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Abstract

Notosuchia is a clade of crocodyliforms that was highly successful and diverse

in the Cretaceous of Gondwana. Araripesuchus gomesii is a small notosuchian

from the Early Cretaceous of Brazil that belongs to Uruguaysuchidae, one of

the subgroups of notosuchians that first radiated, during the Aptian–Albian.
Here we present a finite element analysis of A. gomesii based on a model

reconstructed from CT scans and performed using published bone properties

for crocodiles. The adductor musculature and their respective attachment

areas were reconstructed based on Extant Phylogenetic Bracket. Different

functional scenarios were tested applying an estimated 158 N bite force: unilat-

eral bite, bilateral bite, pullback, head-shake, and head-twist. The results

obtained were compared with those of Alligator mississippiensis, one of its clos-

est living relatives. In the different simulations, the skull and lower jaws of

Araripesuchus suffers more stress in the head-shake movement, followed by

the unilateral and pullback bites with stress focalized in the premaxillary

region. In contrast, the head-twist is the one with smaller stress values.

Araripesuchus possess an oreinirostral skull that may provide greater overall

resistance in the different scenarios on average, unlike Alligator that has a

platyrostral skull with less resistance to dorsoventral mechanical loads. Previ-

ous hypotheses that considered A. gomesii as omnivorous coupled with our

results, its small size, and likely limited bite force, suggest this taxon probably

fed on small prey and other trophic items that could catch and handle entirely

with its mouth, such as insects and small vertebrates.
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1 | INTRODUCTION

Notosuchia is a clade of terrestrial crocodyliforms mostly
registered in Gondwana from the Aptian to the Miocene.
This clade was remarkably successful during the

Cretaceous and had high morphological disparity (Pol
et al., 2014) and taxonomic diversity (Pol & Leardi, 2015),
including taxa of small (e.g., Araripesuchus Price, 1959)
to large body masses (e.g., Baurusuchus Price, 1945).
Notosuchians have been interpreted as entirely terrestrial
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animals, having terminal nostrils, lateral orbits, and
limbs with sagittal posture (Gasparini, 1971; Pol, 2005;
}Osi, 2014), and possessed a great dental disparity. The
dental diversity within the group suggests diverse trophic
habits (Melstrom & Irmis, 2019; }Osi, 2014; Sellers,
Schmiegelow, & Holliday, 2019; Stubbs, Pierce, Rayfield, &
Anderson, 2013), from carnivorous (Gasparini, Chiappe, &
Fern�andez, 1991; Godoy, Montefeltro, Norell, &
Langer, 2014; Riff & Kellner, 2011) to omnivorous
(Bonaparte, 1991; Nobre, Carvalho, de Vasconcellos, &
Souto, 2008), and even herbivorous (Buckley, Brochu,
Krause, & Pol, 2000; Kley et al., 2010; Wu & Sues, 1996).
Cubo et al. (2020), based on paleohistological analyses,
have recently proposed that notosuchians would have been
ectothermic animals, similar to what is observed in extant
Crocodylia and Lepidosauria.

