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Abstract

Pseudosuchian archosaurs, reptiles more closely related to crocodylians than to
birds, exhibited high morphological diversity during the Triassic and are thus
associated with hypotheses of high ecological diversity during this time. One
example involves basal loricatans which are non-crocodylomorph pseudosu-
chians traditionally known as “rauisuchians.” Their large size (5-8+ m long)
and morphological similarities to post-Triassic theropod dinosaurs, including
dorsoventrally deep skulls and serrated dentitions, suggest basal loricatans were
apex predators. However, this hypothesis does not consider functional behaviors
that can influence more refined roles of predators in their environment, for
example, degree of carcass utilization. Here, we apply finite element analysis to
a juvenile but three-dimensionally well-preserved cranium of the basal loricatan
Saurosuchus galilei to investigate its functional morphology and to compare with
stress distributions from the theropod Allosaurus fragilis to assess degrees of
functional convergence between Triassic and post-Triassic carnivores. We find
similar stress distributions and magnitudes between the two study taxa under
the same functional simulations, indicating that Saurosuchus had a somewhat
strong skull and thus exhibited some degree of functional convergence with the-
ropods. However, Saurosuchus also had a weak bite for an animal of its size
(1015-1885 N) that is broadly equivalent to the bite force of modern gharials
(Gavialis gangeticus). We infer that Saurosuchus potentially avoided tooth-bone
interactions and consumed the softer parts of carcasses, unlike theropods and
other basal loricatans. This deduced feeding mode for Saurosuchus increases the
known functional diversity of basal loricatans and highlights functional differ-
ences between Triassic and post-Triassic apex predators.
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1 | INTRODUCTION

Middle and Late Triassic pseudosuchian
archosaurs—reptiles more closely related to crocody-
lians than to birds—exhibit higher levels of morpho-
logical disparity than at any other point in their
evolutionary history (Brusatte et al., 2008, 2010;
Nesbitt, 2011; Stubbs et al., 2013). Many of the skeletal
bauplans exhibited by early pseudosuchians have been
described as convergent with distantly related dino-
saurs from the Jurassic and Cretaceous (Stocker
et al,, 2016). Examples include the gracile, bipedal
stances and skulls with large orbits and edentulous
jaws of shuvosaurid poposauroids, which are similar
to those of ornithomimids (Bestwick et al., 2022;
Nesbitt, 2007; Nesbitt & Norell, 2006), the robust limbs
and armored bodies of aetosaurs which are similar to
those of ankylosaurians (Desojo et al., 2013; Parker
et al., 2021) and the elongate rostra and expanded neu-
ral spines of phytosaurs which are reminiscent of some
spinosaurids (Stocker et al.,, 2016). Pseudosuchians
thus likely filled a wide range of ecological roles and
are regarded as the dominant tetrapod group in Middle
and Late Triassic terrestrial food webs (Brusatte
et al., 2008; Stocker et al., 2016).

Another well-known example of convergence involves
a paraphyletic grade of non-crocodylomorph loricatans,
traditionally referred to as “Rauisuchia” and are hereafter
termed basal loricatans (sensu Nesbitt & Desojo, 2017).
These pseudosuchians had a near-cosmopolitan distribu-
tion, although they are as-yet unknown from Antarctica
and Australasia, and were among the largest terrestrial ani-
mals of the Middle and Late Triassic with some taxa esti-
mated to have reached 84+ m in length (Franca et al., 2011;
Nesbitt et al., 2013; Tolchard et al., 2021; Young, 1973).
Basal loricatans share several morphological traits with
theropod dinosaurs such as allosaurids and tyrannosaurids,
including large dorsoventrally deep skulls, ziphodont denti-
tions (labio-lingually compressed in shape with serrated
carinae; Brink et al., 2015) and even bipedality in a
few taxa (e.g., Postosuchus spp.; Alcober, 2000; Brusatte
et al, 2009; Chatterjee, 1985; Mujal et al, 2022;
Weinbaum, 2011, 2013). These morphological similarities,
along with their large size and being identified the perpe-
trators of bite marks on numerous fossil bones, implicate
basal loricatans as the “apex predators” of Middle and Late
Triassic food webs, performing the same ecological role as
later evolving theropods (Alcober, 2000; Chatterjee, 1985;
Gower, 2000; Klein et al., 2017; Mastrantonio et al., 2019;
Mujal et al.,, 2022; Nesbitt et al., 2013; Roberto-Da-Silva
et al., 2018; Weinbaum, 2011, 2013).

However, the ecological classification of apex preda-
tor is rather broad as it generally refers to the elevated

trophic position of a taxon within a food web (Wallach
et al., 2015). The term can even be argued as simplistic
since it rarely considers the functional repertoires of
predators, which can have subtly different impacts on the
environments in which they live (DeVault et al., 2003;
Wallach et al., 2015; Wilkenros et al., 2013). For example,
in the African savannah lions (Panthera leo) and spotted
hyenas (Crocuta crocuta) are both recognized as apex
predators with overlapping prey preferences (Schubert
et al., 2010; Sinclair et al., 2003; van Valkenburgh
et al.,, 1990). However, hyenas are renowned for their
more frequent processing and consumption of bones
(i.e., osteophagy) and thus leave less food available for
scavenging (DeSantis et al., 2013; Ogada et al., 2012;
Schubert et al., 2010; van Valkenburgh et al., 1990). Simi-
lar inferences are possible for extinct taxa such as
theropod dinosaurs (Sakamoto, 2010). Late Cretaceous
tyrannosaurids, for example, are infamous for exhibiting
higher degrees of osteophagy relative to other theropods
based on extremely high predicted bite forces from bio-
mechanical models, heavily worn teeth and bone-rich
coprolites (Chin et al., 1998; Gignac & Erickson, 2017;
Rayfield, 2004, 2005; Sakamoto, 2010; Schubert &
Ungar, 2005; Snively & Russell, 2007; but see Winkler
et al., 2022). Allosaurids, in contrast, had weaker bite
forces than tyrannosaurids based on biomechanical
models and instead are inferred as employing a “strike-
and-tear” technique aided by strong ventroflexive cervical
musculature to procure and consume prey with relatively
fewer tooth-bone interactions (Montefeltro et al., 2020;
Rayfield et al., 2001; Snively et al., 2013). The hypothesis
that basal loricatans are direct Triassic functional ana-
logues of theropods is therefore premature without quan-
titative investigation into the functional morphology of
these pseudosuchians. Furthermore, qualitative assess-
ments of function based on superficially similar forms
can be misleading as demonstrated for different herbivo-
rous, phylogenetically disparate, but functionally conver-
gent dinosaurs (Lautenschlager et al., 2016).

