Cau, A. & Fanti, F. High evolutionary rates and the origin of the Rosso Ammonitico Veronese Formation (Middle-Upper Jurassic
of Italy) reptiles. Hist. Biol. 28, 952-962 (2016).

14. Sollas, W. J. On a new species of Plesiosaurus (P. Conybeari) from the Lower Lias of Charmouth; with observations on P. mega-
cephalus, Stutchbury, and P. brachycephalus, Owen. Q. J. Geol. Soc. Lond. 37, 440-480 (1881).

15. Storrs, G. W. & Taylor, M. A. Cranial anatomy of a new plesiosaur genus from the lowermost Lias (Rhaetian/Hettangian) of Street,
Somerset, England. J. Vertebr. Paleontol. 16, 403-420 (1996).

16. Benson, R. B. J., Ketchum, H. E, Nog¢, L. E. & Gémez-Pérez, M. New information on Hauffiosaurus (Reptilia, Plesiosauria) based
on a new species from the Alum Shale Member (lower Toarcian: Lower Jurassic) of Yorkshire, UK. Palaeontology 54, 547-571
(2011).

17. Vincent, P. A re-examination of Hauffiosaurus zanoni, a pliosauroid from the Toarcian (Early Jurassic of Germany. J. Vertebr.
Paleontol. 31, 340-351 (2011).

18. Vincent, P, Bardet, N. & Mattioli, E. A new pliosaurid from the Pliensbachian, Early Jurassic of Normandy, Northern France. Acta
Palaeontol. Pol. 58, 471-485 (2012).

19. Sachs, S. & Kear, B. P. A rare new Pliensbachian plesiosaurian from the Amaltheenton Formation of Bielefeld in northwestern
Germany. Alcheringa 42, 487-500 (2017).

20. Godefroit, P. Simolestes keileni sp. nov., un Pliosaure (Plesiosauria, Reptilia) du Baiocien supérieur de Lorraine (France). Bull.
Acad. Soc. Lorraines Sci. 33, 77-95 (1994).

21. Sachs, S., Klug, C. & Kear, B. P. Rare evidence of a giant pliosaurid-like plesiosaur from the Middle Jurassic (lower Bajocian) of
Switzerland. Swiss J. Palaeontol. 138, 337-342 (2019).

22. Fischer, V., Weis, R. & Thuy, B. Refining the marine reptile turnover at the Early-Middle Jurassic transition. Peer] 9, €10647 (2021).

23. Théobald, N. Développement des minerais de fer dans les étages de lAalénien et du Bajocien de la vallée du Rhin moyen (Alsace,
Bade). Mém. Serv. carte géol. d'Alsace Lorraine 8, 5-48 (1948).

24. Mégnien, C. & Mégnien, E. Synthese géologique du bassin de Paris. Mém. BRGM 1(101), 1-466 (1980).

25. Smith, J. B. & Dodson, P. A proposal for a standard terminology of anatomical notation and orientation in fossil vertebrate denti-
tions. J. Vertebr. Paleontol. 23, 1-12 (2003).

26. Paramo-Fonseca, M. E., Benavides-Cabra, C. D. & Gutiérrez, I. E. A new large pliosaurid from the Barremian (Lower Cretaceous)
of Sachica, Boyaca, Colombia. Earth Sci. Res. J. 22, 223-238 (2018).

27. Madzia, D, Sachs, S. & Lindgren, J. Morphological and phylogenetic aspects of the dentition of Megacephalosaurus eulerti, a plio-
saurid from the Turonian of Kansas, USA, with remarks on the cranial anatomy of the taxon. Geol. Mag. 156, 1201-1216 (2019).

28. Lukeneder, A. & Zverkov, N. G. First evidence of a conical-toothed pliosaurid (Reptilia, Sauropterygia) in the Hauterivian of the
Northern Calcareous Alps, Austria. Cret. Res. 106, 104248 (2020).

29. Madzia, D., Szczygielski, T. & Wolniewicz, A. S. The giant pliosaurid that wasn’t—revising the marine reptiles from the Kimmeridg-
ian, Upper Jurassic, of Krzyzanowice, Poland. Acta Palaeontol. Pol. 66, 99-129 (2021).

Scientific Reports |

(2023) 13:17558 | https://doi.org/10.1038/s41598-023-43015-y nature portfolio



www.nature.com/scientificreports/

. Solonin, S. V., Vodorezov, A. V. & Kear, B. P. Late Cretaceous marine reptiles from Malyy Prolom in Ryazan Oblast, Central Russia.
Cret. Res. 127, 104946 (2021).

