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Abstract

A new crocodylomorph fossil specimen (ML2631) from the Upper Jurassic of Lourinha (Portugal) is described, based on a partially
preserved skull table and braincase. The specimen was recovered from the Zimbral vertebrate microfossil assemblage, located in the
lower part of the Praia Azul Member of the Lourinha Formation (Kimmeridgian—Tithonian transition). The fossil was scanned using
high-resolution micro-computed tomography (LCT), enabling the digital reconstruction of internal cranial structures, such as the brain
cavity, cranial nerves, inner ear and paratympanic sinus system. These reconstructions represent the first neuroanatomical data ever re-
ported for Atoposauridae, a clade of small-bodied neosuchian crocodylomorphs common in the Late Jurassic and Cretaceous of Europe.

Phylogenetic analysis places ML2631 within Atoposauridae and contributes to resolving previously uncertain relationships with-
in the group. Although fragmentary, ML2631 exhibits a unique combination of anatomical features, including a dorsolaterally open
cranioquadrate passage, a sagittal crest along the frontal and parietal, a large, posteriorly placed and septate choana, large supratem-
poral fenestrae with a distinct posterior fossa and a squamosal lobe bearing a discontinuous lateral groove. These traits, amongst
others, distinguish ML2631 from all other known atoposaurid species. Additionally, its neuroanatomical proportions suggest a
dwarf adult individual with low-frequency auditory sensitivity and moderate visual acuity, consistent with a primarily terrestrial or
nearshore lifestyle, coherent with the depositional environment of the fossil site. Taken together, these results highlight the taxo-
nomic and evolutionary relevance of the specimen and underline the importance of future discoveries of more complete material to
confirm its systematic and phylogenetic status within Atoposauridae.
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Introduction

The Lourinhd Formation (Late Jurassic, Kimmeridgian—
Tithonian) of western Portugal is internationally
recognised for its rich and diverse fossil record, which
ranks amongst the most significant of its age in Europe.
Deposited within the Lusitanian Basin (Fig. 1), this

* No current institutional affiliation, collaborator of 1, 2, 3.

formation includes a variety of fluvial and transitional to
marine facies that have yielded exceptionally well-pre-
served remains of vertebrates including dinosaurs (e.g.
Mateus et al. (2017); Costa and Mateus (2019); Rotatori
et al. (2022); amphibians and lepidosaurs (Guillaume
et al. (2022); Guillaume (2024)); mammals (Guillaume
(2024)); turtles (Pérez-Garcia and Ortega (2011));
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pterosaurs (Fernandes et al. (2023)); fishes (Guillaume
(2024)); and crocodylomorphs (see below). Amongst
these, crocodylomorphs represent one of the most
taxonomically and ecologically diverse components,
with fossils recovered both from macrofossil sites and
microvertebrate-rich layers.

Crocodylomorph remains from the Upper Jurassic of
Portugal include taxa of various body sizes and ecolog-
ical niches, ranging from large fully marine forms,
such as Machimosaurus (Krebs 1967, 1968; Young et
al. 2014), to small, more terrestrial taxa like atoposau-
rids, semi-aquatic species with durophagous feeding
adaptations, such as bernissartiids and larger-bodied
animals with more generalist feeding behaviour, such
as goniopholidids (Guillaume et al. 2020). The famous
Guimarota lignite mine, located further north in the
Alcobaca Formation (Leiria, Portugal), produced an
extraordinary assemblage of small vertebrates including
the atoposaurid Theriosuchus guimarotae Schwarz
& Salisbury, 2005, which was later re-assigned to the
new genus Knoetschkesuchus guimarotae (Schwarz et
al. 2017). This taxon represents one of the best-known
atoposaurids from the Iberian Peninsula. Additionally, in
Guimarota, Goniopholis baryglyphaeus Schwarz, 2002,
a medium-sized goniopholidid and other enigmatic croc-
odylomorphs, such as Lisboasaurus estesi Seiffert, 1970
and Lusitanisuchus mitracostatus (Seiffert, 1970) were
recovered. These two latter taxa were initially misidenti-
fied as anguimorph lizards (Seiffert 1970, 1973) or even
theropod dinosaurs (Milner and Evans 1991), but were
later re-assigned to Crocodylomorpha, based on new
material and anatomical evidence (Buscalioni et al. 1996;
Schwarz and Fechner 2004, 2008).

Within the Lourinha Formation itself, several crocody-
lomorph taxa have been recognised in recent years. One
of the most notable is Ophiussasuchus paimogonectes
Lépez-Rojas, Mateus, Marinheiro, Mateus & Puértolas-
Pascual, 2024, a goniopholidid described from a nearly
complete skull from Paimogo Beach (Lopez-Rojas et
al. 2024). In addition, postcranial material and isolated
teeth from Valmitdo, Peralta and other localities in
the surroundings of Lourinhd have been attributed to
several taxa, including Lusitanisuchus, Atoposauridae,
Goniopholididae, Bernissartiidae and undetermined
mesoeucrocodylians (Guillaume et al. 2020; Puértolas-
Pascual and Mateus 2020). These discoveries suggest
a higher taxonomic and ecological diversity of croco-
dylomorphs than previously assumed, based solely on
macrofossils and more complete material.

Despite the diversity hinted at by the previously
mentioned remains, the record of atoposaurids in the
Lourinhd Formation remains poorly known. Most of
the available material consists of fragmentary elements
or isolated teeth recovered from microvertebrate assem-
blages (Guillaume et al. 2020), which limits detailed
anatomical and phylogenetic interpretation. A partial
skeleton including axial and appendicular elements
from Baleal (near Peniche), tentatively assigned to
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Knoetschkesuchus — guimarotae, was described by
Eijkelboom (2020), but such finds remain exceptional.
Nevertheless, atoposaurids represent a key group for
understanding the evolution of Neosuchia, the early radi-
ation of Eusuchia and the palaeobiogeographic history of
Crocodylomorpha in the Late Jurassic of western Europe.

The present study provides new insights into this
group, based on a new specimen from the coastal cliffs
of Lourinhd: ML2631, a partial skull table and brain-
case preserved in a calcareous nodule (Fig. 3D) from the
Zimbral site (Figs 1, 2). Since mechanical preparation
could not expose all anatomical details, the specimen was
scanned using micro-computed tomography (micro-CT),
which enabled the digital reconstruction of several
internal cranial cavities (Figs 3, 4). As a result, this study
provides the first neuroanatomical data ever reported
for the clade Atoposauridae. Prior to this work, the only
crocodylomorph from Portugal for which neuroanatom-
ical features had been described was Portugalosuchus
azenhae Mateus, Puértolas-Pascual & Callapez, 2019,
a eusuchian from the Cenomanian (Cretaceous) of
Coimbra (Puértolas-Pascual et al. 2023). Previous
digital neuroanatomical studies have proven useful for
reconstructing sensory capabilities, brain morphology
and palaeobiological traits in extinct crocodylomorphs,
including representatives of Thalattosuchia (e.g. Brusatte
et al. (2016); Pierce et al. (2017); Herrera et al. (2018)),
Notosuchia (e.g. Sereno and Larsson (2009); Kley et al.
(2010); Pochat-Cottilloux et al. (2022)), Tethysuchia (Erb
and Turner 2021) and Eusuchia (e.g. Witmer et al. (2008);
Kuzmin et al. (2021); Serrano-Martinez et al. (2021);
Lessner and Holliday (2022)) amongst others. However,
such data remain scarce for terrestrial Jurassic taxa and
are entirely absent for atoposaurids.

Geological and geographical settings

The crocodylomorph specimen ML2631 was recov-
ered from coastal outcrops in western Portugal, near
the town of Lourinhd (Lisbon District, Oeste Region),
where Upper Jurassic strata of the Lusitanian Basin are
extensively exposed (Fig. 1). This sedimentary basin was
formed through a multiphase rifting history along the
western margin of Iberia during the opening of the North
Atlantic. This evolution comprised four main rift phases:
Late Triassic, Early Jurassic, Late Oxfordian and Early
Cretaceous (e.g. Wilson et al. (1989); Kullberg (2000);
Alves et al. (2003); Martinius and Gowland (2011);
Kullberg et al. (2014)). The Lourinha Formation, dated to
the upper Kimmeridgian—lower Tithonian, was deposited
during the “late post-rift” phase that followed the climax
of the third rifting event. This stage is characterised by
widespread continental to marginal-marine sedimenta-
tion in graben settings, with high subsidence rates and
high sedimentation rates (Kullberg 2000; Alves et al.
2003; Kullberg et al. 2014). During the Late Jurassic,
an intense extensional phase led to the development of
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Figure 1. Geographical and geological location of the Zimbral VMA (site of ML2631 marked with red star). A. Europe map mod-
ified from Erin Dill; B. Simplified geological map of the Iberian Peninsula showing the location of the study area; C. Map of the
onshore part of the Consolagdo Sub-basin and the lithostratigraphic units in the area south of Peniche, surroundings of Lourinha,
Portugal (modified from Taylor et al. (2014); Mateus et al. (2017)); D. Simplified lithostratigraphic framework of the Lourinha
Formation in the Consolagdo Sub-basin, showing key depositional elements (modified from Martinus and Gowland (2011); Taylor
et al. (2014); Mateus et al. (2017)).
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Figure 2. Photographs of the Zimbral VMA. A, B. Two different views of the Zimbral fossil site (near Porto Dinheiro, Lourinha,
Portugal) within the Praia Azul Member of the Lourinha Formation (Kimmeridgian—Tithonian transition). The red star indicates the

area where the nodule containing specimen ML2631 was discovered.

several sub-basins, including the Consolag¢ao, Bombarral—
Alcobaca, Turcifal and Arruda Sub-basins, all bounded by
active faults and influenced by salt tectonics (Leinfelder
and Wilson 1998; Kullberg 2000; Alves et al. 2003; Taylor
et al. 2014; Mateus et al. 2017). The study area of this
work is located within the Consola¢do Sub-basin, which
is bounded to the west by the Berlengas marginal base-
ment horst system (Mateus et al. 2017). These tectonic
features influenced subsidence rates and sediment supply,
resulting in marked lateral facies changes and the accu-
mulation of thick continental sequences dominated by
fluvial and transitional environments.

The fossil ML2631 originates from the Zimbral verte-
brate microfossil assemblage (Zimbral VMA) (Fig.
2), located in the lower part of the Praia Azul Member
of the Lourinhd Formation, within the Consolagao
Sub-basin (Fig. 1C, D). The exact coordinates of the
site are registered in the fossil locality catalogue of the
Museu da Lourinha (ML) and are available upon respon-
sible request and decision of the Museum. The Lourinha
Formation spans the upper Kimmeridgian to lower
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Tithonian and comprises a complex alternation of fluvial
(meandering), deltaic and marine-influenced facies.
Specifically, the Praia Azul Member is characterised by
heterolithic successions of mudstones and marls interca-
lated with shallow-marine carbonate beds, interpreted as
the result of at least three regional transgressive episodes
(Martinius and Gowland 2011; Taylor et al. 2014; Mateus
et al. 2017). The fossil-bearing levels at Zimbral were
deposited between the first and second of these trans-
gressions and consist predominantly of grey marls and
silty mudstones. These sediments are interpreted as
representing low-energy floodplain or lagoonal environ-
ments, favourable for the preservation of small vertebrate
remains (Guillaume et al. 2020).

Material and methods
The specimen ML2631 was collected by Micael

Martinho and prepared by him at the vertebrate palacon-
tology laboratory of the Museu da Lourinha (Portugal)
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Figure 3. Micro-CT images of the specimen ML2631. A, B, C,. Orthogonal CT slice views (XZ, XY and YZ planes, respectively)
of ML2631 (see orientation in E); A,, B,, C,. Segmentation examples illustrating the difficulty in identifying anatomical structures,

with different elements marked for clarity: bone (yellow), matrix (white), brain cavity (blue), inner ear (light pink), pharyngotym-

panic cavity (green) and intertympanic diverticulum (sky blue); D. External appearance of the nodule of ML2631 prior to prepara-

tion, highlighting the areas where fossil bone was exposed at the surface. Scale bar: 1 cm.

under the supervision of the laboratory manager Carla
Alexandra Tomdas. The specimen was mostly prepared
using a compressed-air micro-jack and precision hand
tools due to the hardness of some mineralised portions of
the nodule in which it was embedded. As a result, certain
areas were left unprepared and still covered by matrix in
order to preserve the integrity of the fossil.