One basal loricatan suitable for study is the quadrupe-
dal Saurosuchus galilei from the Ischigualasto Formation
(Carnian to early Norian ~231.4-225.9 Ma) of Argentina
(Martinez et al., 2013; Walker et al., 2013). At an
estimated 7 m total length, Saurosuchus is one of the
largest basal loricatans known and is similar in size to
several groups of Jurassic and Cretaceous theropods
(Alcober, 2000; Nesbitt et al., 2013; Sill, 1974; Trotteyn
et al., 2011). In particular, an almost completely
preserved Saurosuchus cranium (Division de Paleontolo-
gia de Vertebrados del Museo de Ciencias Naturales y
Universidad Nacional de San Juan, San Juan, Argentina
[PVSI] 32; a partial but poorly preserved mandible is
also present) is similar in size to an Allosaurus fragilis
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cranium, and has good three-dimensional preservation
including the posterior braincase (although some deforma-
tion and erosion are still present; Alcober, 2000). Remark-
ably, despite its large size the specimen represents a late-
stage juvenile and thus had not yet attained its final size
(Alcober, 2000). Saurosuchus is therefore a suitable case
study for investigating the functional behaviors of basal
loricatans and their potential similarity to theropods.

Here, we restore the original morphology of the Sauro-
suchus cranium and perform the first biomechanical study
of a basal loricatan to investigate its functional morphol-
ogy. We include a previously published 3D model from
the theropod Allosaurus fragilis (Lautenschlager, 2015;
Montefeltro et al., 2020; Rayfield, 2005; Rayfield et al.,
2001) as our functional analogue to assess the degree of
functional convergence between basal loricatans and post-
Triassic theropod dinosaurs.

2 | MATERIALS AND METHODS

2.1 | Specimen information

We obtained our data for Saurosuchus galilei from the
public repository of computed tomography (CT) scan
data Digimorph (http://www.digimorph.org/specimens/
Saurosuchus_galilei/) provided by and courtesy of Dr
Matthew Colbert and Dr Jessie Maisano. The specimen
(PVSJ 32) was originally CT scanned at the University of
Texas High-Resolution x-ray CT Facility. Scan settings
include 420 kV (energy), 4.7 mA (current), 2 brass filters,
an air wedge, a translate-rotate scan, an integration time
of 16 ms, a slice thickness of 2.0 mm, 661 mm S.0.D.,
2 views, 1 ray per view, 2 samples per view, interslice
spacing of 1.8 mm, 400 mm field of reconstruction, a
reconstruction offset of 500, and a reconstruction scale of
150. Slices were in eight-bit mode. Scans were mirrored
(i.e., right and left lateral sides are the opposite of the fos-
sil specimen), but this has been corrected during the ret-
rodeformation and reconstruction process.

The partially preserved PVSJ 32 mandible is repre-
sented only by the anterior portions of the dentary, sple-
nial, and coronoid (Alcober, 2000) and a box-modeling
approach (Rahman & Lautenchlager, 2016) was
employed to create a complete (but somewhat hypotheti-
cal) mandible to be used as a reference for the muscle
reconstruction. Rather than creating a completely new
lower jaw, the mandible of Allosaurus fragilis (Museum
of the Rockies, Bozeman, Montana [MOR] 693, see
Rayfield et al., 2001; for scanning details) was modified to
complete the Saurosuchus skull model. Allosaurus was
chosen as the initial template for the hypothetical mandi-
ble because most Triassic theropod and basal loricatan

mandibles are also poorly preserved (e.g., Garcia
et al., 2021; Weinbaum, 2011). Allosaurus mandibles, in
contrast, are preserved in great detail with high-quality
three-dimensional scans available (Rayfield et al., 2001).
Furthermore, fragments of preserved Saurosuchus man-
dibles show several features that are superficially more
similar to theropods like Allosaurus, such as an anterior
process of the coronoid, than to more closely related
basal loricatans (Alcober, 2000; Sill, 1974). Similar to
Allosaurus, the mandible of Saurosuchus was likely medi-
ally curved due to the ventrolaterally projecting pterygoid
flanges constraining the medial extent of the posterior
dentary and surangular region. To guide model genera-
tion of the lower jaw, we followed the reconstruction in
Alcober (2000) and adjusted the model to match the pub-
lished figure. Our hypothetical Saurosuchus mandible
undoubtedly brings a minor element of uncertainty to
the biomechanical feeding simulations of the skull as the
hypothesized mandibular muscle attachment sites repre-
sent a generic archosaurian anatomy rather than the
“true” Saurosuchus or basal loricatan anatomy. For this
reason, we restricted the biomechanical simulations to
the cranium and used the lower jaw as a reference for
muscle reconstructions only. However, this still enables
the identification of more and less likely functional
behaviors to constrain the functional repertoire of
Saurosuchus. Our cautious yet informed experimental
approach therefore allows us to draw informed interpre-
tations on the functional morphology of this pseudosu-
chian and to make comparisons with theropods.