31. Madzia, D, Sachs, S. & Klug, C. Historical significance and taxonomic status of Ischyrodon meriani (Pliosauridae) from the Middle
Jurassic of Switzerland. Peer] 10, e13244 (2022).

32. Madzia, D. A reappraisal of Polyptychodon (Plesiosauria) from the Cretaceous of England. Peer] 4, €1998 (2016).

33. Sachs, S., Lindgren, J., Madzia, D. & Kear, B. P. Cranial osteology of the mid-Cretaceous elasmosaurid Thalassomedon haningtoni
from the Western Interior Seaway of North America. Cret. Res. 123, 104769 (2021).

34. Ketchum, H. E & Benson, R. B. J. A new pliosaurid from the Oxford clay formation of Oxfordshire, UK. Acta Palaeontol. Pol. 67,
297-315 (2022).

35. Goloboff, P. A., Carpenter, . M., Arias, J. S. & Esquivel, D. R. M. Weighting against homoplasy improves phylogenetic analysis of
morphological data sets. Cladistics 24, 758-773 (2008).

36. Goloboff, P. A. & Morales, M. E. TNT, version 1.6, with a graphical interface for MacOS and Linux, including new routines in
parallel. Cladistics 39, 144-153 (2023).

37. Zverkov N.G. On a typically Late Jurassic pliosaur from the Lower Cretaceous of Crimea. The International Scientific Conference
on the Jurassic/Cretaceous boundary, Samara, Russia. In: Baraboshkin EY, Bykov DE (Eds) The International Scientific Conference
on the Jurassic/Cretaceous Boundary. September 7-13, 2015, Togliatti, Kassandra, Sarama, Russia, 89-94 (2015).

38. R Studio Team. RStudio: Integrated Development for R. RStudio Inc. http://www.rstudio.com/ (2019).

39. Gower, J. C. A general coefficient of similarity and some of its properties. Biometrics 27, 857-871 (1971).

40. Paradis, E., Claude, J. & Strimmer, K. APE: Analyses of phylogenetics and evolution in R language. Bioinformatics 20, 289-290
(2004).

41. de Blainville, H. D. Description de quelques espéces de reptiles de la Californie, précédé de I'analyse d’un systéme general
d’Erpetologie et ’Amphibiologie. Nouv. Ann. du Mus. Natl. d’Hist. Nat. Paris 4, 233-296 (1835).

42. Seeley, H. G. Note on some of the generic modifications of the plesiosaurian pectoral arch. Q. J. Geol. Soc. 30, 436-449 (1874).

43. Sassoon, J., Foffa, D. & Marek, R. Dental ontogeny and replacement in Pliosauridae. R. Soc. Open Sci. 2, 150384 (2015).

44. Andrews, C. W. A Descriptive Catalogue of the Marine Reptiles of the Oxford Clay Vol. 2 (Natural History/British Museum, 1913).

45. Welles, S. P. & Slaughter, B. H. The first record of the plesiosaurian genus Polyptychodon (Pliosauridae) from the New World. J.
Paleontol. 37,131-133 (1963).

46. Gomez-Pérez, M. & Nog, L. F. Cranial anatomy of a new pliosaurid Acostasaurus pavachoquensis from the Lower Cretaceous of
Colombia, South America. Palaeontogr. Abt. 310, 5-42 (2017).

47. Benson, R. B. ], Evans, M. & Taylor, M. A. The anatomy of Stratesaurus (Reptilia, Plesiosauria) from the lowermost Jurassic of
Somerset, United Kingdom. J. Vertebr. Paleontol. 34, 933739 (2015).

48. Albright, L. B, Gillette, D. D. & Titus, A. L. Plesiosaurs from the Upper Cretaceous (Cenomanian-Turonian) Tropic Shale of
southern Utah, part 1: new records of the pliosaur Brachauchenius lucasi. J. Vertebr. Paleontol. 27, 31-40 (2007).

49. Benson, R. B.]. et al. A giant pliosaurid skull from the Late Jurassic of England. PLoS ONE 8, e65989 (2013).

50. Schumacher, B. A., Carpenter, K. & Everhart, M. J. A new Cretaceous pliosaurid (Reptilia, Plesiosauria) from the Carlile Shale
(middle Turonian) of Russell County, Kansas. J. Vertebr. Paleontol. 33, 613-628 (2013).

51. Holland, T. The mandible of Kronosaurus queenslandicus Longman, 1924 (Pliosauridae, Brachaucheniinae), from the Lower
Cretaceous of northwest Queensland, Australia. J. Vertebr. Paleontol. 38, e1511569 (2018).