To study these unexposed regions and the internal
cavities of the skull, the specimen ML2631 was subjected
to high-resolution micro-computed tomography (nCT)
scanning at the Micronsense Metrologia Industrial Lda.
facilities (Leiria, Portugal), with the micro-CT scanner GE
VtomeX M 240 using a voltage of 200 kV and a current
intensity of 500 pA. The resulting scan yielded 736 images
with a voxel size of 0.049038 mm and an image resolu-
tion of 918 x 812 x 736 pixels. Raw data from the scan
were imported, processed and segmented using AVIZO
software 2020.3 (Thermo Fisher Scientific). The software
was used on a workstation at the GeoBioTec Research
Unit, Department of Earth Sciences, FCT, Universidade
Nova de Lisboa, which holds an institutional licence. The
3D models obtained were rendered with BLENDER .
3.5.0 (Blender Foundation). Access to the raw CT images
is subject to the discretion of the institution housing the
fossil, the Museu da Lourinhd (ML).

Although the specimen was micro-CT scanned, the
presence of dense mineral veins (likely indicating the
nodule is a septarian concretion) caused significant

imaging artefacts, which obscured some regions of the
skull and complicated segmentation (Fig. 3). Despite
these limitations, it was possible to digitally reconstruct
most of the skull, as well as several internal structures,
including the brain cavity, inner ear and cranial nerve
pathways (Fig. 5). All 3D models are available in Suppl.
material S3. The models are also available in the digital
repository MorphoSource (https://www.morphosource.
org/) under Collection ID: 000768350 (https://www.
morphosource.org/projects/000768350?locale=en).

The terminology and colour scheme used in Figs 4, 5
follow Witmer et al. (2008) for the brain cavities; Holliday
and Witmer (2009) and Lessner and Holliday (2022) for
the cranial nerves; and Dufeau and Witmer (2015) and
Kuzmin et al. (2021) for the paratympanic sinus system
and the inner ear. For ease of reading, the reconstructions
of internal cavities that housed soft tissues and organs are,
in some cases, referred to by the names of the soft tissues
themselves (e.g. “brain” instead of “brain cavity endocast”).

The phylogenetic analysis was performed under
parsimony using TNT v.1.6 software (Goloboff and
Morales 2023), based on the character matrix of
Pochat-Cottilloux et al. (2024), which itself is derived
from previous datasets by Turner (2015), Schwarz et al.
(2017) and Venczel and Codrea (2019). With the addi-
tion of the new specimen ML2631, the matrix resulted
in 81 taxa and 321 characters (Suppl. material 1). The
analysis was conducted with a memory capacity of
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1,000,000 trees, selecting Gracilisuchus as the outgroup
taxon and using a New Technology Search that enabled
all search algorithms (Sectorial Search, Ratchet, Drift
and Tree Fusing; Goloboff (1999); Nixon (1999)).
Following the analysis protocol of Pochat-Cottilloux
et al. (2024), only the following default parameters
were modified: 100 sectorial search drifting cycles, 100
ratchet iterations, 100 drift cycles, 100 rounds of tree
fusing per replicate and using a driven search to find the
minimum length 10 times. Characters were weighted
equally and multistate characters were treated as unor-
dered. To thoroughly explore tree space, this procedure
was repeated using 10 different random starting seeds,
selecting random seed = 0 (in TNT, the value 0 triggers
a randomly generated seed). The trees resulting from
each analysis were saved into a single .tre file. This
procedure yielded 271 trees, which were subsequently
filtered in TNT using the tree buffer filter to remove
duplicates, resulting in 30 most parsimonious trees.

As an alternative to this phylogenetic analysis protocol,
a single search was also performed with New Technology
Search, with the same parameters, but using a driven
search to find the minimum length 100 times (instead of
10), yielding the same results. To further validate the anal-
ysis and following the procedure of Pochat-Cottilloux et
al. (2024), a heuristic search using Wagner trees with 1000
random addition sequences was conducted, followed by
tree bisection—reconnection (TBR) and saving 10 trees per
replication (random seed: 100). This search also yielded
the exact same number of most parsimonious trees (30),
tree length (1489 steps) and strict consensus topology.

Anatomical abbreviations: A, quadrate crest A;
aa., anterior ampula; asc., anterior semicircular canal;
B, quadrate crest B; bo., basioccipital; bot., basioccip-
ital tuberosities; br., brain cavity; bs., basisphenoid;
bsd., basisphenoid diverticula; bsr., basisphenoid rostrum;
car.,, cerebral carotid artery; cc., common crus;
ch., choana; chs., choanal septum; eqp., cranioquadrate
passage; cer., cerebrum; ECD, Endosseous Cochlear Duct
length; eg., ear valve groove; ex., exoccipital; fc., foramen
caroticum; fh., hypoglossal foramen; fm., formaen
magnum; fr., frontal; fre., frontal crest; fv., foramen vagi;
ie., inner ear; its., intertympanic diverticula; lbr., lateral
bridge; lg., lagena (cochlear duct); Is., laterosphenoid;
Isc., lateral semicircular canal; Iss., laterosphenoid sinus;
mef., median eustachian foramen; mps., medial pharyn-
geal sinus; rps., rostral pneumatic sinus; oa., otic aperture;
oc., occipital condyle; ot., olfactory tract; pa., parietal;
pac., parietal crest; pas., parietal sinus; pfo., pituitary
(hypophyseal) fossa; po., postorbital; pob., postorbital
bar; pos., postorbital sulcus; psc., posterior semicircular
canal; pt., pterygoid; pts., pharyngotympanic sinus;
qu., quadrate; si., siphoneal tube; sif. siphoneal foramen;
so0., supraoccipital; sq., squamosal; stf., supratemporal
fenestra; stfo., supratemporal fossa; V, trigeminal foramen;
V,, ophthalmic division of trigeminal nerve; V, ., maxillo-
mandibular ganglion of trigeminal nerve; V_, supraorbital
division of trigeminal nerve; Vi pterygoid division of

fr.pensoft.net

trigeminal nerve; V,, unknown branch of trigeminal

nerve; ve., vestibule; vls., ventral longitudinal sinus.
Institutional abbreviations: ML, Museu da Lourina;

GEAL, Grupo de Etnologia e Arqueologia da Lourinha.

Systematic palacontology

Crocodylomorpha Hay, 1930 (sensu Walker (1970))
Crocodyliformes Hay, 1930

Mesoeucrocodylia Whetstone & Whybrow, 1983
(sensu Benton and Clark (1988))

Neosuchia Benton & Clark, 1988

Atoposauridae Gervais, 1871

Atoposauridae indet.

Specimen ML2631

Anatomical description. General skull shape and orna-
mentation: The dorsal surface of the preserved skull roof
of ML2631 is heavily ornamented with pits and grooves;
however, the remaining surfaces of the braincase and
palate bones are mostly smooth. Although the right lateral
margin is not preserved, the general shape of the skull roof
can be inferred by applying the principle of symmetry. In
dorsal view (Fig. 4A), it appears rectangular, with lateral
margins that are approximately parallel. In dorsal view,
the lateral bar formed by the squamosal and postorbital
is approximately the same width as the interfenestral bar
formed by the parietal and frontal although the latter is
slightly wider. The supratemporal fenestrae are elliptical,
with their major axis orientated anteroposteriorly (i.e.
longer than wide). This elongate shape is accentuated
by the presence of two distinct depressions or shallow
fossae, located in the anterior and posterior regions of
the fenestra (Fig. 4A). The posterior fossa is narrower,
more acute and better defined, extending posteriorly
between the squamosal—parietal suture. However, unlike
other taxa, such as Notosuchus terrestris Woodward,
1896 (Fiorelli and Calvo 2008; Barrios et al. 2017) or the
neosuchians Wannchampsus kirpachi Adams, 2014 and
Theriosuchus pusillus Owen, 1879, this posterior depres-
sion or sulcus does not reach the posterior margin of the
skull table. The anterior fossa is broader and situated
along the anteromedial margin of the fenestra, extending
over the frontal bone, in an arrangement similar to that
observed in some eusuchians, such as Allodaposuchidae
(e.g. Delfino et al. (2008); Puértolas et al. (2011);
Puértolas-Pascual et al. (2014); Narvaez et al. (2015)).
The medial margin of the fenestra is bordered by a raised
rim, whereas the lateral half is smooth and flat. None of
the surrounding bones exhibit overhanging margins and
the bones forming the fossa are visible in dorsal view,
particularly in the posteromedial region, where the pari-
etal, quadrate and laterosphenoid are clearly exposed due
to the absence of a steep vertical wall in this area. Only
the posteromedial margins of the orbits, formed by the
frontal and postorbital, are preserved and no prominent
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Figure 4. Photographs and illustrations of specimen ML2631. A-E. Different views of specimen ML2631: dorsal (A), ventral (B),
left lateral (C), right lateral (D) and posterior (E). For each view, the fossil photograph (1), a 3D model with interpreted sutures
and anatomical structures (2), and a semi-transparent 3D model showing the internal cavities (3) are shown. Hatched areas in A —
E, indicate damaged or eroded regions, dashed lines mark uncertain sutures, curved bold arrows indicate the repositioning of the
right postorbital bone to its original anatomical location, and parallel bold arrows indicate areas affected by shear deformation. See
Material and methods section for anatomical abbreviations. Scale bar: 1 cm.
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structures such as crests, depressions or raised rims are
observed. Despite the limited orbital preservation, the
gentle and open curvature of the postorbital and frontal
margins suggests that the orbit was relatively large.

Quadrate: A single, small subtympanic foramen
(= siphoneal foramen) is present on the dorsal surface of
the quadrate, located anterior to the otic aperture and situ-
ated within a shallow depression (Fig. 4C). In lateral view,
the anterodorsal process of the quadrate clearly contacts the
posteroventral region of the postorbital, just posterior to the
ventral descent of the postorbital bar (Fig. 4C). Although the
posterior articular region of the quadrate is not preserved, in
lateral view, the major axis of the quadrate is directed postero-
ventrally. Ventrally, crest B of the quadrate is extremely
sharp and well-defined in its lateral region, becoming
progressively more curved, smoother and more robust as
it extends ventromedially along the pterygoid ramus of the
quadrate (Fig. 4B). As a result of this pronounced crest,
the surface of the quadrate posterior to crest B is markedly
concave, a condition also observed in other taxa such as
Leidyosuchus (Wu et al. 2001), Borealosuchus formidabilis
(Erickson, 1976) and Protosuchus richardsoni (Brown,
1933). Anteriorly and nearly parallel to crest B, a crest A
of the quadrate can be observed, which is much shorter and
less developed than the former (Fig. 4B).

Quadratojugal: Although the quadratojugal itself is
not preserved, the sutural surface with the quadrate is
visible and allows the path of the bone to be inferred (Fig.
4C). Based on this, the dorsal process of the quadratojugal
appears to be narrow and likely contacts only a small
portion of the postorbital and may not contact it at all.

Jugal: Although the jugal is not preserved, the facet
for its contact with the postorbital is present on the
postorbital bar and faces anteroventrally (Fig. 4C).
As aresult, the lateral surface of the postorbital bar would
be formed by both the postorbital and the jugal. In addi-
tion, the postorbital process of the jugal, which forms the
ventral half of the bar, should be directed posterodorsally
or dorsally, but never anterodorsally.