We also modeled the complete MOR 693 Allosaurus
fragilis skull as the comparative theropod analogue due
to its similar cranial size to PVSJ 32 (610 and 720 mm,
respectively along an anterior—posterior axis) and avail-
ability of high-quality, three-dimensional scans.

2.2 | Retrodeformation and digital
reconstruction

The Saurosuchus CT image files were imported into
AVIZO Lite (Version 9.3.0, Visualisation Science Group)
for segmentation. The individual cranial elements were
highlighted and separately labeled using the AVIZO seg-
mentation editor to produce surface models and volumes
using a combination of automatic thresholding (where res-
olution permitted) and manual tracing of elements. All ele-
ments were subsequently imported into Blender 2.80
(Blender.org) and then retrodeformed to their hypothesized
original morphology and realigned to restore the cranium
to an approximate nondeformed condition (Figure 1). The
restoration process followed the steps of Lautenschlager
(2016) and was informed by: the topographic relationships
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FIGURE 1

of individual elements in the 3D CT scan data; identifica-
tion and subsequent repair of cracks and holes; and osteo-
logical comparisons with closely related loricatans
(e.g., Batrachotomus kupferzellensis, Prestosuchus spp.;
Butler et al., 2022; Desojo et al., 2020; Roberto-Da-Silva
et al., 2018). Considerable deformation had occurred on
the right side of the cranium; thus, the left side was dupli-
cated and mirrored for the reconstruction, assuming bilat-
eral symmetry. An exception was the right premaxilla,
which had suffered less deformation of the two bones and
was thus duplicated and served as a mirrored substitute for
the left premaxilla. PVSJ 32 represents a juvenile based on
several features including subnarial fenestrae between the
premaxillae and maxillae (Figure 1) and an open suture
between the exoccipitals and basioccipitals (Alcober, 2000).
These features were included in the fully restored model to
increase the degree of model realism.

The hypothetical Saurosuchus mandible was created by
importing the MOR 693 Allosaurus mandible into Blender
and retrodeforming the model to a hypothesized morphology

Reconstructed cranial anatomy of Saurosuchus galilei (PVSJ 32). (a) Digital model of the segmented specimen, (b) cranium
with realigned elements and postmortem degradation features, such as cracks and holes, corrected, (c) cranium and hypothetical mandible
based on an adjusted Allosaurus fragilis mandible, both with box-modeled archosaur teeth inserted into alveoli, and (d) fully restored
morphology used for finite element models in this study. Note the subnarial fenestra just ventral to the naris is indicative of the juvenile
condition of the specimen. Scale bar 10 cm.

based on known Saurosuchus material (Alcober, 2000;
Sill, 1974) and by comparisons with closely related loricatans
where appropriate (Figure 1). Some of the main modifica-
tions include (but are not inclusive of all changes):
(i) laterally widening the mandible, particularly for the poste-
rior half, so that it articulates correctly with the quadratoju-
gals (Alcober, 2000; Sill, 1974); (ii) near-removal of the
pronounced ventral deflection along the posteroventral sur-
faces of the dentaries and splenials (Chure & Loewen, 2020)
so that only minimal ventral deflection is observed between
the border of the dentaries and angulars. Unlike in other lori-
catans, such as Batrachotomus and Postosuchus, the mandi-
ble of Saurosuchus lacks a dorsally or dorsoventrally
expanded symphyseal region based on known preserved
material (Alcober, 2000; Nesbitt et al., 2013). (iii) modifying
the anterodorsal surface of the surangulars to be markedly
convex in shape (Alcober, 2000; Mastrantonio et al., 2019).
As the surangular region is not preserved, it is unclear
whether Saurosuchus possessed an expanded surangular
shelf (as in Batrachotomus and Postosuchus) which may
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FIGURE 2 Muscle attachment locations of the retrodeformed Saurosuchus galilei cranium and the hypothetical mandible based on an
adjusted Allosaurus fragilis mandible. (a) Left cranium surface in dorsaolateral view, (b) cranium in dorsal view with a slight lateral tilt,

(c) right mandible surface in medial view, and (d) left mandible surface in lateral view. m. AMEM (red), m. adductor mandibulae externus
medialis; m. AMEP (orange), m. adductor mandibulae externus profundus; m. AMES (yellow) m. adductor mandibulae superficialis; m.
AMP (green), m. adductor mandibulae posterior; m. PSTp (turquoise), m. pseudotempralis profunuds; m. PSTs (blue), m. pseudotemporalis
superficialis; m. PTd (purple), m. pterygoideus dorsalis; m. PTv (pink), m. pterygoideus ventralis. Note the hypothetical morphology of the
adjusted mandible results in the mandibular muscle attachment sites representing a generic archosaur condition as opposed to the “true”

Saurosuchus or basal loricatan condition. Scale bar 10 cm.

have influenced the muscle reconstruction slightly.
However, Saurosuchus lacks the prominent shelf on the
jugal region which may be a counterpart to and indica-
tive of a surangular shelf. We have therefore opted for a
more generic reconstruction of the surangular region.
(iv) moving the mandibular fenestrae slightly posteriorly
so when viewed laterally in articulation with the cra-
nium, the fenestrae are level with the postorbital-jugal
bar (Gower, 1999; Weinbaum, 2011). As the specimen
does not preserve any teeth, a generic carnivorous
archosaur tooth was box-modeled (see Rahman &
Lautenchlager, 2016). The tooth was then duplicated
and the size and position were adjusted with the alveoli
morphology of PVSJ 32 and reconstructions of Alcober
(2000) guiding the reconstruction of the complete
tooth row.