Araripesuchus gomesii was one of the first
notosuchians described from South America (Price, 1959).
Subsequently, five other species were referred to this
genus based on specimens from different regions of Gond-
wana, including Argentina (A. patagonicus Ortega,
Gasparini, Buscalioni, & Calvo, 2000, and A. buitreraensis
Pol & Apesteguía, 2005), Niger (Araripesuchus wegeneri
Buffetaut, 1981, and Araripesuchus rattoides Sereno &
Larsson, 2009), and Madagascar (Araripesuchus tsangatsangana
Turner, 2006). Recent phylogenetic analyses have retrieved
Araripesuchus as closely related to Anatosuchus from
Niger (Sereno & Larsson, 2009) and Uruguaysuchus from
Uruguay (Soto, Pol, & Perea, 2011) conforming the clade
Uruguaysuchidae, which is registered from the Albian to
Campanian–Maastrichtian (Pol & Leardi, 2015 and refer-
ences therein). Uruguaysuchids have been depicted in
most analyses as a basal clade of Notosuchia, and repre-
sents one of the earliest diversification events of
Notosuchia in the “middle” Cretaceous of Gondwana (Pol
et al., 2014). This clade is characterized by small body size
(Godoy, Benson, Bronzati, & Butler, 2019), the presence of
a short oreinirostral (domed snout) skull, long anterior
palpebral, subcircular supratemporal fenestra, and a
broadly concave mandibular symphysis. Particularly,
A. gomesii has some degree of heterodonty, with small
incisiviforms, a large maxillary caniniform, and buccolingually
flattened posterior teeth with small marginal denticles.
Few studies have explored the dietary habits of the differ-
ent species of Araripesuchus. However, based on tooth
morphology, presence of abrasion-type wear facets and
inferences on mandibular movement it has been consid-
ered that these taxa were likely omnivorous (}Osi, 2014;
Sereno & Larsson, 2009), with the possibility for one of the
species, A. wegeneri, of being entirely herbivorous.

Morpho-functional analysis on notosuchians is scarce.
}Osi (2014) carried out a work on biomechanical aspects
in heterodont crocodyliforms, in which only some

notosuchians were included. However, his work was
based on simple muscle reconstructions. Montefeltro,
Lautenschlager, Godoy, Ferreira, and Butler (2020)
recently performed a finite element analysis (FEA) in
Baurusuchus, but this taxon is a derived representative of
the clade that is highly modified due to its specialization
to carnivory. A. gomesii is an underived taxon in the group
that shows a more plesiomorphic craniomandibular anat-
omy, such as a still present antorbital fenestra and a sec-
ondary palate only incipiently developed unlike extant
Crocodylia. A biomechanical approach for this taxon could
allow a better understanding of the different food speciali-
zations within the group.

Here we present a biomechanical analysis of the
cranio-mandibular complex of A. gomesii, the first per-
formed for an uruguaysuchid notosuchian. Bite force cal-
culations and different feeding scenarios were simulated
in order to evaluate its performance during the feeding.
Using FEA, we characterize the skull biomechanically
and quantify functional similarities and differences
between Araripesuchus and living crocodylians.

2 | MATERIALS AND METHODS

2.1 | Specimens

The specimen A. gomesii AMNH 24450 from the American
Museum of Natural History, New York, was CT-scanned
and restored virtually. This specimen consists of two slabs
that contain different bones and fragments of the skull and
mandible that were taphonomically bent out of shape, so a
restoration was needed. Both slabs were scanned at the
AMNH CT scanning facility (pixel size: 0.1046 mm, 170 kV,
1,000 μA). For comparison, we modeled a specimen of Alli-
gator mississippiensis. We chose A. mississippiensis because
this is a model species for herpetological and functional
studies (e.g., Metzger, Daniel, & Ross, 2005; Porro
et al., 2011; Porro, Metzger, Iriarte-Díaz, & Ross, 2013; Reed
et al., 2011) and because it is a living representative of the
crocodyliform lineage. CT scans of Alligator were obtained
freely from WitmerLab webpage (https://people.ohio.edu/
witmerl/lab.htm).