Frontal: In the specimen ML2631, the frontals
are fused into a single, unpaired element, unlike the
condition in basal crocodylomorphs and basal mesoeu-
crocodylians, in which the frontals are typically paired.
The dorsal surfaces of both the frontal and parietal (Fig.
4A) are well ornamented with pits and bear a distinct
midline ridge, although it is more subtle on the frontal,
being restricted to its posterior half (Fig. 4A,). The pres-
ence of this sagittal ridge on the skull table is common in
Atoposauridae, Paralligatoridae and some notosuchians
(e.g. Turner (2015); Tennant et al. (2016)). The supratem-
poral roof formed by the frontal is dorsally flat, forming
a well-developed skull table. This structure includes the
postorbital and squamosal bones, which extend laterally
as flat shelves projecting beyond the level of the quadrate
contact. This condition contrasts with that of basal croc-
odylomorphs, such as sphenosuchians, in which the skull
table is more complex, uneven and less laterally expanded
(Spiekman et al. 2023). In dorsal view, the frontoparietal
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suture is positioned in the anterior portion of the inter-
fenestral bar and is posteriorly concave (Fig. 4A,).

Postorbital: Both postorbitals are preserved; however,
the right postorbital was ventrally displaced from its
original position (Fig. 4D,). Thanks to segmentation
and 3D reconstruction, it was approximately restored to
its original position (see curved arrows in Fig. 4). The
dorsal surface of the postorbital is ornamented with pits
and forms the anterolateral margin of the supratemporal
fenestra and the posterolateral margin of the orbit (Fig.
4A). A large, elongate depression or sulcus, orientated
anteromedially, is present on the dorsal surface of both
postorbitals (Fig. 4A.). This feature has also been reported
in other atoposaurids and paralligatorids (Tennant et al.
2016). The postorbital also forms the dorsal half of the
postorbital bar, which is unsculpted, transversely flat-
tened and dorsally constricted and clearly distinct from
the dorsal surface of the postorbital (Fig. 4C). Although
no vascular opening is evident along most of its dorsal
surface, the CT scan reveals a large internal cavity
within the bar and a small foramen seems to be present
anteriorly, near the contact with the jugal portion of the
postorbital bar. The postorbital lacks an anterolateral
process, a feature that distinguishes it from most tethysu-
chians and some goniopholidids (e.g. Jouve et al. (2006);
Salisbury and Naish (2011); Buscalioni et al. (2013)). Its
dorsal portion on the skull table preserves the anterior and
lateral edges, connected by a curved transition that gives
the anterolateral margin a rounded appearance in dorsal
view, forming an angle of approximately 115° between
them (Fig. 4A). The bar separating the orbit from the
supratemporal fossa is narrow, a condition that appears
to result from a well-developed depression or fossa in the
anteromedial region of the supratemporal fenestra, which
reduces the anteroposterior width of the bar (Fig. 4A).
This reduced bar is characteristic of most atoposaurids,
except for Knoetschkesuchus, in which at least the larger
specimens appear to have a broader bar (Schwarz et al.
2017). The lateral margins of the squamosal and postor-
bital, along the lateral bar of the supratemporal fenestra,
are very thin dorsoventrally, forming a lamina in which
the typical rims of the squamosal groove for the external
ear valve musculature are not observed (Fig. 4C). This
lamina extends horizontally in an anteroposterior direc-
tion, without any anterior flaring. In dorsal view, the
contribution of the postorbital to the lateral bar of the
supratemporal fossa is slightly less than that of the squa-
mosal and the sinuous suture between these two bones
lies approximately at the same anteroposterior level as the
frontoparietal suture (Fig. 4A,).

Parietal: In dorsal view, the parietal displays a flat,
broad ornamented region separating the supratemporal
fossae (Fig. 4A), in contrast to the very thin intertem-
poral bar or prominent crest observed in some taxa such
as dyrosaurids (e.g. Dyrosaurus, Sokotosuchus; Jouve
et al. (2006)) and sphenosuchians (e.g. Terrestrisuchus,
Dibothrosuchus; Spiekman et al. (2023)). A subtle
sagittal ridge extends from the posterior region along the
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dorsal surface, reaching approximately two-thirds of the
anteroposterior length of the bone (Fig. 4A)). Laterally,
the parietal forms a well-defined, slightly elevated edge
bordering the medial margin of the supratemporal fossae.
The suture between the parietal and postorbital is not
visible either on the dorsal surface of the skull roof or
within the supratemporal fossa and is, therefore, probably
absent. The occipital portion of the parietal is reduced
and limited to a thin lamina visible above the supraoc-
cipital (Fig. 4E). This lamina expands slightly laterally,
projecting as a descending process that inserts between the
supraoccipital (medially), the squamosal (laterally) and
the dorsalmost tip of the exoccipital (ventrally) (Fig. 4E,).

Supraoccipital: The supraoccipital is mainly visible in
posterior (occipital) view, with only a very reduced contri-
bution to the dorsal surface of the skull table, although it
is still slightly dorsally exposed (Fig. 4A,). In posterior
view, its outline is elliptical, being approximately 2.5 times
as wide as it is tall (Fig. 4E). It lacks the typical skull
roof ornamentation of pits and grooves, but the posterior
surface of the supraoccipital bears smooth bilateral promi-
nences and a slightly more pronounced sagittal ridge, with
two circular concavities located on either side (Fig. 4E).
However, these features differ from the more pronounced
prominences observed in other taxa, such as Dyrosauridae
(Jouve et al. 2005; Jouve 2007). The supraoccipital is
excluded from the foramen magnum, as the exoccipitals
meet along the mid-line and form the lateral and dorsal
margins of the foramen. Internally, an intertympanic sinus
or recess (= intertympanic diverticulum in Dufeau and
Witmer (2015); = transverse canal in lordansky (1973); =
mastoid antrum in Clark (1986)) can be observed in the CT
images, extending through a transverse canal within the
supraoccipital and below the parietal, establishing a connec-
tion between the middle ear regions (see Neuroanatomical
description section, Fig. 5A , D,, E)). In dorsal view, the
supraoccipital contributes slightly to the skull roof, although
this participation is minimal and restricted to the posteri-
or-most margin of the cranial table (Fig. 4A.).

Squamosal: Most of the dorsal surface of the squa-
mosal is sculpted with pits, similar to the rest of the skull
table (Fig. 4A). However, the posterolateral margin of the
poorly-developed squamosal lobe (or prong) is smooth
and apparently unornamented and seems to be aligned
with the general level of the cranial table. In contrast, in
many atoposaurids and paralligatorids, this prong presents
a depression along the posterolateral margin that creates
a step and a more ventrally positioned lobe relative to the
skull table (e.g. Pol et al. (2009); Tennant et al. (2016)).
However, this region was exposed to erosion while the skull
was still encased in the nodule, so it cannot be ruled out
that the step or the ornamentation was originally present,
but was worn away. In dorsal view, a subtle lateral peak is
observed along the lateral edge of the squamosal, approx-
imately halfway along the bone (Fig. 4A, C). Only in this
region, at the level of this peak, is there a lateral groove for
the ear valve musculature (Fig. 4C,). Posterior to this point,
the groove disappears and becomes a thin lamina without a

middle sulcus, suggesting that the groove is discontinuous
rather than straight and continuous. However, it remains
unclear whether this peak is a genuine anatomical feature
or an artefact resulting from the previously mentioned
erosion. The presence of a discontinuous lateral groove
has also been observed in some paralligatorids, such as
Paralligator and Shamosuchus (Pol et al. 2009), as well
as in some atoposaurids like Aprosuchus ghirai Venczel
& Codrea, 2019 and certain specimens of Varanosuchus
wangleeorum Pochat-Cottilloux, Lauprasert, Chanthasit,
Manitkoon, Adrien, Lachambre, Amiot & Martin, 2024.
In dorsal view, the squamosal is approximately twice as
long anteroposteriorly as the postorbital. The posterome-
dial branch of the squamosal, which contacts the parietal,
is transversely orientated and perpendicular to the sagittal
axis. The posterior margin of this branch, between the
squamosal prong and the parietal, is deeply concave in
dorsal view, whereas, in posterior view, it appears straight.
Due to matrix coverage and high-density artefacts in the
CT images, the position, morphology and exposure of the
opening of the temporo-orbital canal cannot be determined.

Exoccipital (= Otoccipital): In Crocodylomorpha,
the term “otoccipital” is commonly used to refer to the
compound braincase element formed by the fusion of the
exoccipital and opisthotic, as in other archosaurs (e.g.
Iordansky (1973); Kuzmin et al. (2021)). In this study, for
the sake of simplicity and following the most commonly
used terminology in descriptive osteology, we will use
the term “exoccipital”.

The exoccipitals are mainly visible in posterior
(occipital) view and their surface is smooth and lacks
ornamentation. In this view, the two exoccipitals almost
completely surround the foramen magnum, except for its
ventral-most margin, which is formed by the basioccipital
(Fig. 4E). The posterolateral region of the otic aperture,
at the contact zone between the quadrate, squamosal and
exoccipital bones, is partially obscured by dense matrix,
hindering proper assessment of some sutures and structures
in both the fossil and the CT images. However, the CT
images rather suggest that these bones do not contact each
other to form a fully closed cranioquadrate canal, which
remains dorsolaterally open. In the contact area with the
quadrate, the exoccipital appears slightly elevated dorsally,
forming a crest that defines the lateral margin of the passage
(Fig. 4C)). Consequently, the medial, ventral and most of
the lateral margins of the passage seem to be formed exclu-
sively by the exoccipital. This open cranioquadrate passage
differs slightly from the condition observed in other clades,
such as Allodaposuchidae, where it is less defined, more
laterally open and developed within the exoccipital, being
delimited ventrally by the exoccipital-quadrate suture and
dorsally by the exoccipital-squamosal suture (e.g. Delfino
et al. (2008); Puértolas et al. (2011); Puértolas-Pascual et al.
(2014); Narvaez et al. (2015)). The paroccipital processes
extend laterally from the foramen magnum, but are reduced
in size, as the portion projecting lateral to the cranioquad-
rate opening is very short (Fig. 4E,)). Cranial nerves IX to
XI exit the braincase through a single, large foramen vagi
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situated ventral to the paroccipital process of the exoccip-
ital, at the point where its ventral crest begins to develop
and extend laterally (Fig. 4E). A foramen is also observed
on the lateral rim of the foramen magnum, corresponding
to the passage of cranial nerve XII and identified as the
hypoglossal foramen. Below these foramina, the exoccip-
ital tapers progressively until it contacts the basioccipital.
Close to the tip of this wedge and adjacent to the lateral
margin of the exoccipital, a foramen caroticum is visible for
the passage of the carotid artery. This foramen is reduced in
size, comparable to the vagus and hypoglossal foramina.

Basioccipital: In lateral view (Fig. 4C, D), the basioc-
cipital is inclined anteriorly and its posterior surface
faces posteroventrally. This inclination, although less
pronounced, is more comparable to the condition seen
in most notosuchians, rather than in neosuchians, where
the basioccipital tends to be vertically orientated (facing
posteriorly) or even slightly posteriorly tilted (facing
posterodorsally). In occipital view (Fig. 4E), the basioc-
cipital shows a hexagonal outline. Its posterior surface
bears prominent tuberosities positioned just below the
occipital condyle. These tuberosities consist of a quad-
rangular mid-line projection bearing a sagittal crest,
which extends ventrolaterally to connect with a pair of
tuberosities positioned bilaterally on the basioccipital
margins (Fig. 4E)). These lateral tuberosities ascend
dorsally, although not enough to reach or contribute to
the exoccipital. However, these tuberosities are not as
pronounced as those observed in taxa, such as Gavialis,
Eothoracosaurus or Dyrosaurus. Unfortunately, the
arrangement of the lateral Eustachian tube openings
(= pharyngotympanic canals in Dufeau and Witmer
(2015) and Tucker (2017)) cannot be determined either
in the fossil or in the CT images. On the contrary, the
median Eustachian foramen (= median pharyngeal sinus
in Witmer (1997), Nesbitt (2011) and Dufeau and Witmer
(2015)) is large and well preserved (Fig. 4B).