2.3 | Muscle reconstructions

Muscle origination sites on the Saurosuchus cranium
(Figure 2) were identified for each jaw adductor muscle
independently based on osteological correlates such as
muscle scars, ridges and depressions. Muscle insertion
sites on the adjusted mandible (Figure 2) were based on
the same criteria, assuming a largely similar jaw adductor
arrangement across archosaurs following von Baczko
(2018), Bestwick et al. (2022), and Holliday (2009). As a
first step, the origin and insertion sites of each muscle
were connected by individual point-to-point connections.
This allowed the general muscle arrangement to be iden-
tified, as well as smaller edits of the attachment sites to
avoid muscle intersections following the approach of
Lautenschlager (2013). Then the full muscle bodies were
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fleshed out in Blender using a combination of box model-
ing and the in-built sculpting tools.

24 | Bite force

The length and volume of each adductor muscle were
obtained using the measurement in Blender and these values
were subsequently used to calculate the physiological cross-
sectional area (Table 1), under the assumption that fiber
length is equal to muscle length (as in Gignac &
Erickson, 2017). Muscle force was then calculated for each
muscle individually (i.e., for one side of the cranium), by
multiplying cross-sectional area by an isometric muscle stress
value of 30 N cm 2 (Table 1). It should be noted that muscle
force estimates calculated this way yields close to minimal
forces (Bates & Falkingham, 2018; Cost et al., 2020).

2.5 | Finite element analysis
All 3D models were imported into Hypermesh 13 (Altair
Engineering) for the generation of solid tetrahedral meshes
(Saurosuchus cranium comprises ~3,741,217 elements).
Both crania were modeled in true to life sizes to facilitate
comparisons of form and function in more biologically real-
istic settings. Adductor muscle force loads were applied
across multiple loads at the inferred muscle origination and
insertion sites of the crania and mandibles, respectively.
This was performed using a custom-built macro (Altair,
UK) that loads multiple nodes projected towards a node(s),
resulting in a vector equivalent to the line of action
(Bestwick et al., 2022).

The Saurosuchus and Allosaurus models were assigned
the same material properties for bone based on values for
Alligator mississippiensis mandibular bone (E = 15.0 GPa,

v = 0.29) and material properties for teeth were also based
on values for Alligator (E = 60.4 GPa, v = 0.31; Zapata
et al., 2010). All material properties within the models were
treated as isotropic and homogeneous. For all feeding sim-
ulations, 5 nodes were constrained on each quadrate articu-
lar surface and 2 nodes on the occipital condyle (12 in
total). The models were imported into Abaqus (Version
6.10; Simulia) for analysis and postprocessing. The follow-
ing feeding-related simulations were performed:

i. Anterior bite. Bilateral biting scenario at the
anterior-most premaxillary tooth. One node was con-
strained at the apex of the left and right tooth in all
degrees of freedom.

ii. Posterior bite. Bilateral biting at the inferred
posterior functional end of the snout. One node was
constrained at the apexes of the left and right
posterior-most maxillary tooth in Saurosuchus and
Allosaurus in all degrees of freedom.

von Mises stress (a measure of overall structural
strength under loading conditions; Rowe & Snively, 2022)
were displayed as contour plots for both simulations to
enable visual assessments of the performance of the cra-
nium. Stresses were also measured at 10 equally spaced
locations along the dorsal and palatal surfaces of the cra-
nium to provide more detailed assessments on model per-
formance. Measurement locations across the dorsal and
palatal surfaces of all crania are shown in Figures 6 and S1.

3 | RESULTS

To facilitate comparisons between the two archosaurs,
von Mises stress distributions are presented for each feed-
ing simulation (Figures 3 and 4) and the deformation

TABLE 1 Muscle force estimates of individual jaw adductor muscles for Saurosuchus galilei.

Muscle Volume (cm?®) Length (cm)
m. AMEM 237 22.9

m. AMEP 396.3 23.7

m. AMES 425.9 21.8

m. AMP 178.4 14.8

m. PSTp 165.9 12

m. PSTs 270.5 24.1

m. PTd 133 11

m. PTv 403.2 16.9

Note: Muscle force estimates are unilateral. All values to 1 decimal place.

Cross-sectional area (cm?) Muscle force (N)

10.4 310.7
16.7 502.1
19.5 584.8
12.1 361.9
13.8 413.7
11.2 335.9
12.1 362.9
23.8 714.3

Abbreviations: m. AMEM, m. adductor mandibulae externus medialis; m. AMEP, m. adductor mandibulae externus profundus; m. AMES, m. adductor
mandibulae superficialis; m. AMP, m. adductor mandibulae posterior; m. PSTp, m. pseudotempralis profunuds; m. PSTs, m. pseudotemporalis superficialis; m.

PTd, m. pterygoideus dorsalis; m. PTv, m. pterygoideus ventralis.
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plots (Figure 5) and stress values at specific measurement
locations across the dorsal and palatal cranial surfaces
(Figure 6) are presented with reference to taxon and feed-
ing simulation.