2.2 | Model construction

From the information obtained from the scans of the
skull and jaw of A. gomesii, a 3D reconstruction was
made through segmentation using the Materialise
Mimics 18.0 software (Figure 1a). Due to deformation,
when needed, bones (or part of bones) that were broken
or dislocated were segmented individually, mirrored and
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merged with the rest of the skull. Stl files were brought
into the software Geomagic (3D Systems) where they
were corrected, eliminating small anatomical and geo-
metrical errors in order to facilitate the construction of
solid finite element meshes. Surface and volume meshes
were generated in the 3-Matic Research module of Mate-
rialise. Meshes of the skull and jaw obtained (consisting
of 519,080 bricks and 132,154 nodes for the skull, and
481,527 bricks and 105,769 nodes for the mandible) were
imported to Strand7 Finite Element software (v. 2.3).
Although 500,000 tetrahedra may be considered a bit low
in convergence analyses for crania, the multiple analyses
performed here justifies �100,000 nodes/500,000 ele-
ments because solution time increases drastically at
greater resolution. This resolution captures type and rela-
tive regional magnitudes of stress and strain, important
for our comparisons between Araripesuchus and Alliga-
tor. Moreover, Gilbert, Snively, and Cotton (2016) found
no gross differences comparing meshes of �112,000
nodes/560,000 tetrahedra and 440,000 nodes/2 million

elements, in a tarsometatarsus model that included slen-
der internal structures. Models were assembled using 3D
low order four-noded tetrahedral “brick” elements (tet4).
In the original surface mesh, maximum and minimum
triangle edge lengths were kept at a 1:3 ratio (0.1 geomet-
ric error) to minimize differences between triangle
dimensions, which can lead to major discrepancies in
brick element size in the final solid mesh introducing
artifacts. Brick elements were assigned a single set of
material properties published for A. mississippiensis
(Young's modulus of Elasticity [E] = 8.8 GPa; Poisson's
ratio = 0.4; Density = 1.0 � 10�6 kg/mm3; Zapata
et al., 2010). All the properties were assigned in the
Strand7 software and treated as isotropic and homoge-
neous (i.e., assuming constant material properties
throughout). Taking into account that the specimen of
Araripesuchus needed restoration, and in the absence
of data on material properties of notosuchians cranial tis-
sues, we initially assigned isotropic materials because it
has proven to (a) being available as determined in the lit-
erature, (b) having little effect on stress (but not direc-
tional strains) compared with anisotropic properties, and
(c) accurately recovering general stress patterns (Strait
et al., 2005).

2.3 | Muscle reconstruction and
modeling

The adductor muscle and their respective attachment
areas were reconstructed (Figure 1) based on Extant Phy-
logenetic Bracket (Witmer, 1995). Muscle attachments in
A. gomesii were found to be largely similar in location as
in Alligator (Sellers, Middleton, Davis, & Holliday, 2017),
other crocodyliforms (Holliday & Witmer, 2009) and
notosuchian crocodyliforms (e.g., Montefeltro et al., 2020;
}Osi, 2014) with a few discrepancies. We did not find evi-
dence for a significant attachment of m. pterygoideus
ventralis on the medial surface of the articular as
reconstructed in Baurusuchus (Montefeltro et al., 2020)
and found m. pterygoideus dorsalis to attach along the
medial surface of the caudal surangular and articular
rather than in the Meckelian fossa and dorsal surface of
the articular (sensu Montefeltro et al., 2020) or the rostral
portion of the medial surface of the surangular in Mari-
liasuchus (sensu }Osi, 2014). Muscles were modeled as
pre-tensioned trusses connecting each origin-insertion
area, with an elastic modulus set to 0.1 MPa reflecting
the modulus of relaxed muscle (McHenry, Wroe,
Clausen, Moreno, & Cunningham, 2007; Moreno
et al., 2008). The muscle forces were estimated using the
attachment reconstructed area for each muscle, based on
previous works on extant and extinct crocodyliforms

FIGURE 1 (a) Digitally restored skull and lower jaws in left

lateral view of Araripesuchus gomesii AMNH 24450. (b–g) Muscle

attachment areas marked on the 3D model skull of A. gomesii.