Basisphenoid: The anterior region of the basisphe-
noid is entirely covered by matrix; however, it could
be segmented and interpreted thanks to the CT scan.
The basisphenoid rostrum is not particularly elongated
anteroposteriorly and exhibits a hatchet-like shape, being
dorsoventrally narrower in its posterior region and reaching
its maximum dorsoventral height anteriorly (Fig. 4C, D).
In ventral view, the posterior portion of the ventral surface
of the basisphenoid is anteroposteriorly shorter than that
of the basioccipital (Fig. 4B,). Although the region is not
well preserved — since the pterygoid has been displaced
leftwards due to shear deformation (see arrows in Fig.
4B,), hindering the actual exposure of the basisphenoid
— it appears that the basisphenoid was at least partially
visible on the ventral surface of the braincase and not
entirely excluded by the pterygoid and basioccipital. In
lateral view, the basisphenoid is also exposed between the
basioccipital and the pterygoids (Fig. 4C,, D,). However,
the exact limits of its sutures with the pterygoids, basioc-
cipital and exoccipitals are difficult to discern.
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Laterosphenoid: Both laterosphenoids are preserved
and exhibit a ventrolaterally swollen morphology, as
they house a significant portion of the ventral region of a
markedly inflated brain (see Neuroanatomical description
section, Fig. 5). The left laterosphenoid is better preserved,
allowing its boundaries and general morphology to be
inferred. Unlike the condition observed in many adult
neosuchian crocodylomorphs, such as Eusuchia, the latero-
sphenoid is relatively broad, being only about twice as long
anteroposteriorly as it is wide mediolaterally. Anteriorly,
the left laterosphenoid contacts and lies beneath the
frontal, with a capitate process that appears to be orien-
tated perpendicular to the sagittal axis. Interestingly, on the
left laterosphenoid, the capitate process seems somewhat
more oblique, as its anteromedial branch is orientated more
anteroposteriorly (Fig. 4B,). This difference between the left
and right laterosphenoids is most likely due to deformation;
as a result, determining the true orientation of the capitate
process in ML2631 is difficult. However, if the better pres-
ervation of the right laterosphenoid is to be trusted, it would
suggest that the orientation of the capitate process is more
mediolateral than anteroposterior. Posteriorly, the latero-
sphenoid contacts the pterygoid and quadrate and, dorsally,
it contacts the parietal. At its junction with the pterygoid
and quadrate, the laterosphenoid forms the anterior margin
of the foramen vagi (Fig. 4C,, D,). The presence of caudal
and lateral bridges of the laterosphenoid is difficult to
assess due to both the preservation of the fossil and the
limited visibility of these structures in the CT scan images.
However, the better-preserved left laterosphenoid appears
to exhibit a lateral bridge for the passage of the ophthalmic
division of the trigeminal nerve (V) (Fig. 4C)).

The distribution of laterosphenoid bridges for cranial
nerves vary amongst crocodylomorphs (see Holliday and
Witmer (2009) for a comprehensive overview of their
distribution). In ML2631 and likely in other atoposaurids,
at least a lateral bridge may already have been present
(Fig. 4C,). However, whether this bridge was actually
formed by the laterosphenoid or by the presence of an
epipterygoid is difficult to determine from the available
CT scan data. Although the ventral suture between the
lateral bridge and the pterygoid seems to be visible, the
dorsal end of the bridge is slightly detached from the
laterosphenoid, seemingly due to taphonomic deforma-
tion. This separation could reflect a true sutural boundary,
suggesting that the bridge may not be part of the latero-
sphenoid, but rather represents a very short epipterygoid.

Given the phylogenetic distribution of the laterosphe-
noid lateral bridge described in other taxa, this structure
appears as a clearly derived feature within Eusuchia,
particularly amongst Crocodylia. In contrast, more basal
eusuchians and closely-related neosuchians either lack
this structure or possess instead a well-developed epipter-
ygoid. Therefore, in ML2631 (assigned to Atoposauridae,
a clade recovered as deeply nested neosuchians or basal
eusuchians in most phylogenetic analyses), the observed
lateral bridge most likely corresponds to an epipterygoid
rather than a laterosphenoid bridge. This interpretation is
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consistent with the anatomical observations reported here
and aligns well with the evolutionary transition proposed
by Holliday and Witmer (2009).

Pterygoid: The pterygoid wings of ML2631 are eroded
and only the region surrounding the internal choana and
the braincase wall is preserved. In addition, the sutural
relationships between the pterygoid and adjacent bones,
such as the quadrate, laterosphenoid, basisphenoid and
basioccipital, are difficult to discern. On the lateral brain-
case wall, the pterygoid contacts the laterosphenoid
and quadrate dorsally, forming the ventral border of the
trigeminal foramen (Fig. 4C,, D,). The preserved ventral
surface of the pterygoids is entirely smooth, lacks orna-
mentation and the two pterygoids are fused posterior to
the choana and anterior to the basisphenoid. Although the
pterygoid flanges are broken, the small preserved portion
reveals a horizontally orientated, laminar bone structure.
The internal choanal opening enters the palate through a
pronounced depression in the pterygoid (Fig. 4B), also
known as the choanal groove. Although incomplete, the
choana opens widely on to the ventral surface of the pter-
ygoid, extending close to its posterior margin. Most of the
choana is bordered by the pterygoids; however, the ante-
rior portion of the palate, including the anterior margin
of the choana, is missing. As a result, the total contri-
bution of the pterygoids and palatines to the choana, as
well as its position relative to the suborbital fenestrae,
cannot be determined. The choanal opening is posteri-
orly closed by an elevated wall formed by the pterygoids.
Laterally, these walls are more gently sloped, resulting in
less defined lateral margins of the choana. The choanal
opening appears to be elongated and is divided by a
narrow vertical septum (Fig. 4B). However, due to pres-
ervation, it is difficult to determine whether the division
of the choana by this septum is partial or complete.

Neuroanatomical description. Despite the presence
of high-density mineralisations that generated artefacts
in the CT images (as noted in previous sections and
visible in Fig. 3), micro-computed tomography (nCT)
scanning of ML2631 enabled the digital reconstruction
of several internal cranial structures. Although these arte-
facts obscured portions of the neurocranium and made
segmentation particularly challenging, careful analysis
allowed for the interpretation and 3D reconstruction of
a nearly complete brain endocast, parts of both left and
right inner ears, several cranial nerves, a portion of the
left internal carotid artery and most of the left paratym-
panic sinus system (Fig. 5).

Brain: The brain cavity of ML2631 is nearly complete
(blue colour in Fig. 5), although the olfactory bulbs and
most of the olfactory tract are missing due to erosion of the
anterior process of the frontal. Only the posterior portion
of'the olfactory tract is preserved, showing a gentle ventral
curvature in lateral view and merging gradually with the
cerebral hemispheres. In lateral view (Fig. 5C,, D,), the
brain exhibits the characteristic sigmoidal (S-shaped)
profile typical of mesoeucrocodylians (Kley et al. 2010;
Bona et al. 2013, 2017; Serrano Martinez et al. 2019b,

2021). This profile is defined by two inflection points:
the cephalic flexure (CF), angle formed between the fore-
brain and mid-brain and the pontine flexure (PF), between
the mid-brain and hind-brain (e.g. Pierce et al. (2017);
Erb and Turner (2021); Barrios et al. (2023)). This flexure
ranges from straighter and more tubular brain endocasts,
characterised by high CF and PF values, as seen in thalat-
tosuchians, such as Plagiophtalmosuchus (CF = 175°;
PF = 170°), Macrospondylus (CF = 170°; PF = 165°),
Steneosaurus (CF = 170°-175°;, PF = 165°-170°),
Cricosaurus (CF = 166°; PF = 165°) and Pelagosaurus
(CF = 160°; PF = 160°), to more flexed, sigmoidal brains
with lower CF and PF values, as seen in crocodylians, such
as Alligator (CF = 135°; PF = 145°), Caiman (CF = 138°;
PF = 162°) (Pierce et al. 2017; Erb and Turner 2021) or
Trilophosuchus (CF = 136°; PF = 142°) (Ristevski 2022).
In ML2631, the estimated cephalic and pontine flexure
angles are approximately CF = 150° and PF = 145°. These
values fall within the typical range observed in other
non-marine mesoeucrocodylians and contrast with the
straighter endocasts of thalattosuchians, in which CF and
PF values usually exceed 160° (Pierce et al. 2017; Erb and
Turner 2021; Puértolas-Pascual et al. 2022, 2023).

The prosencephalon (or fore-brain) is bounded dorsally
by the frontal and parietal bones, lateroventrally by the
laterosphenoids and ventrally by the parabasisphenoid.
In dorsal view, the cerebral hemispheres of the fore-
brain appear rounded and laterally expanded (Fig. SA.).
The right hemisphere is notably smaller and posteriorly
displaced, most likely due to taphonomic shear deforma-
tion also observed in other parts of the skull, such as the
pterygoid. The left hemisphere is more spherical, better
preserved and probably reflects the original morphology.
In dorsal view, the contact between the olfactory tract
and the expansion of the cerebral hemispheres is gradual.
This contrasts with the more abrupt and rounded contact
observed in taxa, such as crocodylians like Alligator,
Diplocynodon, Osteolaemus or Trilophosuchus; in dyro-
saurids like Rhabdognathus; or in thalattosuchians,
such as Macrospondylus (Serrano-Martinez 2019; Erb
and Turner 2021; Ristevski 2022; Barrios et al. 2023).
This transition, therefore, would be more gradual and
comparable to that observed in taxa, such as Alligator,
Diplocynodon and Osteolaemus, but not as gradual as
in taxa, like Gavialis, Thoracosaurus, Portugalosuchus
or Pholidosaurus, which exhibit a more triangular than
rounded dorsal outline transition of the olfactory tract and
cerebral hemispheres (Serrano-Martinez 2019; Barrios et
al. 2023; Puértolas-Pascual et al. 2023). The pituitary or
hypophyseal fossa, located ventral to the fore-brain region
(Fig. 5C,, D,), is poorly preserved. The surrounding bones
of the fossa are fragmentary and damaged and as such,
this area was reconstructed tentatively based on limited
preserved structures and CT data. If the reconstruction
and interpretation are correct, the pituitary appears to
project posteriorly in an almost subhorizontal orienta-
tion, a condition also observed in some thalattosuchians
(Ristevski 2022; Puértolas-Pascual et al. 2023).
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Figure 5. 3D reconstruction of the cranial cavities of the braincase of ML2631. A. Dorsal; B. Ventral; C. Left lateral; D. Right lat-
eral; E. Posterior views; F. 3D reconstruction of the right inner ear, completed using mirrored elements from the left one, shown in

lateral (F)) and dorsal (F,) views, along with a schematic reconstruction (F,) to illustrate measurements and angular relationships.
Cavity colours: brain cavity (blue), inner ear (light pink), pharyngotympanic sinus (green), intertympanic diverticulum (sky blue),
parietal sinus (sky blue), median pharyngeal sinus (purple), carotid artery (red) and cranial nerves (yellow). See Materials and meth-

ods section for anatomical abbreviations. Scale bar: 1 cm.

In lateral view, the dorsal transition between the pros-
encephalon and the mesencephalon (mid-brain) is subtle
and is characterised by a narrowing with both lateral and
dorsal concavities between the cerebral hemispheres and
the region of the optic lobe (Fig. 5C,, D,). This constriction
is more clearly visible in dorsal view, where it marks the
position of the optic lobe (Fig. 5A,). Posterior to this ‘neck’
region, the mesencephalon contacts the rhombencephalon
(hind-brain), which expands dorsoventrally until reaching
the maximum thickness of the brain. The boundary between
the mesencephalon and the rhombencephalon (hind-brain)
is defined by the posterior margin of the trigeminal nerve
(cranial nerve V) opening and the anterior edge of the
concavities that accommodate the otic capsules.