At the anterior tooth constraints, Saurosuchus exhib-
ited an estimated bite force of 1015 N. During the ante-
rior bite simulation, the specimen displays high stresses
in the following areas: the posterior surface of the pre-
maxillae that borders the external nares; the quadratoju-
gals; the articular and posterior surfaces of the quadrates;
the postorbitals; the parietals; the vomers, the palatines;

(@)
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the ectopterygoid and the anteromedial surface of the
pterygoids (Figures 3a-c and 6a). The greatest deforma-
tion is observed from the cranium rotating dorsally with
the center of rotation located in the middle-posterior
section of the cranium, specifically at the frontals and
parietals (Figure 5a). Ventral deformation is observed
from the middle section of the cranium, especially
around the pterygoid where the m. pterygoideus dorsalis
(m. PTd) attaches (Figure 5a). Large degrees of dorsal
deformation are observed from the cranium posterior to
the orbits and from the premaxillae-nasal contact

(b)

von Mises stress (MPa)

0

Ml

FIGURE 3 Comparisons of von Mises stress distribution of Saurosuchus galilei and Allosaurus fragilis subjected to bilateral anterior bite
simulations. (a) Saurosuchus oblique view, (b) Allosaurus oblique view, (c) Saurosuchus dorsal view, (d) Allosaurus dorsal view,

(e) Saurosuchus palatal view, and (f) Allosaurus palatal view. Bite positions indicated by red arrows in (a,b). The two archosaurs show
generally similar stress distributions but Saurosuchus exhibits higher stresses around the parietals, anterior vomers and medial regions of the

palatines. Models not to scale.
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(Figure 5a). This contact also shifts caudally on a
transverse axis, becoming level with the nasofrontal con-
tact (Figure 5a).

The Allosaurus model generally displays lower stres-
ses than the Saurosuchus model, especially in the vomers,
parietals, and palatines of the former (Figures 3d-f and
6b). Relatively high-stress regions in the Allosaurus
model occur in the following areas: the medial and poste-
rior surface of the lacrimals; the ventral surface where
the nasals and lacrimals meet; the lateral surface of the
frontals; the dorsomedial and ventromedial surfaces of
the quadrates; the ectopterygoids; and the anteromedial

surface of the pterygoids (Figures 3d-f and 6b). The
greatest deformation occurs at the quadratojugals, quad-
rates, and squamosals all rotating in a dorsoposterior
direction (Figure 5b). Ventroposterior deformation is
exhibited by the jugals and pterygoids and dorsal defor-
mation is exhibited by the posterior nasal ridges and by
the premaxillae-nasal contact (Figure 5b).

At the posterior tooth constraints, Saurosuchus exhib-
ited an estimated bite force of 1885 N. During the poste-
rior bite simulation, the specimen displays broadly
similar stress distributions to the anterior bite model,
except for lower stresses around the premaxillae,

(b)

von Mises stress (MPa)

0

5

FIGURE 4 Comparisons of von Mises stress distribution of Saurosuchus galilei and Allosaurus fragilis subjected to bilateral posterior
bite simulations. (a) Saurosuchus oblique view, (b) Allosaurus oblique view, (c) Saurosuchus dorsal view, (d) Allosaurus dorsal view,

(e) Saurosuchus palatal view, and (f) Allosaurus palatal view. Bite positions indicated by red arrows in (a,b) (only one can be viewed for
Allosaurus in oblique view). Both archosaurs show broadly similar stress distributions as the anterior bite simulation except for lower

stresses in the premaxillae, frontals and prefrontals and higher stresses around the lacrimals and jugals. Models not to scale.
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prefrontals, and frontals and higher stresses around the
lacrimals and jugals (Figures 4a—c and 6a). Similar to the
anterior bite simulation, deformation is observed from
the cranium rotating dorsally at the frontals and parie-
tals, although not to the same degree as in the former
simulation (Figure 5a,c). Ventral deformation is also
observed from the pterygoids to a larger degree than in

(@)

(d)
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the anterior bite simulation, and in a posterior direction
around the posterior maxillae teeth (Figure 5a,c). Dorsal
deformation is also observed around the nasofrontal con-
tact (Figure 5c).

The Allosaurus model generally displays lower stres-
ses in the anterior half of the cranium than both the
Saurosuchus posterior bite and Allosaurus anterior bite

von Mises stress (MPa)

0

FIGURE 5 Comparisons of von Mises stress contour plots with undeformed and deformed plots from Saurosuchus galilei and
Allosaurus fragilis subjected to bilateral bite simulations. (a) Saurosuchus anterior bite, (b) Allosaurus anterior bite, (c) Saurosuchus posterior
bite, and (d) Allosaurus posterior bite. All models in left lateral view. Black arrows indicate the direction of deformation. Overall,
Saurosuchus exhibits greater deformation in the anterior and central regios of the cranium, whereas Allosaurus exhibits greater deformation

in the posterior region of the cranium. Models not to scale.
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simulations (Figures 4d-f and 6b). Higher stresses than 4 | DISCUSSION

in the anterior bite simulation occur in the anterior sur-

face of the lacrimal bars and the dorsoanterior surfaces 4.1 | Biomechanical modeling

of the jugals (Figures 4d-f and 6b). The greatest defor- comparisons

mation is again exhibited by the quadraojugals, quad-

rates, and squamosals all rotating in a dorsoposterior Overall, the muscle reconstructions and FEA outputs
direction (Figure 5d). Ventroposterior deformation is indicate that Saurosuchus possessed a generally mechani-
exhibited by the jugals and, in contrast to the anterior  cally strong cranium. However, our results also show that
bite simulation, the lacrimal exhibits anterior deforma- Saurosuchus had a surprisingly weak bite for an animal
tion (Figure 5d). of its size. The vomers, pterygoids, and quadrates are

(@)

[6)] (0]
1 1

N
1

von Mises stress (MPa)