52. Knutsen, E. M. A taxonomic revision of the genus Pliosaurus (Owen, 1841a) Owen, 1841b. Nor. J. Geol. 92, 259-276 (2012).

53. Tarlo, L. B. A review of Upper Jurassic Pliosaurs. Bull. Br. Mus. (Nat. Hist.) Geol. 4, 145-189 (1960).

54. Bardet, N., Mazin, J. M., Cariou, E., Enay, R. & Krishna, J. Les Plesiosauria du Jurassique supérieur de la province de Kachchh
(Inde). C. R. Acad. Sci. Paris 313, 1343-1347 (1991).

55. Sachs, S., Hornung, J. J., Lallensack, J. N. & Kear, B. P. First evidence of a large predatory plesiosaurian from the Lower Cretaceous
non-marine ‘Wealden facies’ deposits of northwestern Germany. Alcheringa 42, 501-508 (2018).

56. Smith, A. S. & Benson, R. B.]. Osteology of Rhomaleosaurus Thorntoni (Sauropterygia: Rhomaleosauridae) from the Lower Jurassic
(Toarcian) of Northamptonshire, England. Palaeontogr. Soc. Monogr. 168, 1-40 (2014).

57. Gasparini, Z. A new pliosaur from the Bajocian of the Neuquén basin, Argentina. Palaeontology 73, 677-681 (1997).

58. Smith, A. S. & Vincent, P. A new genus of pliosaur (Reptilia: Sauropterygia) from the Lower Jurassic of Holzmaden, Germany.
Palaeontology 53, 1049-1063 (2010).

59. Smith, A. S. Reassessment of ‘Plesiosaurus’ megacephalus (Sauropterygia: Plesiosauria) from the Triassic-Jurassic boundary, UK.
Palaeontol. Electron. 18.1.20A, 1-19 (2015).

60. Smith, A. S. & Aratjo, R. Thaumatodracon wiedenrothi, a morphometrically and stratigraphically intermediate new rhomaleosaurid
plesiosaurian from the Lower Jurassic (Sinemurian) of Lyme Regis. Palaeontogr. A 308, 89-125 (2017).

61. Rieppel, O. Tooth implantation and replacement in Sauropterygia. PalZ 75, 207-217 (2001).

62. Gomez-Pérez, M. The palaeobiology of an exceptionally preserved Colombian pliosaur (Sauropterygia; Plesiosauria). Ph.D. dis-
sertation, University of Cambridge (2008).

63. No¢ L.E A taxonomic and functional study of the Callovian (Middle Jurassic) Pliosauroidea (Reptilia, Sauropterygia). Ph.D. thesis,
University of Derby (2001).

64. Ketchum, H. E. & Benson, R. B. J. The cranial anatomy and taxonomy of Peloneustes philarchus (Sauropterygia, Pliosauridae) from
the Peterborough Member (Callovian, Middle Jurassic) of the United Kingdom. Palaeontology 54, 639-665 (2011).

65. O’Gorman, J. P, Gasparini, Z. & Spalletti, L. A. A new Pliosaurus species (Sauropterygia, Plesiosauria) from the Upper Jurassic of
Patagonia: new insights on the Tithonian morphological disparity of mandibular symphyseal morphology. J. Paleontol. 92, 240-253
(2018).

66. Ketchum, H. F. & Smith, A. S. The anatomy and taxonomy of Macroplata tenuiceps (Sauropterygia, Plesiosauria) from the Het-
tangian (Lower Jurassic) of Warwickshire, United Kingdom. J. Vertebr. Paleontol. 30, 1069-1081 (2010).

67. Foffa, D, Sassoon, J., Cuff, A. R., Mavrogordato, M. N. & Benton, M. ]. Complex rostral neurovascular system in a giant pliosaur.
Naturwissenschaften 101, 453-456 (2014).

68. Kear, B. P. Cranial morphology of Platypterygius longmani Wade, 1990 (Reptilia: Ichthyosauria) from the Lower Cretaceous of
Australia. Zool. J. Linn. Soc. 145, 583-622 (2005).

69. Soares, D. An ancient sensory organ in crocodilians. Nature 417, 241 (2002).

70. Czech-Damal, N. U. et al. Electroreception in the Guiana dolphin (Sotalia guianensis). Proc. R. Soc. Lond. B 279, 663-668 (2012).

71. Kear, B. P, Larsson, D., Lindgren, J. & Kundrat, M. Exceptionally prolonged tooth formation in elasmosaurid plesiosaurians. PLoS
ONE 12, 0172759 (2017).