In lateral view, the rhombencephalon is strongly devel-
oped dorsoventrally and defined by convexities on both
the dorsal (cerebellum) and ventral (ventral longitudinal
sinus) surfaces (Fig. 5C,, D,). Dorsally, this region shows
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pronounced constrictions on both sides, resulting in broad
lateral depressions that enclose the otic capsules and inner
ear (Fig. 5A,, E,). Coinciding with the area of maximum
ventral expansion of the rhombencephalon, the region of
the ventral longitudinal sinus exhibits a lateral constriction
that creates an anteroposterior groove on each side of the
brain (Fig. 5C,, D,, E,). However, this constriction appears
to be an artefact caused by the medial displacement of
the ventral process of the prootic at its contact with the
basisphenoid. In lateral view, the posterior region of the
hind-brain narrows dorsoventrally, gradually decreasing
in thickness towards the medulla. Only the left half of the
medulla is preserved; the right side appears to be lost due
to erosion. The medullary region is elliptical in cross-sec-
tion, being approximately twice as wide lateromedially as
it is high dorsoventrally (Fig. 5C). In addition, the rhomb-
encephalon of ML2631 is proportionally longer than in
most other compared crocodylomorphs. It represents
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about 55-60% of the total brain length (from the anterior
region of the cerebral hemispheres to the posterior end
of the medulla), showing a proportion similar to that of
Rhabdognathus (Erb and Turner 2021). In the other taxa,
however, it usually accounts for less than 50% (around
45%). This relatively greater length cannot be attributed
to an earlier ontogenetic stage and, instead, supports the
interpretation of ML2631 as an adult individual, since
the rhombencephalon is known to increase proportionally
during brain development (see 3D models in Jirak and
Janacek (2017), Hu et al. (2020), and Barrios et al. (2023)).
Cranial nerves: Only the left and right trigeminal
nerves (cranial nerve V) of ML2631 are preserved or
visible in the CT scan (yellow colour in Fig. 5). As in
other archosaurs, the trigeminal nerve is the largest cranial
nerve, with both motor and sensory functions. It branches
into three main divisions: ophthalmic (V,), maxillary
(V,) and mandibular (V,), along with several secondary
branches, such as the supraorbital rami (V) (e.g. Lessner
and Holliday (2022)). In ML2631, some of these branches
are partially preserved. The trigeminal nerve (V) emerges
laterally from the mesencephalon and exits the braincase
through a large, subcircular foramen bordered by the
prootic, laterosphenoid, quadrate and pterygoid. The right
trigeminal nerve is positioned more posteriorly than the
left (Fig. 5A,), a condition that may result from shear-re-
lated deformation, which, as previously mentioned, also
appears to have affected the right cerebral hemisphere.
The left trigeminal nerve is better preserved, showing the
ophthalmic branch (V,), the maxillomandibular ganglion
(V,,;) — from which the maxillary (V,) and mandibular
(V,) divisions originate — and the secondary pterygoid
branch (th) (Fig. 5A,, C,, B)). On the right side, only the
maxillomandibular ganglion (V,,) and the supraorbital
ramus (V) could be partially reconstructed (Fig. SD,).
The ophthalmic division (V) is partially preserved on
the left side, projecting anteriorly from the main trigem-
inal ganglion (V,,,) and passing through the lateral bridge
of the laterosphenoid/epipterygoid (Figs 4C,, C,, 5).
There appears to be an additional branch (V) that follows
a trajectory similar and nearly parallel to V, although
it is positioned more medially (Fig. 5B,). However,
this division has not been reported in other crocodylo-
morphs with well-known cranial nerve anatomy, such
as Alligator (Lessner and Holliday 2022), so it remains
uncertain whether this structure is genuine or an artefact
caused by preservation. The maxillary (V,) and mandib-
ular (V,) branches would have projected anteriorly and
lateroventrally, respectively, from the trigeminal ganglion
(V,,,) and foramen. However, since they do not contact
the surrounding bones along their course, they typically
leave little to no trace on the braincase wall. Thanks to
the CT scan, a small branch was also segmented in the
ventral region of the V., ganglion, projecting ventrome-
dially (Fig. 5C,, B,, E,). This branch may correspond
to the pterygoid division (th) of the trigeminal nerve
(Lessner and Holliday 2022). The preservation of the
right trigeminal nerve is limited, with only the main V,,
ganglion visible, along with a small dorsal projection that

may correspond to the supraorbital branch (V) of cranial
nerve V (Fig. 5A,, D,). Due to preservation limitations,
it is not possible to determine whether this V_ branch
passes through a caudal bridge of the laterosphenoid.

Paratympanic sinus system: The paratympanic
system comprises a series of pneumatic cavities primarily
located around the inner ear and adjacent regions of the
neurocranium. In ML2631, the left pharyngotympanic
sinus system, left intertympanic diverticula, parietal
sinus and median pharyngeal sinus system are preserved.
These pneumatic structures are housed within bony
recesses mainly surrounding the hind-brain and part of
the mid-brain (Fig. 5).

The pharyngotympanic sinus (green color in Fig. 5) is
the largest and most complex cavity of the paratympanic
sinus system, extending laterally from the inner ear region
towards the external auditory meatus (Fig. SA—C). As it
approaches the external auditory meatus, the pharyngotym-
panic sinus shows a marked anteroposterior expansion,
more developed posteriorly. This posterior expansion
corresponds with the cranioquadrate passage, which, in
ML2631, is delimited exclusively by the exoccipital and
remains dorsolaterally open. Additionally, in the ventro-
medial region, the pharyngotympanic sinus surrounds
the internal carotid artery and extends ventrally beneath
the brain. The lateral pharyngotympanic tubes, which
connect to the pharynx and open externally through the
lateral pharyngotympanic (Eustachian) foramina, are not
preserved. Ventral to the external auditory meatus, the left
siphonial tube is preserved. This structure runs posterolat-
erally through the quadrate and would have exited via the
foramen aereum, although this foramen is not preserved
due to erosion of the posterior end of the quadrate. In
each laterosphenoid, a dorsoventrally orientated cavity is
preserved in the central region of the bone. These latero-
sphenoid sinuses appear to be isolated and do not connect
to any of the larger adjacent cavities (Fig. SA, B).

The origin and functional significance of the median
pharyngeal sinus in Crocodylomorpha remain poorly
understood and its orientation appears to vary ontogenet-
ically, becoming more vertical in larger individuals, in
parallel with the progressive verticalisation of the basioc-
cipital (Witmer and Ridgely 2009; Dufeau and Witmer
2015; Serrano-Martinez et al. 2019a). The median
pharyngeal sinus of ML2631 (purple colour in Fig. 5),
located along the sagittal plane, forms a robust canal that
projects anteroventrally until it expands and opens exter-
nally through the median pharyngeal foramen between
the basioccipital and the basisphenoid. This canal is rela-
tively short and robust when compared to the condition
observed in crocodylians and other eusuchians, such as
allodaposuchids, in which the canals are notably more
slender, elongated and directed ventrally or posteroven-
trally (e.g. Serrano-Martinez (2019); Serrano-Martinez et
al. (2019a, 2019b); Puértolas-Pascual et al. (2022, 2023)).
The cross-section of the canal is not perfectly circular
along its trajectory, as it is slightly anteroposteriorly
oval, with a more flattened anterior margin that becomes
progressively broader than the posterior one towards the
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external opening, resulting in a drop-like shape. This
contrasts with the condition observed in crocodylians:
in alligatoroids, the cross-section is circular, whereas,
in crocodyloids, it is D-shaped, with the flat side facing
anteriorly (Serrano-Martinez et al. 2019b). Dorsally,
this sinus bifurcates into a Y-shaped configuration that
connects dorsally to the basisphenoid diverticula (Fig.
SE,). The connection between these diverticula and the
pharyngotympanic sinuses could not be segmented due to
poor visibility of this region in the CT images.

The preserved left intertympanic diverticulum (sky
blue colour in Fig. 5) is positioned dorsally to the
brain, pharyngotympanic sinuses and inner ear and it
is housed within the supraoccipital, exoccipital and
prootic. This complex consists of a lateral cavity that
extends approximately twice as far posteroventrally as
it does laterally (Fig. 5A,, D,, E)). This reduced lateral
extension of the intertympanic diverticulum is similar
to that observed in taxa such as Alligator, Caiman and
Osteolaemus and contrasts with other eusuchians, such as
Portugalosuchus, Gavialis, Tomistoma and Crocodylus,
in which the lateral expansion is much more developed
(Serrano-Martinez 2019; Puértolas-Pascual et al. 2023).
Perrichon et al. (2023) demonstrated that, in extant croc-
odylians, the intertympanic sinus undergoes significant
ontogenetic changes: during growth, its shape becomes
more laterally elongated and compressed anteropos-
teriorly and dorsoventrally. Nevertheless, it correlates
closely with overall cranial morphology, allowing
discrimination between lineages (e.g. Alligatoridae vs.
Longirostres, Crocodylidae vs. Gavialidae). Though the
ontogenetic stage of ML2631 is uncertain, its size falls
within the adult range for an atoposaurid and its cranial
proportions, well-marked ornamentation and advanced
degree of neurocranial fusion do not support a very early
developmental stage (Schwarz et al. 2017). Its greater
dorsoventral development compared to the lateral expan-
sion may, therefore, reflect either a moderately young
ontogenetic stage or a clade-specific morphological
pattern. Unfortunately, further investigation, based on
pCT-derived ontogenetic series and additional speci-
mens, will be required to test these alternatives.

ML2631 preserves a sagittally placed parietal sinus
(sky blue colour in Fig. 5) that extends into the pari-
etal bone, anterior to the intertympanic diverticula. This
sinus extends anterodorsally over the cerebral cavity and
reaches the anterior region of the mid-brain. Its posterior
margin is ring-shaped and clearly visible in dorsal view
(Fig. 5A). This ring-shaped morphology, formed by the
anterolateral pre-parietal processes and the intertympanic
pneumatic recess, has also been observed in other taxa such
as Crocodylus, Melanosuchus, Caiman and Osteolaemus
(Serrano-Martinez 2019; Perrichon et al. 2023).

Inner ear: In ML2631, both inner ears (light pink
colour in Fig. 5) are partially preserved. These struc-
tures are housed within the dorsolateral otic capsules
of the rhombencephalon, which are formed by the
prootics and exoccipitals. The inner ear comprises the
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bony labyrinth, a complex system of interconnected
semicircular canals and cavities. This system encloses
the vestibule and other neurosensory organs responsible
for balance, as well as the cochlear region involved
in hearing. Neither of the inner ears is completely
preserved; however, the left one is nearly complete (Fig.
5C,), while the right one preserves only the anterior half
(Fig. 5D,). By mirroring and digitally superimposing
both models, a tentative reconstruction of the complete
inner ear morphology can be generated (Fig. 5D).

The anterior semicircular canal is the longest, thickest
and most dorsally extended of the three canals. In lateral
view (Fig. 5D,, F , F)), it rises anterodorsally from a long,
vertical and slender crus commune until reaching the
highest point of the inner ear. The cross-sectional diameter
of the crus commune is comparable to that of the ante-
rior canal itself. From the top, the anterior canal descends
gradually in an anteroventral direction to connect with the
vestibule and the lateral (horizontal) semicircular canal.
The junction between these structures, known as the ante-
rior ampulla, projects anteriorly from the main body of
the inner ear. The posterior semicircular canal exhibits
a morphology similar to that of the anterior canal, but
orientated in the opposite direction and slightly smaller
in size. It originates posteriorly from the crus commune
and descends posteroventrally until it connects with the
lateral semicircular canal in the posterior region of the
inner ear. At the junction, the posterior ampulla forms a
slight projection, less pronounced than that of the anterior
ampulla. The overall diameter of the ring formed by the
posterior canal is smaller and the cross-sectional diameter
of its duct is also slightly reduced compared to that of the
anterior canal. In dorsal view (Fig. 5F,), the angle between
the planes of the anterior and posterior semicircular canals
measures approximately 87°. The lateral semicircular
canal is positioned lateral to the vestibule and forms a ring
that lies approximately in the horizontal plane. It is similar
in length and cross-sectional diameter to the posterior
canal and its ring diameter is also comparable, although
slightly larger. In lateral view, the angle formed by the
lateral and the anterior canals is about 60° and the angle
between the lateral and the posterior canals is about 65°
(Fig. S5F,). The cochlear ducts (lagena) of both inner ears
are ventrally projected, although their morphology and full
ventral extent are difficult to determine due to preservation.