1 2 3 4 5 6 9 16 @ anterior bite, dorsal surface

Measurement location @ anterior bite, palatal surface
A posterior bite, dorsal surface
A posterior bite, palatal surface

~ -
o

von Mises stress (MPa)

~ -
e
©
-
o

1 2 3 4 5 6
Measurement location

FIGURE 6 von Mises stress magnitudes of the Saurosuchus galilei and Allosaurus fragilis crania at ten locations along their dorsal and
palatal surfaces, and the locations of these measurement points along the cranial surfaces, for anterior bite and posterior bite feeding
simulations. (a) Saurosuchus values and measurement locations (dorsal surface top, palatal surface bottom). (b) Allosaurus values and
measurement locations (dorsal surface top, palatal surface bottom). Measurement points are shown on the anterior bite simulation outputs
as examples. Enlarged versions of point locations along each measured cranial surface can be found in Figure S1. The Saurosuchus palate
generally exhibits greater stresses than the Allosaurus palate for both biting simulations, especially around the vomers (measurement
locations 2 and 3), while stresses across the dorsal surfaces are more similar.
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identified as the main areas of mechanical weakness, fol-
lowed by the parietals and postorbitals. The forces
exerted by the jaw muscles during feeding may therefore
have been even lower than the maximum values calcu-
lated in this study. Although a well-preserved mandible
would test our reconstructed muscle paths, the relatively
narrow adductor chamber, the extent of the pterygoid
flanges and the position of the quadrate leave little room
for a deviating muscle arrangement. Furthermore, the
well-preserved cranial morphology and our experimental
approach enable representative interpretations from the
FEA outputs and enable subsequent comparisons of these
outputs with Allosaurus, other theropods and with mod-
ern and extinct pseudosuchians.

The juvenile condition of the modeled Saurosuchus
has mixed impacts on observed stress distributions and
deformation levels. For example, the low stresses
and deformation from the parts of the premaxillae and
maxillae that border the subnarial fenestrae, relative to
the higher stresses exhibited from other parts of these
bones indicate that these fenestrae had little impact on
anterior biting behaviors. In contrast, high stresses and
deformation from the quadrates corroborates earlier
descriptions that the articular ends of these bones are
poorly ossified, although the impact of the constraints
placed on the quadrates on the observed high stresses
cannot be ruled out (Alcober, 2000). The impact of the
open suture between the basioccipitals and exoccipitals is
difficult to assess because artificially high stresses ema-
nate a short way into the constraint at the occipital con-
dyle (Saint-Venant's principal: Beer & Johnston, 1992).
Based on a tentative ontogenetic series of the Middle Tri-
assic basal loricatan Prestosuchus chiniquensis, it is rea-
sonable to assume that as Saurosuchus reached skeletal
maturity, the subnarial fenestrae and basiocciptal-
exoccipital suture would reduce or close completely and
that several elements, including the lacrimal and jugal,
would thicken slightly (Alcober, 2000; Lacerda et al.,
2016). Stresses in these areas may therefore be lower in
adults, which would thus facilitate higher bite forces.
Similar ontogenetic-based functional differences have
been inferred from tyrannosaurid jaws, particularly for
anterior biting scenarios (Ma et al., 2022; Rowe &
Snively, 2022). However, the large size and inferred age
of PVSJ 32 from histological examinations of its osteo-
derms (16 years old) suggest this individual did not have
much more to grow (Cerda et al., 2013). Therefore, repre-
sentative inferences can be made on the functional
behaviors of Saurosuchus and basal loricatans from this
studied juvenile specimen.

Model comparisons between Saurosuchus and Allo-
saurus show some degree of functional convergence, but
also several key functional differences. Overall, the crania
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of both study taxa show some resistance to feeding-
induced stresses and broadly similar stress distributions,
particularly from the posterior halves of the crania. How-
ever, the anterior half of the Allosaurus cranium can be
argued as notably mechanically stronger, especially with
regards to the anterior palate. Furthermore, the Sauro-
suchus posterior bite force of less than half that of previ-
ous Allosaurus estimates from the same jaw position
(around 3500 N; Rayfield et al., 2001), which is itself
considered rather weak for a ~7.5m long theropod
(Lautenschlager, 2015; Paul, 2016). These functional dif-
ferences could be explained by several subtle, yet impor-
tant, morphological differences between the study taxa.
For example, Saurosuchus has a somewhat rectangular
shaped cranium when observed in lateral view, with the
ventral edge of the maxillae slightly convex in shape
(Alcober, 2000; Sill, 1974), in contrast to the rounded
anterior and posterior ends of the Allosaurus cranium
with the ventral maxillae edges being slightly concave
(Madsen, 1976; Snively et al., 2013). This could explain
the larger degrees of anterior deformation in Saurosu-
chus during the anterior biting simulation. Furthermore,
the Saurosuchus vomers are much thinner than in Allo-
saurus, which is the likely cause of the higher observed
stresses from the palate of the pseudosuchian during
both biting simulations. These results provide another
example where similar form between distantly related
extinct taxa does not equate to the same functional
morphologies (Bestwick et al., 2022; Ferry-Graham
et al., 2002; Fisher, 1985; Lautenschlager et al., 2016;
Thomason, 1995).