(b) Dorsal view of the left posterior of the skull; (c) ventrolateral left

view of the skull; (d) ventral view of the braincase; (e) left lateral view

of the posterior portion of the mandibular ramus; (f) medial view of the

posterior portion of the left mandibular ramus; (g) occlusal view of the

posterior portion of the left mandibular ramus. mAMEM, m. adductor

mandibulae externus medialis; mAMEP, m. adductor mandibulae

externus profundus; mAMES, m. adductor mandibulae externus

superficialis; mAMP, m. adductor mandibulae posterior; mDM,

m. depressor mandibulae; mPSTp, m. pseudotemporalis profundus;

mPSTs, m. pseudotemporalis superficialis; mPTd, m. pterygoideus

dorsalis; mPTv, m. pterygoideus ventralis. Scale= 10 mm
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(Holliday, Tsai, Skiljan, George, & Pathan, 2013;
Holliday & Witmer, 2007, 2009; Iordansky, 1964). Surface
areas were used to calculate the volume of a frustum and
published muscle architecture data of A. mississippiensis
from Porro et al. (2011) were used to estimate the physio-
logical cross sectional area (PCSA) of each muscle.
Together, these attachment areas and PCSAs were used
to calculate muscle forces after Sellers et al. (2017). Fol-
lowing previous muscle reconstructions in extant croco-
dilians (Holliday & Witmer, 2007; Sellers et al., 2017), the
cartilago transiliens was not modeled here. In contrast,
the musculus pseudotemporalis superficialis (mPSTs)
and the musculus intramandibularis (mIM) were consid-
ered as a single muscle (mPSTs) that extends from the
site of origin of mPSTs to the surface of insertion of mIM.
The cartilago transiliens is a fibrocartilaginous element
that acts as a union point between mPSTs and mIM, with
collagenous fibers that extends from one muscle to the
other with a cartilaginous disk connecting them (Tsai &
Holliday, 2011). Therefore, the digital modeling is ana-
tomically and mechanically similar to the in vivo muscle
complex.

The analyzed skulls of Araripesuchus and Alligator
differ in shape and size. In order to compare the perfor-
mance and focus on how shape affects mechanical per-
formance for a given loading condition, scaled values for
the muscular contraction pressure need to be assumed.
Based on this premise, Alligator's models and forces were
scaled to the total volume of the A. gomesii model follow-
ing Dumont, Grosse, and Slater (2009) and Fortuny
et al. (2015, 2016).

2.4 | Simulations

Models were restrained to prevent free body motion. For
each loading, we have applied more realistic constraints
by positioning them within frameworks of rigid links at
the occipital condyle as well as at the tip of each teeth
where bite force was applied. This was done in order to
distribute forces more broadly. For the skull, three nodes
were constrained on the occipital condyle following Mon-
tefeltro et al. (2020). To model the articular-quadrate
joint, a hinged beam was used to link the upper and
lower jaws. von Mises stresses were then used to compare
performance among models. von Mises stresses are good
predictors of failure under ductile fracture, or fractures
that begin initially by plastic deformation, which is typi-
cally how bone fails. It is a function of principal stresses
that measures how stress distorts a material (Rowe &
Snively, 2021; Tsafnat & Wroe, 2011). Stress distribution
and magnitude depend on the shape, size and force load-
ing things that are well constrained in this work.

Different functional scenarios were tested to evaluate
the cranio-mandibular biomechanical performance, sim-
ulating different situations of trophic item handling
(Figure 2): unilateral bite, bilateral bite, pull-back, head-
shake, and head-twist. Based on the availability of in vivo
bite force measurements in extant crocodylians, we
decided to use an estimated bite force (instead of force
reactions) in the present study to simulate bite scenarios
and compare the biomechanical performance with that
of Alligator. For each one of these scenarios, the bite
force was calculated based on Meers (2002), with a
resulting bite force of 158.23 N. In the unilateral bite sce-
nario, the loads were applied to a node, on different fol-
lowing teeth, perpendicular to the occlusion planes:
premaxillary tooth 2 (PM2)-dentary tooth 1 (D1), maxil-
lary tooth 3 (M3)-D7, and M8-D13 (Figure 2c–e). For the
pull-back, the 158.23 N load was applied to one node at
crown mid-height over the distal carina of the caniniform
teeth (D5, PM3, and M3; Figure 2f,g). The bilateral bite
was tested with two vectors of 79.115 N that were applied
in each D6 and M3 (Figure 2h). The head-shake scenario
was tested with four vectors of 79.115 N, two on each
node on the labial surface of left M3/D5 and the other
two on each node on the lingual surface of right M3/D5
(Figure 2i). Choosing a different dentary tooth in this
simulation is due to the position of the rigid links on D6.
For the head twist, the loadings were applied as two
opposite vectors of 158.23 N in both jaw and skull models
(Figure 2j): one loading vector was applied to one node at
the tip of the maxillary (M3) and dentary
(D8) caniniform tooth, and another loading vector on the
opposite side on the dorsal surface of the maxilla, and
ventral surface of the dentary, respectively. The protocol
of the different scenarios performed followed that of
Montefeltro et al. (2020).