The endosseous labyrinth of ML2631 exhibits an
intermediate morphology between that of terrestrial and
semi-aquatic crocodylomorphs. The markedly elevated
anterior semicircular canal, combined with a tall and
slender crus commune, resembles the condition described
for fully terrestrial taxa (e.g. Protosuchus, Junggarsuchus,
Simosuchus and Baurusuchus) (Kley et al. 2010; Schwab
et al. 2020; Dumont et al. 2022; Barrios et al. 2023).
However, the moderately thick canal cross sections and
the overall proportions of the labyrinth, which is not
dorsoventrally compressed, are more similar to those of
eusuchians and extant crocodylians than to the slightly
flatter labyrinths of teleosauroids (e.g. Steneosaurus,
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Macrospondylus) or the compact semicircular canals with
broad cross-sectional diameters typical of pelagic metri-
orhynchids (e.g. Cricosaurus, Torvoneustes) (Schwab et
al. 2020; Wilberg et al. 2022). This similarity is further
supported by the marked asymmetry between the ante-
rior and posterior semicircular canals, which mirrors the
condition seen in some eusuchians and crocodylians and
contrasts with the more symmetrical canal arrangement
observed in teleosauroids and metriorhynchids (Serrano
2019; Schwab et al. 2020; Barrios et al. 2023). Taken
together, these features suggest that ML2631 retained
a vestibular system well-suited for balance control and
equilibrium in a primarily terrestrial context, as inferred
from the association between tall, elongate semicircular
canals and increased angular sensitivity in terrestrial
vertebrates (Spoor et al. 2002; Schwab et al. 2020), while
the moderately thick canals and non-compressed labyrinth
proportions support a functional interpretation compatible
with a moderately amphibious or nearshore lifestyle.

Neurosensorial capabilities. The neurosensory capa-
bilitiesofML263 1 havebeenpartially estimated following
the methodology proposed by Serrano-Martinez (2019)
and further developed in Serrano-Martinez et al. (2019b,
2021, 2025). Unfortunately, some of these estimates
could not be reliably calculated. In particular, olfactory
capacity could not be estimated, as it requires the dimen-
sions of the olfactory bulbs, which are not preserved in
the specimen. Likewise, the Reptile Encephalisation
Quotient (REQ; Hurlburt (1999)), which is designed
to estimate cognitive capabilities in reptiles, based on
endocast volume relative to body mass, was not calcu-
lated due to the fragmentary nature of the specimen.
Most available equations for body mass estimation
(e.g. Dodson (1975); Webb and Messel (1978); Platt et
al. (2011)) rely on cranial measurements that are either
absent or poorly preserved in ML2631. Moreover, these
equations are primarily based on extant crocodylians,
which may have different skull-to-body proportions
compared to atoposaurids. Nevertheless, by comparing
and rescaling the size of the skull table with reference to
more complete atoposaurid skeletons and other neosu-
chians, we estimate that ML2631 had a total body length
between 0.5 and 1 metre, probably closer to 0.8 metres.
However, such a rough approximation prevents us from
calculating the REQ with confidence.

However, auditory capacity was estimated, based on
the length of the endosseous cochlear duct (ECD) of the
inner ear (Fig. 5F,), following the methodology outlined
in Serrano-Martinez (2019) and based on the equations
of Walsh et al. (2009). The ECD length was estimated at
4.01 mm and the basicranial length (from the caudalmost
point of the basioccipital condyle to the medialmost point
of the pterygoid—palatine suture) at 40.13 mm. These
approximate values yield a ratio of 4.01/40.13 = 0.099,
with a logarithmic transformation of 10g0.099 = —1. Due
to the poor preservation of the cochlear region and the
absence of the pterygoid—palatine suture, both measure-
ments should be considered approximate. This value of —1

falls within the range observed in other eusuchians, such
as Allodaposuchidae and Crocodylia (—0.73 to —1.09)
(Serrano-Martinez 2019) and it is also close to the values
reported by Walsh et al. (2009) (—0.62 to —1). These results
suggest an auditory adaptation to low-frequency sounds,
a condition also observed in other eusuchians and, as
demonstrated by this specimen, likely already present in
atoposaurids. Low-frequency hearing is typically associ-
ated with the ability to detect environmental signals, such
as water movement, distant vocalisations or low-pitched
intraspecific communication. In modern crocodylians,
such sensitivity may facilitate social behaviour, the detec-
tion of predators or prey or mate localisation in turbid or
enclosed environments (Garrick and Lang 1977; Brown
and Waser 1984; Walsh et al. 2009).

Visual acuity could be estimated thanks to the relatively
good preservation of the brain cavity in ML2631. For this
analysis, the volume of the mesencephalon, which houses
the optic lobe, was compared to the total brain volume.
In crocodylians, the optic lobe is easily identifiable within
the mesencephalon and its relative volume has been used
as a proxy for visual capability (Jirak and Janacek 2017;
Serrano-Martinez 2019). ML2631 has an approximate total
brain volume of 1716.02 mm? and a mesencephalic volume
of 154.2 mm?, resulting in a ratio of 0.0898 or 8.98%. In
extant crocodylians, the relative volume of the mesenceph-
alon ranges from 10% to 15% in large-sized individuals
and from 19% to 22% in medium-sized ones (Serrano-
Martinez 2019). The mesencephalic ratio of 8.98% in
ML2631 is closer to the lower end of the range observed
in large-bodied living species, suggesting a comparable
level of visual acuity. This is particularly notable given
the very small estimated total body length of ML2631,
just under 1 m. In extant crocodylians, smaller individ-
uals tend to have a proportionally larger mesencephalon
and optic lobe, which is thought to reflect improved visual
capacity. The small mesencephalon of ML2631, despite its
diminutive body size, deviates from this general trend and
more closely resembles the condition seen in large, mature
individuals. This pattern may support the hypothesis that
ML2631 was a fully grown individual exhibiting the dwarf
adult body size characteristic of atoposaurids, with visual
capabilities consistent with its neurological maturity rather
than its reduced body size.

Phylogenetic analysis

All cladistic analyses performed (see Material and methods
section for analytical protocol) recovered a total of 30 most
parsimonious trees, each with a tree length of 1489 steps.
The analysis yielded a consistency index (CI) of 0.260, a
retention index (RI) of 0.592 and a rescaled consistency
index (RC) of 0.154. The strict consensus tree is shown
in Fig. 6. It focuses on Neosuchia and more basal clades
not related to ML2631, such as Sphenosuchia, Protosuchia
and Notosuchia, have been omitted to save space and
improve figure clarity. The complete strict consensus tree,
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Figure 6. Phylogenetic relationships of Neosuchia, showing the position of ML2631 (in red). Analysis based on the matrix of Po-
chat-Cottilloux et al. (2024). Time-calibrated strict consensus tree of 30 most parsimonious cladograms (tree length = 1489 steps).
Numbers at nodes indicate Bremer support values above 1 and bootstrap frequencies above 50%. Extant species are indicated by
terminal branches ending in arrows.

including all clades and the 81 taxa, is available in the by Pochat-Cottilloux et al. (2024), who also recov-
Suppl. material 2. Bootstrap frequencies above 50% and  ered a monophyletic Eusuchia including these groups
Bremer support values greater than 1 for each node are  along with Hylacochampsidae, Allodaposuchidae and
indicated in the strict consensus tree (Fig. 6). Crocodylia. In my analysis, the definition of Eusuchia

The overall topology of the consensus tree (Fig. 6) is  relied on a set of common unambiguous synapomor-
almost identical to that obtained by Pochat-Cottilloux  phies, including undivided choanal grooves, cervical and
et al. (2024), although the addition of ML2631 has trunk procoelous vertebrae, more than two rows of dorsal
resulted in a significant improvement in the resolu- osteoderms with a discrete convexity on the anterior
tion of Atoposauridae. As in their analysis, Isisfordia  margin and an exposed supraoccipital in the skull roof.
and Susisuchus occupy the basalmost positions within  These characters are nearly identical to those obtained by
Neosuchia (Turner and Pritchard 2015; Venczel and  Pochat-Cottilloux et al. (2024), except that their analysis
Codrea 2019), followed by a series of successive did not recover procoelous trunk vertebrae (character
monophyletic sister clades, including Tethysuchia, 93) as an unambiguous synapomorphy, but only in the
Goniopholididae and FEusuchia, all moderately well cervicals. However, they noted that these features are
supported with Bremer support values of 3. homoplastic and potentially influenced by ontogenetic or

Interestingly and as previously recovered in other preservational factors (see also Salisbury et al. (2006);
phylogenetic analyses, the clades Paralligatoridae, Turner and Pritchard (2015); Leite and Fortier (2018);
Atoposauridae and Bernissartiidae (traditionally consid-  Martin et al. (2020)). Notably, the presence of fully ptery-
ered advanced non-eusuchian neosuchians) appear here  goid-bound choanae, historically regarded as a diagnostic
nested within Eusuchia (Turner 2015; Schwarz et al.  eusuchian trait, is now recognised as having evolved inde-
2017; Venczel and Codrea 2019; Pochat-Cottilloux et pendently in several lineages including Varanosuchus,
al. 2024). This result mirrors the topology retrieved Hylaecochampsidae, Allodaposuchidae and Crocodylia
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and, thus, cannot be considered a reliable synapomorphy
of Eusuchia (Turner and Buckley 2008; Pol et al. 2009;
Tennant et al. 2016; Pochat-Cottilloux et al. 2024). This
complexity highlights the ongoing difficulty in providing
a robust definition for Eusuchia and calls for a re-assess-
ment of traditional character combinations in light of new
fossil data and broader taxon sampling.

Atoposauridae is recovered as a well-supported
monophyletic clade (Bremer support of 4), with a rela-
tively stable internal topology similar to that retrieved
by Pochat-Cottilloux et al. (2024), but better resolved.
The node is defined by a combination of cranial and
postcranial synapomorphies, including a broad orein-
irostral rostrum, limited participation of the premaxilla
in the internarial bar and a laterally open cranioquadrate
passage that is not enclosed by the quadrate, squamosal
and otoccipital. Additional diagnostic features include
a reduced antorbital fenestra and two rows of dorsal
osteoderms with a well-developed anterolateral process.
Further synapomorphies are the presence of symmet-
rically compressed maxillary teeth and a posteriorly
tapering lacrimal that either does not contact the jugal
or does so only slightly. Unfortunately, the only one of
these synapomorphies preserved in ML2631 is the later-
ally open cranioquadrate passage, which, in this case, is
formed exclusively by the exoccipital. Nevertheless, the
consistent recovery of ML2631 in a more deeply nested
position than some other atoposaurids can be explained
by the presence of several additional derived character
states preserved in the specimen, some of which occur
variably amongst other atoposaurids. The optimisation
of these traits placed ML2631 on the branch between
Knoetschkesuchus and Sabresuchus, whereas other taxa
scored more extensively, including for plesiomorphic
characters not preserved in ML2631, were recovered
in more basal positions. This also accounts for the
relatively low Bremer support obtained at some nodes
within the group.

However, despite its fragmentary nature, the inclu-
sion of ML2631 in the analysis has helped to resolve all
polytomies within the clade Atoposauridae. In the anal-
ysis by Pochat-Cottilloux et al. (2024), the relationships
amongst Sabresuchus, Alligatorium + Theriosuchus,
Knoetschkesuchus and Varanosuchus + Aprosuchus
remained unresolved. Following the inclusion of
ML2631, the analysis recovers a topology in which two
major sister clades are present within Atoposauridae.
One includes Alligatorium and Theriosuchus and the
other comprises Sabresuchus, Knoetschkesuchus,
Varanosuchus, Aprosuchus and ML2631. Within this
latter group, two additional sister clades are recov-
ered: one formed by Varanosuchus and Aprosuchus
and another composed of the successive sister taxa
Knoetschkesuchus langenbergensis Schwarz, Raddatz
& Wings, 2017, Knoetschkesuchus guimarotae,
ML2631 and Sabresuchus. However, although fully
resolved and lacking polytomies, internal support for
the nodes within Atoposauridae remains very low, with

Bremer values of 1 and bootstrap supports below 50%,
except for the relationship between Varanosuchus and
Aprosuchus, which is strongly supported (Bremer value
of 6 and bootstrap support of 83%).