Although not directly studied here, the Saurosuchus
FEA results can also be broadly compared with other the-
ropods and modern crocodilians. For example, Saurosu-
chus bite forces are a fraction of forces estimated for
Tyrannosaurus rex (around 17,000 N and 34,500 N from
anteriorly and posteriorly positioned biting simulations
respectively; Gignac & Erickson, 2017), further highlight-
ing functional differences between Triassic and post-
Triassic apex predators. Recorded bite forces of modern
crocodilians show that Saurosuchus bite forces are most
similar to gharials (Gavialis gangeticus; 924 N and 1895 N
for anterior and posterior bite forces, respectively), which
coincidentally also have relatively weak bites for their
size (3-3.5 m total length; Erickson et al., 2012). In fact,
all modern crocodilians with total body lengths of >2 m
have stronger anterior and posterior bite forces than Saur-
osuchus (Erickson et al., 2012). This is not surprising given
crocodilians have among the highest recorded bite forces
of any modern animal (Erickson et al., 2003, 2012), and
whose skulls are adapted to resist high feeding-generated
forces (Bestwick et al, 2022; McHenry et al., 2006;
Montefeltro et al., 2020; Walmsley et al., 2013). These
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characteristics therefore indicate a limited phylogenetic
signal in the functional morphology of modern and extinct
pseudosuchians.

4.2 | Possible feeding behaviors of
Saurosuchus and basal loricatans

Based on morphological adaptations and the functional
evidence presented here, we do not doubt the hypothe-
sis that Saurosuchus, and basal loricatans in general,
were carnivores (Chatterjee, 1985; Gower &
Schoch, 2009; Mastrantonio et al., 2019; Nesbitt, 2011;
Nesbitt et al., 2013; Roberto-Da-Silva et al., 2018). How-
ever, questions remain concerning how basal loricatans
procured prey and the feeding behaviors they exhibited.
For example, they were unlikely to have been obligate
scavengers as their large size and the diversity of smal-
ler, contemporaneous terrestrial carnivores (ornithosu-
chids, crocodylomorphs, theropods, and therapsid
cynodonts) would have made carrion an unreliable
exclusive food source (Carbone et al., 2011; Ezcurra
et al., 2017, Martinez et al., 2013; Nesbitt et al., 2013).
Regular osteophagy is unlikely for two main reasons:
(i) Saurosuchus does not possess the incredibly high bite
forces needed to crack bones as deployed by tyranno-
saurids and modern crocodilians (Erickson et al., 2012,
2014; Gignac & Erickson, 2017; Meers, 2002; Therrien
et al., 2005), although small bones could have poten-
tially been swallowed whole; (ii) Saurosuchus does not
possess morphological features that typically facilitate
bone cracking and shearing. For example, spotted
hyenas have lower bite forces than African lions but
their robust carnassial teeth and their enlarged zygo-
matic arches and sagittal crests for larger adductor mus-
cle attachment areas all aid in producing the necessary
tooth pressures to crack bone (Christiansen &
Adolfssen, 2005; Christiansen & Wroe, 2007; Schubert
et al., 2010).

An alternative feeding behavior involves defleshing
carcasses via scraping or biting off muscle tissue from
procured prey. Such a behavior is hypothesized for Allo-
saurus (Lautenschlager, 2015; Rayfield, 2005; Rayfield
et al., 2001; Snively et al., 2013), and is also exhibited by
the Komodo dragon (Varanus komodoensis), a large
extant reptile that possesses ziphodont dentitions like
those of basal loricatans and theropods (D'Amore &
Blumenschine, 2009, 2012; Mujal et al., 2022; Whitney
et al., 2020). However, defleshing can involve varying
levels of tooth-bone interactions between carnivores.
For example, modern cheetahs (Acinoynx jubatus)
actively avoid bone during defleshing in contrast to lions
and hyenas (Hayward et al., 2006; Schubert et al., 2010;

van Valkenburgh, 1996; van Valkenburgh et al., 1990).
Based on macroscopic tooth wear patterns and bite
marks on contemporaneous taxa (including from con-
specifics), the Middle Triassic basal loricatan Batracho-
tomus shows relatively high degrees of bone interactions
during defleshing compared with some similarly sized
theropods (e.g., megalosauroids; Mujal et al., 2022).
More specifically, Batrachotomus is inferred to have pri-
marily used the premaxillary teeth during defleshing
(Mujal et al., 2022). Allosaurus similarly shows high
degrees of presumably feeding-related tooth-bone inter-
actions that suggest it too preferred to use its premaxil-
lary teeth for defleshing (Drumheller et al., 2020;
Hone & Rauhut, 2010; Mujal et al., 2022). Although pre-
maxillary teeth are unknown from Saurosuchus, the
stress magnitudes and deformation levels around the
nasal bridge from the anterior bite scenario indicate that
defleshing in this way was perhaps less likely for this
basal loricatan. Generally, lower stresses from the poste-
rior bite scenario suggest that the posterior teeth in con-
trast may have been used for defleshing by Saurosuchus.
However, the few known well-preserved distal Saurosu-
chus teeth show less macroscopic wear than distal Batra-
chotomus teeth (Alcober, 2000; Mujal et al., 2022;
Sill, 1974). Saurosuchus may therefore have more readily
avoided bone compared with Batrachotomus and Allo-
saurus and prioritized less tough parts of carcasses dur-
ing feeding.