These simulation scenarios were also tested in the
skull and jaw of A. mississippiensis for comparisons.
The unilateral bite was tested in PM3-D3, M4-D9, and
M8-D13. The bilateral bite in both M4 and D9. The head
shake and head twist scenario were also applied in M4
and D9. The pullback scenario was tested in PM3, M4,
D3, and D9 (Figure 2b).

In order to compare the stress concentrated in the dif-
ferent regions of the skull both qualitatively and quanti-
tatively, stresses from 10 landmark points were collected
from the different bite scenarios following three tran-
sects, being the top of the skull following the midsagittal
plane, the lateral part of the skull on the maxilla and
jugal bar, and the lateral part of the mandible (Tables 1
and 2). The collection of von Mises stresses from these
landmarks allows comparisons of values at homologous
points in different models (Evans, Parr, Clausen, Jones, &
Wroe, 2012; Parr et al., 2012).
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3 | RESULTS

The simulations for the different scenarios in
Araripesuchus show a generalized pattern in which stress
is mostly concentrated on the rostral area (maxilla, nasal,
part of the jugal and lacrimal) and on the posterior part
of the skull (Figure 3a–h). This is similar to the results
obtained for Alligator, although in this taxon there is a
higher concentration of stress in these regions (Figure 3i–p).
The braincase of Araripesuchus is also a region with high
concentration of stress, especially in the head shake sce-
nario (Figure 3g) in which the overall stress values are
much higher than in other scenarios. A similar result was
obtained in the head-shake scenario for Alligator
(Figure 3o). Nevertheless, in all scenarios the area of the
cranial roof in A. gomesii had a lower stress concentration
than in A. mississippiensis (Figures 3 and 4b, f) (Tables 1
and 2). In almost all scenarios, the tip of the snout and jaw
of Araripesuchus showed lower stress levels than the rest
of the skull and mandible (Figure 4b) (Table 1).

Throughout the mandible, the stress in A. gomesii is quite
homogeneous (Figure 4d) (Table 1). However, in the uni-
lateral bite scenario using PM2 and D1 (Figure 3a) and in
the two pullback scenarios (Figure 3d,e), the highest level
of stress is concentrated on the dentary, especially on its
dorsolateral region. The latter has also been retrieved for
Alligator, although in the unilateral bite scenarios with
PM2 and D1, and M3 and D7, the high stress is also pre-
sent on the angular and surangular (Figures 3i,j and 4d).
In both taxa our results indicate that the posterior end of
the retroarticular process is under low stress.