The clade formed by Knoetschkesuchus spp.,ML263 1
and Sabresuchus sympiestodon (Martin, Rabi & Csiki
2010) is characterised by the following synapomor-
phies: rod-shaped jugal bar beneath the infratemporal
fenestra; completely septated choanal groove; pres-
ence of a mandibular fenestra; jugal extension below
the orbit not exceeding the anterior margin of the orbit;
posteromedially directed premaxilla—maxilla suture in
palatal view, medial to the alveolar region; and frontal
lateral margins flush with the skull surface. However,
in ML2631 only the septated choanal groove and the
flush orbital lateral margin could be coded. The clade
formed by ML2631 and S. sympiestodon is supported
by two synapomorphies: the bar between the orbit
and the supratemporal fossa is narrow, with sculpting
restricted to its anterior surface in mature specimens;
and the choanal opening is posteriorly closed by an
elevated wall formed by the pterygoids.

Finally, specimen ML2631 is characterised by an
exclusive combination of two autapomorphies: the
lateral margin of the squamosal bears a prominent
depressed area just anterior to the posterior lobe, with
a discontinuous groove for the ear valve; and the dorsal
surface of the skull at the parietal-squamosal contact
displays a distinct depression or sulcus. The presence
of a discontinuous groove for the ear valve musculature
is a feature commonly observed in paralligatorids, such
as Paralligator and Shamosuchus (Turner 2015), but
it has also been described in closely-related atoposau-
rids, such as Aprosuchus and Varanosuchus (Venczel
and Codrea 2019; Pochat-Cottilloux et al. 2024). The
same applies to the presence of a sulcus or depression
in the parietal-squamosal suture region, which is also
found in some paralligatorids, like Wannchampsus
(Adams 2014) and in notosuchians, such as Notosuchus
(Fiorelli and Calvo 2008; Barrios et al. 2017), as well
as in other atoposaurids, like Theriosuchus, Aprosuchus
and Varanosuchus (Venczel and Codrea 2019; Pochat-
Cottilloux et al. 2024). However, as noted in the
anatomical description, the condition of the latter char-
acter in ML2631 appears to differ slightly from that of
the aforementioned taxa, as the sulcus is located in the
posterior region of the supratemporal fossa and does
not reach the posterior margin of the skull roof.

These results reinforce the phylogenetic significance
of ML2631 and its value in refining atoposaurid relation-
ships, despite its fragmentary preservation. The specimen
not only contributes to resolving previously collapsed
nodes within Atoposauridae, but also exhibits a unique
combination of anatomical features that clearly distin-
guish it from other known atoposaurids. However, due to
its incomplete nature, it is here retained in open nomen-
clature as Atoposauridae indet. until more complete
material is available to confirm its status as a new taxon.
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Comparisons within Atoposauridae

The fragmentary nature of ML2631 limits the scope of
anatomical comparisons across Atoposauridae. Only the
cranial table and most of the neurocranium are preserved,
preventing direct evaluation of many characters typically
used in atoposaurid systematics (e.g. dentition, preorbital
morphology, palatal structure and osteoderms). However,
the preserved elements retain several diagnostic and
phylogenetically informative features that allow mean-
ingful comparison with other members of the clade.
Atoposaurids are typically characterised by a combina-
tion of features, including small body size, brevirostrine
and dorsoventrally compressed skulls, well-developed
dermal ornamentation, relatively large orbits compared to
skull length, relatively reduced supratemporal fenestrae
and often heterodont dentition with conical, pseudo-
caniniform or lanceolate tooth morphologies. External
mandibular fenestrae and short secondary choanae are
also commonly reported within the clade (e.g. Buscalioni
and Sanz (1988); Schwarz and Salisbury (2005); Tennant
et al. (2016); Schwarz et al. (2017); Venczel and Codrea
(2019); Pochat-Cottilloux et al. (2024)). Although most
of these traits cannot be assessed in ML2631 due to the
limited preservation of the specimen, several features of
the cranial table and braincase reveal informative similar-
ities and differences with other atoposaurids. In particular,
the configuration of the supratemporal fenestrae, the
morphology of the parietal-squamosal suture with a poste-
rior sulcus bordering the fenestra, the arrangement of the
sulcus associated with the ear valve musculature and the
shape of the posterolateral margin of the squamosal appear
to distinguish ML2631 from all currently known species.
The cranial table of ML2631 exhibits deep pits, forming
a strongly marked ornamentation pattern (Fig. 4A). With
the exception of the unsculpted skull of Atoposaurus or
the subtle, shallow pits observed in Alligatorellus, this
type of well-defined dermal ornamentation is common
amongst atoposaurids and is generally regarded as a
typical feature of the group (Tennant et al. 2016; Schwarz
et al. 2017; Pochat-Cottilloux et al. 2024). However,
this character must be interpreted with caution, as the
intensity and development of skull table ornamentation
can vary with ontogenetic stage. In Knoetschkesuchus
langenbergensis, for example, larger individuals display
deeply pitted skull tables, while smaller specimens
lack or exhibit only faint ornamentation (Schwarz et al.
2017). Similarly, in Aprosuchus ghirai, the presence of
dense sculpturing has been interpreted as indicative of a
subadult condition (Venczel and Codrea 2019).
Regarding other structures on the skull table, a distinct
mid-line ridge is present on both the frontal and the pari-
etal in ML2631, although it is more subtle and restricted
to the posterior half in the frontal (Fig. 4A). This condition
has been frequently reported amongst atoposaurids and
related neosuchians, but with notable variation across taxa
and ontogenetic stages. In Theriosuchus, a mid-line frontal
ridge has often been considered diagnostic (Schwarz and
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Salisbury 2005; Salisbury and Naish 2011; Tennant et al.
2016). However, its development appears to be ontoge-
netically dependent: in Knoetschkesuchus guimarotae,
the ridge is absent in smaller individuals and becomes
more developed in larger ones, where it may overgrow the
median suture (Schwarz and Salisbury 2005). In K. langen-
bergensis, the parietal is incompletely fused and lacks any
dorsal crest, maintaining a flat surface (Schwarz et al.
2017). A sagittal crest on the frontal and parietal has also
been reported in Varanosuchus wangleeorum, Aprosuchus
ghirai and Sabresuchus sympiestodon (Martin et al. 2014;
Venczel and Codrea 2019; Pochat-Cottilloux et al. 2024).
The condition observed in ML2631, with a well-defined
crest on the parietal and a weaker, posteriorly limited
ridge on the frontal, falls within the morphological vari-
ability documented in other atoposaurids. Additionally,
a similar sagittal ridge is present in paralligatorids, such
as Shamosuchus (Pol et al. 2009) and Wannchampsus
(Adams 2014), as well as in some notosuchians (Martin et
al. 2014; Tennant et al. 2016).

The size of the supratemporal fenestrae in relation to
the width of the interfenestral bar formed by the frontal
and parietal, is a relevant character for comparison.
These two aspects are functionally and morphologically
related, as larger fenestrae logically correlate with a
narrower interfenestral bar and vice versa. In ML2631,
the supratemporal fenestrae are relatively large, being
approximately twice as wide as the interfenestral bar and
they are slightly elongated in the anteroposterior direc-
tion (Fig. 4A). Amongst other atoposaurids, this character
shows considerable variation. Taxa with larger supratem-
poral fenestrae, such as Knoetschkesuchus guimarotae
(Schwarz and Salisbury 2005), Theriosuchus pusillus
(Tennant et al. 2016) and Sabresuchus sympiestodon
(Martin et al. 2014), display a narrow interfenestral bar
similar to that of ML2631. However, in K. guimarotae,
the fenestrae appear to be more quadrangular rather
than elliptical, based on the reconstruction by Schwarz
and Salisbury (2005). In contrast, taxa with smaller
and more anteroposteriorly elongated fenestrae, such as
Alligatorellus (Tennant et al. 2016), Knoetschkesuchus
langenbergensis (Schwarz et al. 2017) and Aprosuchus
(Venczel and Codrea 2019), have a much broader inter-
fenestral bar. Notably, Alligatorellus also differs in having
a closed internal supratemporal fenestra, a condition not
observed in other atoposaurids (Tennant et al. 2016).
Other taxa, such as Varanosuchus (Pochat-Cottilloux et
al. 2024) and Alligatorium (Tennant et al. 2016), seem
to exhibit an intermediate condition. It should also be
noted that comparisons of this feature between speci-
mens of significantly different sizes or ontogenetic stages
should be approached with caution, as the relationship
between the size of the supratemporal fenestrae and the
width of the interfenestral bar appears to have an ontoge-
netic component (Venczel and Codrea 2019). In species
for which individuals of different sizes are known, such
as Theriosuchus pusillus or Knoetschkesuchus langen-
bergensis, the fenestrae tend to become relatively larger
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and less anteroposteriorly elongated in larger individuals
(Tennant et al. 2016; Schwarz et al. 2017), a pattern that is
generally widespread amongst crocodylomorphs.
Comparison of the supratemporal fenestrae with
the orbits is more difficult, as only the posteromedial
margin of the orbital rim is preserved, but it is nonethe-
less evident that the orbit would have been substantially
larger than the fenestra. However, part of the frontal
between the orbits is preserved, allowing an estimate of
the interorbital width. In ML2631, the interorbital and
interfenestral widths are nearly equal (subequal), with
the interfenestral bar being only slightly wider (Fig.
4A). The relative width of these two regions is a useful
comparative feature amongst atoposaurids (Tennant et
al. 2016). This proportion in ML2631 closely resembles
the condition observed in Sabresuchus sympiestodon,
where both widths are subequal, with a minimally
broader interfenestral bar (Martin et al. 2010, 2014). In
contrast, other atoposaurids such as Knoetschkesuchus
langenbergensis (Schwarz et al. 2017) and Aprosuchus
ghirai (Venczel and Codrea 2019) also exhibit a greater
interfenestral width, but the difference relative to the
interorbital region is more evident. A similar condi-
tion is found in Alligatorellus beaumonti Gervais, 1871
and Montsecosuchus depereti (Vidal, 1915), where the
interfenestral width clearly exceeds the interorbital one
(Buscalioni and Sanz 1990; Tennant et al. 2016). In
Knoetschkesuchus guimarotae, both widths are narrow
and nearly equal (Schwarz and Salisbury 2005). On the
contrary, in Varanosuchus (Pochat-Cottilloux et al. 2024),
Alligatorium meyeri Gervais, 1871 and Theriosuchus
pusillus, the interorbital width exceeds the interfenes-
tral one (Tennant et al. 2016). According to Tennant et
al. (2016), these proportional differences do not appear
to be solely ontogenetically driven, as many specimens
with differing configurations show signs of skeletal
maturity. Thus, the interorbital-interfenestral relation-
ship displays meaningful variation within Atoposauridae
and may carry phylogenetic or functional significance.
A distinct anteromedially orientated sulcus is present
on the dorsal surface of both postorbitals in ML2631 (Fig.
4A). This structure corresponds to the ventral depression
or shallow groove described on the dorsal margin of the
postorbital in other neosuchians (Tennant et al. 2016).
Within Atoposauridae, this feature is clearly present in
Alligatorellus and possibly in Alligatorium meyeri and
has, therefore, been proposed as diagnostic for the clade.
Conversely, it appears to be absent in Theriosuchus
pusillus and is of uncertain presence in Knoetschkesuchus
(Tennant et al. 2016) and Varanosuchus (Pochat-
Cottilloux et al. 2024). In Aprosuchus ghirai, a transverse
bony ridge divides the dorsal surface of the postorbital
into anterior and posterior depressed regions (Venczel
and Codrea 2019), potentially reflecting a related struc-
tural configuration. A comparable postorbital groove or
depression has also been documented in some paralliga-
torids, including Paralligator gradilifrons Konzhukova,
1954, the Glen Rose Form and Wannchampsus (Adams

2014; Turner 2015; Tennant et al. 2016), as well as in
more basal crocodyliforms, such as the shartegosuchid
Fruitachampsa callisoni (Clark 2011). The presence
of this feature in ML2631 supports its attribution to
Atoposauridae and adds to the growing evidence of its
wider distribution within Neosuchia.