72. Nog, L. FE & Gomez-Pérez, M. Giant pliosaurids (Sauropterygia; Plesiosauria) from the Lower Cretaceous peri-Gondwanan seas
of Colombia and Australia. Cret. Res. 132, 105122 (2022).

73. Ketchum, H. E & Benson, R. B. ]. Global interrelationships of Plesiosauria (Reptilia, Sauropterygia) and the pivotal role of taxon
sampling in determining the outcome of phylogenetic analyses. Biol. Rev. 85, 361-392 (2010).

74. Druckenmiller, P. & Russell, A. P. A phylogeny of Plesiosauria (Sauropterygia) and its bearing on the systematic status of Lepto-
cleidus Andrews, 1922. Zootaxa 1863, 1-120 (2008).

75. Sachs, S., Hornung, J. J. & Kear, B. P. Reappraisal of Europe’s most complete Early Cretaceous plesiosaurian: Brancasaurus brancai
Wegner, 1914 from the “Wealden facies” of Germany. Peer] 4, €2813 (2016).

Scientific Reports|  (2023) 13:17558 | https://doi.org/10.1038/s41598-023-43015-y nature portfolio


http://www.rstudio.com/

www.nature.com/scientificreports/

76. Druckenmiller, P. S. & Russell, A. P. Skeletal anatomy of an exceptionally complete specimen of a new genus of plesiosaur from
the Early Cretaceous (Early Albian) of northeastern Alberta, Canada. Palaeontogr. Abt. 283, 1-33 (2008).

77. McHenry C.R. Devourer of Gods” The Palaeoecology of the Cretaceous Pliosaur Kronosaurus queenslandicus. PhD thesis, University
of Newcastle (2009).

78. Kear, B. P, Ekrt, B., Prokop, J. & Georgalis, G. L. Turonian marine amniotes from the Bohemian Cretaceous Basin, Czech Republic.
Geol. Mag. 151, 183-198 (2014).

79. Madzia, D. & Machalski, M. Isolated pliosaurid teeth from the Albian-Cenomanian (Cretaceous) of Annopol, Poland. Acta Geol.
Pol. 67, 393-403 (2017).

80. Gasparini, Z. A new Oxfordian pliosaurid (Plesiosauria, Pliosauridae) in the Caribbean seaway. Palaeontology 52, 661-669 (2009).

81. Fischer, V. et al. Plasticity and convergence in the evolution of short-necked plesiosaurs. Curr. Biol. 27, 1667-1676.e3 (2017).

82. Paramo-Fonseca, M. E., Gomez-Pérez, M., Noé, L. F. & Etayo, E Stenorhynchosaurus munozi, gen. et sp. nov. a new pliosaurid from
the Upper Barremian (Lower Cretaceous) of Villa de Leiva, Colombia, South America. Rev. Acad. Colomb. Cienc. Exactas Fis. Nat.
40, 84-103 (2016).

83. Wintrich, T., Hayashi, S., Houssaye, A. & Nakajima, S. P. M. A Triassic plesiosaurian skeleton and bone histology inform on evolu-
tion of a unique body plan. Sci. Adv. 3, 1701144 (2017).

84. Paramo-Fonseca, M. E., Benavides-Cabra, C. D., Palma-Castro, H. D. & Castafieda-Gémez, A. J. Procumbent anterior premaxillary
teeth in Stenorhynchosaurus munozi (Plesiosauria, Pliosauridae), evidence from new material. Earth Sci. Res. J. 27, 1-9 (2023).

85. Cruickshank, A. R. I, Martill, D. M. & Nog, L. E. A pliosaur (Reptilia, Sauropterygia) exhibiting pachyostosis from the Middle
Jurassic of England. J. Geol. Soc. 153, 873-879 (1996).

86. Vincent, P. & Smith, A. S. A redescription of Plesiosaurus propinquus Tate & Blake, 1876 (Reptilia, Plesiosauria), from the Lower
Jurassic (Toarcian) of Yorkshire, England. Proc. Yorks. Geol. Soc. 57, 133-142 (2009).

87. Sato, T. & Wu, X. C. A new Jurassic pliosaur from Melville Island, Canadian Arctic Archipelago. Can. J. Earth Sci. 45, 303-320
(2008).

88. Foffa, D. et al. Functional anatomy and feeding biomechanics of a giant Upper Jurassic pliosaur (Reptilia: Sauropterygia) from
Weymouth Bay, Dorset, UK. J. Anat. 225, 209-219 (2014).