In the scenarios involving unilateral bites (Figures 3a–e)
there generally is an asymmetry in the stress distribution,
with higher stresses shifted towards the working side. The
scenarios in which the skull of Araripesuchus is most
affected correspond to those of the unilateral bite with PM2
and D1, pull back with M3 and D5, and headshake
(Figure 3a,e,g), the latter being the one with the highest
stress concentrated in the posterior area of the skull, includ-
ing the braincase, the quadrate, quadratojugal, and jugal

FIGURE 2 Different simulation of biting behavior in Araripesuchus gomesii. The arrows indicate the location on the models of the

loading vectors for each scenario. (a) Lateral view of the snout of A. gomesii indicating the teeth involved in each simulation; (b) Lateral view

of the snout of Alligator mississippiensis indicating the teeth involved in each simulation; (c) unilateral bite in premaxillary tooth 2 and

dentary tooth 1; (d) unilateral bite in maxillary tooth 3 and dentary tooth 7; (e) unilateral bite in maxillary tooth 8 and dentary 13; (f)

pullback bite in premaxillary tooth 3 and dentary tooth 5; (g) pullback bite in maxillary tooth 3 and dentary tooth 5; (h) bilateral bite in

maxillary tooth 3 and dentary tooth 6; (i), head shake in maxillary tooth 3 and dentary tooth 5; (j) head twist in maxillary tooth 3 and

dentary tooth 8. Red arrows indicate the force applied in the left side of the skull. Blue arrows with dotted line indicate the force applied in

the right side of the skull. Green arrow indicate the force applied in the surface of the dentary and the surface of the maxilla

NIETO ET AL. 5



(Figure 4b,c) (Table 1). In Alligator, the scenario with the
greatest stress is registered in the unilateral bite with PM3
and D3 (Figures 3i and 4f,g) (Table 2). Conversely, the sce-
nario that registers the lower stress values in Araripesuchus
is the head twist (Figures 3h and 4c,d), in which the calcu-
lated stress levels in general do not exceed 5 MPa
(Figure 4b–d) (Table 1). In the same way, our results for
A. mississippiensis also indicate this scenario is the one with
the smallest stress values (Figures 3p, 4f,g) (Table 2).

4 | DISCUSSION

4.1 | Skull performance

Based on previous analyses on the mandibular movement
and tooth wear pattern, the species of Araripesuchus have
been considered as omnivores, with a possible case of
herbivory in A. wegeneri (}Osi, 2014; Sereno &
Larsson, 2009; Turner, 2006). These hypotheses were

TABLE 1 Measured points for the different bites scenarios in Araripesuchus gomesii