The cranioquadrate passage in ML2631 appears dorso-
laterally open (Fig. 4C), with no evident contact between
the quadrate, squamosal and exoccipital to form a fully
enclosed canal. Instead, the exoccipital alone seems to
define the medial, ventral and most of the lateral margins
of the open passage. This condition closely resembles that
observed in Varanosuchus, where the canal also appears
as an open groove in lateral view, formed solely by the
exoccipital (Pochat-Cottilloux et al. 2024). A compa-
rable configuration is reported in Knoetschkesuchus
langenbergensis and Sabresuchus sympiestodon, both of
which exhibit an unroofed cranioquadrate canal (Schwarz
et al. 2017; Venczel and Codrea 2019). In contrast,
Knoetschkesuchus guimarotae (Schwarz and Salisbury
2005) and Aprosuchus ghirai show a completely enclosed
canal due to contact between the quadrate and squamosal
(Venczel and Codrea 2019). Amongst other atoposaurids,
an open cranioquadrate passage has also been described in
Alligatorium and Alligatorellus and is, therefore, consid-
ered a diagnostic feature of the clade (Tennant et al. 2016).
An open cranioquadrate passage or canalis quadratosqua-
mosoexoccipitalis, lacking a lateral wall, is also present in
several other neosuchian clades, such as Goniopholididae,
Pholidosauridae and eusuchians, like Allodaposuchidae
(e.g. Salisbury (1999); Delfino et al. (2008); Puértolas-
Pascual et al. (2014); Tennant et al. (2016)). In contrast,
other neosuchians, such as Susisuchidae and extant croc-
odylians, possess a fully enclosed passage formed by the
exoccipital and quadrate (e.g. Salisbury et al. (2006);
Pol et al. (2009)). The condition seen in ML2631 thus
supports its placement within Atoposauridae and contrib-
utes to the broader understanding of cranioquadrate canal
evolution within Neosuchia.

A slightly elevated parietal rim borders the medial
margin of the supratemporal fenestrae in ML2631 (Fig.
4A). This ridge is particularly well defined along the
posteromedial and medial margins, but appears absent
on the anteromedial border, which is formed by the
frontal. This partial elevation contrasts with the condition
observed in most atoposaurids, where the supratemporal
rim is well developed along the entire medial margin of
both the parietal and frontal. For instance, Alligatorium,
Theriosuchus, Varanosuchus, Knoetschkesuchus guim-
arotae and Sabresuchus all exhibit a dorsally elevated
rim extending the full medial border of each fenestra
(Tennant et al. 2016; Pochat-Cottilloux et al. 2024). In
contrast, Alligatorellus beaumonti possesses a ridge
that is only developed posteriorly, showing a condition
similar to that of ML2631. Conversely, in Alligatorellus
bavaricus Wellnhofer, 1971, Montsecosuchus and
Knoetschkesuchus langenbergensis, the medial margins
remain flat (Tennant et al. 2016; Schwarz et al. 2017).
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In ML2631, the supraoccipital is primarily visible in
occipital view, contributing only slightly to the dorsal
surface of the skull table (Fig. 4A.). This condition contrasts
with that observed in Alligatorellus, where the postero-
dorsal margins of the parietals and squamosals completely
cover the occipital region, excluding the supraoccipital
from the dorsal skull surface, a feature initially consid-
ered autapomorphic for the genus (Tennant et al. 2016).
In ML2631, as in many other mesoeucrocodylians, the
supraoccipital remains at least partially exposed dorsally,
reflecting a more generalised neosuchian condition.

In ML2631, only the left supratemporal fenestra is
preserved. Its posterior region is marked by a distinct fossa
that extends posteriorly around the parietal-squamosal
suture, although it does not reach the posterior margin of
the skull table (Fig. 4A). This contrasts with the condi-
tion in Theriosuchus pusillus, where the posterior sulcus
along the squamosal—parietal suture, bounded by elevated
rims, appears to reach the posterior edge of the skull roof
(Tennant et al. 2016). A comparable posterior sulcus is
described in A/ligatorellus, originating as a shallow groove
at the parietal-squamosal contact and continuing into the
fenestra (Tennant et al. 2016). In Varanosuchus, the pari-
etal-squamosal suture is raised and grooved, although no
fossa like the one in ML2631 is present along the posterior
margin of the supratemporal fenestra (Pochat-Cottilloux
et al. 2024). In Alligatorellus beaumonti and Alligatorium
meyeri, the groove is flanked by low ridges, whereas in
Montsecosuchus and Knoetschkesuchus, the suture is flat
and ungrooved, lacking any posterior depression (Tennant
et al. 2016; Schwarz et al. 2017). A sulcus or depression
in the parietal-squamosal region is also present in some
paralligatorids, such as Wannchampsus (Adams 2014)
and in notosuchians, like Notosuchus (Fiorelli and Calvo
2008; Barrios et al. 2017). Although several atoposaurids
exhibit varying degrees of development of a longitudinal
sulcus with elevated margins along the squamosal—pari-
etal suture, the condition observed in ML2631, with a
broader and well-defined fossa posterior to the supra-
temporal fenestra that does not reach the posterior skull
margin, appears to be unique amongst Neosuchia.

In ML2631, the squamosal lobe is poorly preserved, but
the available evidence suggests a flat posterolateral margin
that is unsculptured and lies in line with the general level
of the skull table, with no clear step or ventral deflection
(Fig. 4A, C). This contrasts with the condition in many
atoposaurids and paralligatorids, where the squamosal
lobe is offset ventrally, creating a step-like depres-
sion relative to the skull table, as seen in Theriosuchus
pusillus, Sabresuchus ibericus (Brinkmann, 1992),
Knoetschkesuchus or the paralligatorids Shamosuchus and
Rugosuchus (Pol et al. 2009; Tennant et al. 2016; Schwarz
et al. 2017). Aprosuchus ghirai also exhibits a bevelled,
ventrally directed squamosal lobe that is unsculptured and
accompanied by a deep, anteriorly extending groove for
the upper ear lid musculature, with its lower margin later-
ally displaced (Venczel and Codrea 2019). Conversely,
Alligatorium meyeri and Alligatorellus beaumonti display
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a squamosal lobe aligned with the cranial table, although
unsculptured, whereas in Alligatorellus bavaricus the lobe
is absent altogether (Tennant et al. 2016). In ML2631,
a subtle lateral peak is present along the concave lateral
squamosal edge, coinciding with a short, discontinuous
groove for the ear valve musculature. A comparable
configuration, either a discontinuous or medially curved
lateral groove, has been reported in Alligatorium meyeri,
Aprosuchus, S. ibericus, some specimens of Varanosuchus
and paralligatorids, such as Shamosuchus and Paralligator
(Pol et al. 2009; Tennant et al. 2016; Pochat-Cottilloux et
al. 2024). The morphology of ML2631 thus appears inter-
mediate, with no clear evidence of ventral displacement
of the lobe, but showing traits, such as an unsculptured
lateral surface and a discontinuous groove that are shared
with both atoposaurids and paralligatorids.

In ML2631, the internal choana is positioned within a
pronounced depression in the ventral surface of the pter-
ygoids and appears elongate, bordered posteriorly by
a raised wall, while the lateral margins are more gently
sloped and poorly defined (Fig. 4B). It is clearly divided
by a narrow vertical septum. Although preservation limits
a full assessment, the choanal aperture is wide and situ-
ated near the posterior margin of the pterygoid, suggesting
a relatively posterior placement. This condition contrasts
with that seen in Knoetschkesuchus guimarotae and
K. langenbergensis, where the choana is more anteriorly
positioned, slit-like and only weakly set within a shallow
groove rather than a well-defined depression (Schwarz et al.
2017). In Theriosuchus pusillus, the choana is more deeply
inset into the pterygoids, located anterior to the poste-
rior margin of the suborbital fenestrae and only partially
divided by a septum (Tennant et al. 2016). In Aprosuchus
ghirai, the choana is described as relatively large, oval
and partially separated by a mid-line septum, positioned
close to the posterior edge of the suborbital fenestrae
(Venczel and Codrea 2019), while, in Varanosuchus, they
are ovoid, entirely enclosed by the pterygoids and lack a
septum (Pochat-Cottilloux et al. 2024). The condition in
ML2631, with a choana posteriorly placed within a deep
depression, a vertically orientated posterior pterygoid
wall and a distinct septum, more closely resembles that of
T. pusillus and Aprosuchus than that of Knoetschkesuchus
or Varanosuchus, though the precise anterior extent and
palatine contribution remain unclear.

In summary, although ML2631 preserves only a
limited portion of the skull, its combination of features,
including a dorsolaterally open cranioquadrate passage, a
posteriorly placed and septate internal choana, a partially
elevated supratemporal rim, large supratemporal fenes-
trac with a distinct posterior fossa and a squamosal
lobe with a discontinuous groove, does not match any
currently known atoposaurid species. These characters
suggest that ML2631 represents a potentially distinct and
informative new taxon within Atoposauridae. However,
further discoveries and more complete material will be
necessary to confirm its taxonomic distinctiveness and
refine its placement within the clade.
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Conclusions

Specimen ML2631, discovered in the Zimbral VMA
(Lourinha Formation, Upper Jurassic, Portugal),
represents the first atoposaurid crocodylomorph for

which neuroanatomical structures and neurosensorial
capabilities have been reconstructed and estimated using
micro-computed tomography (LCT). Although fragmen-
tary, the specimen preserves significant portions of the
skull table and braincase, revealing a unique combination
of anatomical traits not previously documented within
Atoposauridae. Notable characteristics include a dorso-
laterally open cranioquadrate passage, sagittal crests
along the frontal and parietal bones, large supratemporal
fenestrae with distinct posterior fossae, a posteriorly posi-
tioned septate choana and a discontinuous groove on the
squamosal lobe. These morphological features appear to
distinguish ML2631 from other known atoposaurids and
suggest it may represent a novel taxon.

The neuroanatomical analysis, including detailed
reconstructions of the brain endocast, inner ear, cranial
nerves and paratympanic sinus system, provides new
insights into the sensory palacobiology and ecological
adaptations of atoposaurids. The morphology of the
endosseous labyrinth, particularly the tall anterior semi-
circular canal and slender crus commune, suggests good
angular sensitivity and balance control, probably indi-
cating well-developed terrestrial locomotion capabilities.
Nevertheless, certain features such as moderate canal
thickness and labyrinth proportions remain consistent
with semi-aquatic or nearshore habitats. The relatively
short cochlear duct indicates sensitivity to low-fre-
quency auditory stimuli, likely facilitating the detection
of environmental sounds like water movements or distant
calls. Furthermore, despite the reduced body size of the
specimen (~ 0.8 m), the relatively small mesencephalic
volume resembles the condition seen in large, mature
crocodylians, supporting the interpretation of ML2631
as an adult dwarf individual with moderate visual acuity,
consistent with a terrestrial to semi-aquatic lifestyle.

Phylogenetic analyses clearly position ML2631 within
Atoposauridae, substantially clarifying previously uncer-
tain relationships within the clade (Pochat-Cottilloux
et al. 2024). Its inclusion resolves prior polytomies,
grouping ML2631 with taxa such as Sabresuchus and
Knoetschkesuchus, a position consistent with its strati-
graphic age and European palacobiogeography. Despite
a significant ghost lineage between the Late Jurassic
atoposaurids and the Late Cretaceous taxa, such as
Sabresuchus sympiestodon, isolated teeth and fragmen-
tary material assigned to atoposaurids are common in
Lower Cretaceous deposits (e.g. Brinkmann (1992);
Buscalioni et al. (2008); Puértolas-Pascual et al. (2015)),
indicating the persistence of this group throughout the
Cretaceous, although few species have been described.
Despite low support values at several nodes, the resulting
topology emphasises the phylogenetic informativeness of
ML2631. However, due to its incomplete preservation,

ML2631 is provisionally designated as Atoposauridae
indet. Further discoveries of more complete cranial and
postcranial materials from similar stratigraphic contexts
will be essential to test its potential taxonomic status as a
new species and refine its phylogenetic position.

Overall, ML2631 highlights the importance of even
fragmentary specimens for advancing our understanding
of anatomical diversity, ecological adaptations and evolu-
tionary relationships within Crocodylomorpha, in general
and Atoposauridae, in particular. This work emphasises
the utility of integrating modern digital imaging and
palaeoneurological techniques with traditional compara-
tive anatomy and phylogenetic analyses to extract critical
data from limited fossil remains.
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