89. Taylor, M. A. Functional anatomy of the head of the large aquatic predator Rhomaleosaurus zetlandicus (Plesiosauria, Reptilia)
from the Toarcian (Lower Jurassic) of Yorkshire, England. Philos. Trans. R. Soc. Lond. B 335, 247-280 (1992).

90. Fischer, V. et al. Ecological signal in the size and shape of marine amniote teeth. Proc. R. Soc. B 289, 20221214 (2022).

91. Benson, R. B. ], Zverkov, N. G. & Arkhangelsky, M. S. Youngest occurrences of rhomaleosaurid plesiosaurs indicate survival of
an archaic marine reptile clade at high palaeolatitudes. Acta Palaeontol. Pol. 60, 769-780 (2015).

92. Korte, C. et al. Jurassic climate mode governed by ocean gateway. Nat. Commun. 6, 10015 (2015).

93. Neige, P., Weis, R. & Fara, E. Ups and downs of belemnite diversity in the Early Jurassic of Western Tethys. Palaeontology 64,
263-283 (2021).

94. Dera, G. et al. High resolution dynamics of early Jurassic marine extinctions: The case of Pliensbachian-Toarcian ammonites
(Cephalopoda). J. Geol. Soc. 167, 21-33 (2010).

95. Doyle, P. Lower Jurassic-lower cretaceous belemnite biogeography and the development of the Mesozoic Boreal Realm. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 61, 237-254 (1987).

96. Sachs, S., Abel, P. & Madzia, D. A ‘long-forgotten’ plesiosaur provides evidence of large-bodied rhomaleosaurids in the Middle
Jurassic of Germany. J. Vertebr. Paleontol. 42, €2205456 (2022).

97. Foffa, D., Young, M. T., Stubbs, T. L., Dexter, K. G. & Brusatte, S. L. The long-term ecology and evolution of marine reptiles in a
Jurassic seaway. Nat. Ecol. Evol. 2, 1548-1555 (2018).

98. Otero, R. A,, Soto-Acuiia, S., Rojas, J. & Rojas, O. First pliosaur remains (Sauropterygia, Pliosauridae) from the Oxfordian of the
Atacama Desert. J. S. Am. Earth Sci. 104, 102811 (2020).

Acknowledgements

We are indebted to the Editor, Dawid Surmik (University of Silesia, Sosnowiec, Poland), for handling our manu-
script, and two reviewers, Cristian David Benavides-Cabra and Maria Euridice Paramo-Fonseca (both Uni-
versidad Nacional de Colombia, Bogotd, Colombia), for constructive comments that helped us to improve
the manuscript. Belén Boilini (Museo Olsacher Zapala, Argentina) generously provided original photographs
for our analyses and Katrin Sachs (Engelskirchen, Germany) kindly assisted with formatting the manuscript.
Joschua Kniippe (Ibbenbiiren, Germany) produced the artwork. TNT is made available with the sponsorship
of the Willi Hennig Society.

Author contributions

S.S.: conceptualization, formal analysis, investigation, project administration, writing—original draft, writing—
review & editing; D.M.: conceptualization, data curation, methodology, formal analysis, investigation, project
administration, writing—original draft, writing—review & editing; B.T.: data curation, formal analysis, writ-
ing—original draft, writing—review & editing; B.P.K.: conceptualization, investigation, writing—original draft,
writing—review and editing. All authors gave final approval for publication and agreed to be held accountable
for the work performed therein.

Funding
B.PK. acknowledges funding from a Swedish Research Council Project Grant (2020-3423).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-43015-y.

Correspondence and requests for materials should be addressed to D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2023) 13:17558 | https://doi.org/10.1038/s41598-023-43015-y nature portfolio


https://doi.org/10.1038/s41598-023-43015-y
https://doi.org/10.1038/s41598-023-43015-y
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:17558 | https://doi.org/10.1038/s41598-023-43015-y nature portfolio


http://creativecommons.org/licenses/by/4.0/

	The rise of macropredatory pliosaurids near the Early-Middle Jurassic transition
	Institutional abbreviations
	Geological and stratigraphic setting
	Material and methods
	Plesiosaur dental terminology
	Phylogenetic analyses
	Multivariate analyses
	Nomenclatural acts

	Systematic palaeontology
	Etymology
	Type species
	Holotype
	Type locality and stage
	Diagnosis
	Description and comparisons of MNHNL BU159
	Cranium and mandible
	Dentition
	Postcranial elements


	Results
	Diagnostic character states of Lorrainosaurus keileni
	Phylogenetic relationships
	Multivariate analyses

	Discussion and conclusions
	References
	Acknowledgements