Although only fragmentarily preserved, the mandi-
ble of Saurosuchus provides further indications for a
comparatively weak bite and a nonosteophagous behav-
ior. In tyranosauroids and other large carnivorous thero-
pods, structural strengthening evolved in the mandible
in the form of an expansion of the post-dentary region
and a dorsally curving (=upturned) dentary, often
accompanied by symphyseal expansion (Ma et al., 2022).
Similar morphologies are present in some loricatans,
such as Batrachotomus, Prestosuchus, and Postosuchus
(Nesbitt et al., 2013). In contrast, the preserved tip of the
mandible in Saurosuchus does not show any expansion
or dorsal curvature (although the preserved elements
preclude a full assessment). Batrachotomus and Postosu-
chus further show extensive buttressing of the maxillary
and jugal region, mirrored by a similar shelf on the
surangular (Gower, 1999; Nesbitt et al., 2013;
Weinbaum, 2011). Such a shelf/buttressing is absent in
the skull of Saurosuchus suggesting the corresponding
shelf may have been absent on the surangular as well. It
is therefore possible that Saurosuchus lacked the mor-
phofunctional modifications associated with osteophagy
and large bite forces and had a more “gracile” mandibu-
lar and overall cranial morphology compared with other
loricatans.
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4.3 | Functional and ecological
convergence between basal loricatans and
theropods

Our biomechanical modeling demonstrates that the
functional morphology of Saurosuchus somewhat differs
to that of medium and large-sized theropods, and thus
indicates that degrees of convergence between basal
loricatans and post-Triassic theropods may not have
been as strong as previously hypothesized (Alcober, 2000;
Chatterjee, 1985; Gower, 2000; Klein et al., 2017
Mastrantonio et al., 2019; Mujal et al., 2022; Nesbitt
et al., 2013; Roberto-Da-Silva et al., 2018; Weinbaum, 2011,
2013). More broadly, our results also highlight that the
classification of taxa as apex predators without considering
their functional repertoires is simplistic and limits under-
standing of their exact ecological role(s) within food webs.
Characteristics of food webs in which morphologically
convergent predators live influence likelihoods of func-
tional and ecological convergence between distantly
related predators. For example, the low bite force of Sauro-
suchus relative to post-Triassic theropods could be
explained by size differences of contemporaneous prey.
During the Middle Triassic and early Late Triassic
(Carnian-early Norian) average carnivore size exceeded
herbivore size, in contrast to the rest of the Mesozoic
(Sookias et al., 2012; Turner & Nesbitt, 2013). Basal lorica-
tans were thus often the largest terrestrial animals in their
environment during this time frame (Sookias et al., 2012;
Turner & Nesbitt, 2013). In the case of Saurosuchus, for
example, the only other similarly sized terrestrial taxon
(i.e., >250 kg) from the same biozones of the Ischigualasto
Formation is the dicynodont therapsid Ischigualastia jen-
seni (Cox, 1962; Martinez et al., 2013). In contrast, Allosau-
rus with an estimated length of around 7.5m is
contemporaneous with several sauropod species from the
Morrison Formation that attained sizes of 20-25m
(Mannion et al., 2021; Paul, 2016; although Allosaurus
more likely predated upon smaller juveniles; Paul, 1988).
It is therefore possible that basal loricatans did not need a
strong bite typical of similarly sized theropods (or of mod-
ern pseudosuchians) to procure and process prey much
smaller than themselves. It is also possible that stronger
bites could have evolved in later-occurring basal loricatans
with larger contemporaneous herbivores. For example,
Fasolasuchus tenax size (8+ m long; no reliable body mass
estimates exist) from the middle-late Norian Los Colorados
Formation, Argentina, is exceeded by the sauropodo-
morph Lessemsaurus sauropoides (upper mass estimate of
10 tons, no length estimates exist; Apaldetti et al., 2018;
Bonaparte, 1981; Nesbitt et al., 2013; Pol & Powell, 2007).
However, the lack of three-dimensionally preserved skull
material from this basal loricatan prevents robust
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functional investigations (Bonaparte, 1981; Nesbitt
et al., 2013). Nevertheless, our results show functional, as
well as ecological, differences between archosaurian carni-
vores from Triassic and post-Triassic food webs.

Our results, along with morphological and functional
data of other contemporaneous carnivorous archosaurs
provide novel, yet tentative, insight into the functioning
of some Middle and Late Triassic food webs. For exam-
ple, ornithosuchids likely filled mesopredator and/or
scavenger niches based on their medium size (~2 m
long), being identified as the perpetrators of bite-marks
on rhynchosaur bones and biomechanical investigations
revealing they had intermediately powerful, yet slow,
bites (von Baczko, 2018; Benton, 1983; Walker, 1964). It
is tempting to suggest that if Saurosuchus, and possibly
other basal loricatans, minimized tooth-bone interac-
tions during feeding, the resulting wastage would have
produced abundant carrion that could have supported a
variety of distantly related Triassic mesopredators/
scavengers (von Baczko, 2018; DeVault et al., 2003;
Martinez et al., 2013; Wilkenros et al., 2013). Resource
partitioning between Triassic carnivores was therefore
potentially based on a combination of both size and func-
tional differences.

5 | CONCLUSIONS

Our study shows that despite the morphological similar-
ity between the crania of basal loricatans and theropods,
several key functional differences occurred between the
studied representatives. Saurosuchus had a weak bite for
an animal of its size and possessed several mechanically
weak features, such as the vomers and pterygoids that
disproportionately influenced the functional behaviors
that could have been performed by its otherwise
mechanically strong cranium. Saurosuchus therefore
perhaps fed by defleshing carcasses with its posteriorly
positioned its teeth, while minimizing tooth-bone inter-
actions, with osteophagy very unlikely. This is in marked
contrast to the feeding behaviors inferred from similarly
sized theropods, showcasing previously unappreciated
functional disparity between hypothesized Triassic and
post-Triassic carnivores. Our results also contrast with
the inferred feeding behaviors of other basal loricatans,
providing novel insight into the functional diversity of
this pseudosuchian group. The inferred functional mor-
phology of Saurosuchus indicates it was perhaps rather
wasteful at carcasses and was therefore a keystone spe-
cies of the Late Triassic ecosystem in which it lived, reg-
ulating the populations of both herbivores and
mesopredators through direct predation and carrion pro-
duction respectively.
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