Measured
point

Biting scenario

Uni1 Uni2 Uni3 Pullpmx Pullmx Bilat Head shake Head twist

Midsagittal plane
of the skull

1 0.51 0.022 0.014 0.14 0.13 1.56 0.09 0.003

2 12.99 0.96 2.38 7.19 5.21 7.57 7.10 1.03

3 24.99 4.77 7.07 11.64 10.40 16.41 8.15 1.03

4 29.74 12.96 11.46 11.12 15.39 9.75 6.60 1.90

5 18.11 11.21 9.59 9.20 9.84 2.10 5.15 0.86

6 16.22 9.65 5.13 10.38 7.36 1.14 7.90 1.58

7 14.08 13.58 10.75 8.60 9.90 1.12 15.90 2.30

8 8.28 2.24 6.97 3.17 3.19 1.00 22.90 0.90

9 5.50 3.15 1.61 2.97 3.67 0.98 4.65 1.25

10 1.14 1.26 1.55 2.96 2.53 1.24 6.64 0.80

Lateral of
the skull

1 0.01 0.00 0.00 0.00 0.00 0.05 0.05 0.00

2 26.00 12.75 11.88 21.20 5.38 18.69 9.70 0.84

3 5.14 20.17 4.48 10.80 31.20 10.42 26.70 2.78

4 58.00 20.17 35.47 15.10 33.30 12.83 24.70 6.43

5 8.21 9.14 11.36 5.95 12.00 11.43 31.70 5.39

6 2.41 3.55 1.35 2.47 2.47 3.96 20.30 1.26

7 3.10 1.45 4.24 2.15 3.58 6.57 27.10 1.61

8 1.92 8.54 1.55 1.09 2.55 5.90 20.00 2.42

9 6.60 15.57 14.54 12.70 21.10 25.12 21.20 8.39

10 4.53 6.46 7.11 8.33 7.11 6.41 8.60 3.93

Lateral of the
Lower jaws

1 151.14 0.36 0.36 1.90 7.63 8.61 5.79 0.08

2 2.28 12.80 5.27 26.40 28.00 27.00 12.40 5.54

3 37.10 15.40 10.10 36.20 39.20 11.60 8.73 4.62

4 40.02 13.80 6.21 35.40 38.40 12.70 6.39 6.73

5 34.18 20.90 5.07 30.70 31.50 10.70 19.10 2.35

6 11.16 11.30 17.90 8.79 8.69 9.39 16.20 4.45

7 4.22 12.70 6.27 10.20 11.20 10.90 25.10 6.32

8 7.27 7.76 2.59 22.70 22.70 23.00 26.10 12.00

9 11.44 14.20 2.15 16.10 10.50 3.55 24.60 13.00

10 0.65 0.42 0.34 0.55 11.40 0.23 0.22 0.19

Note: All values are expressed in MegaPascal (MPa) of von Mises stress. Abbreviations: Uni1, unilateral bite in premaxillary tooth 2 and dentary tooth 1; Uni2,
unilateral bite in maxillary tooth 3 and dentary tooth 7; Uni3, unilateral bite in maxillary tooth 8 and dentary tooth 13; Pullpmx, pullback bite in premaxillary
tooth 3 and dentary tooth 5; Pullmx, pullback bite in maxillary tooth 3 and dentary tooth 5; Bilat, bilateral bite in maxillary tooth 3, and dentary tooth 6.
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based on anatomical observations on the skull, mandible,
and teeth of these taxa. However, since form and func-
tions are sometimes decoupled, functional analyses can
provide complementary information on feeding habits.
The biomechanical analysis carried out here shows that
the skull of Araripesuchus would be better suited to per-
form dorsoventral and anteroposterior movements than
movements with a strong lateral component.

Alligator and Araripesuchus are phylogenetically
related but they represent two distinct lineages within
Crocodyliformes (Neosuchia and Notosuchia, respec-
tively) that have markedly different skull morphology.
Whereas A. mississippiensis has a characteristically
platyrostral skull, A. gomesii has an oreinirostral (domed
snout) skull. The platyrostral skull is a derived character
that appeared in evolution of Neosuchia (Rayfield &

TABLE 2 Measured points for the different bites scenarios in Alligator mississippiensis

Measured
point

Biting scenario

Uni1 Uni2 Uni3 Bilat Pullpmx Pullmx Head shake Head twist

Midsagittal plane
of the skull

1 22.20 1.72 7.33 4.76 16.65 2.69 17.65 0.80

2 10.47 3.41 4.76 8.87 6.73 10.66 13.34 2.13

3 43.82 13.76 18.65 17.27 11.88 16.75 18.84 3.43

4 47.73 22.21 20.45 16.72 17.77 19.13 8.95 3.61

5 53.09 20.21 21.16 14.87 17.82 20.45 9.18 4.60

6 47.23 22.24 16.05 8.10 16.68 13.71 6.48 3.39

7 37.52 17.93 17.01 5.68 9.28 21.47 15.07 2.40

8 15.07 27.86 11.09 1.75 16.13 16.15 20.62 0.93

9 38.41 11.11 7.42 0.79 17.18 8.11 11.45 2.17

10 17.65 4.59 9.83 5.98 21.44 26.45 12.51 1.88

Lateral of the
skull

1 8.02 1.17 5.21 6.70 14.65 1.79 24.54 0.37

2 27.38 8.60 56.87 14.61 27.43 4.04 8.91 1.99

3 23.91 52.85 9.11 16.41 18.28 69.38 17.35 18.83

4 46.21 55.89 27.01 16.02 22.72 36.04 21.50 5.44

5 83.84 21.04 17.50 4.85 24.31 19.47 16.74 1.11

6 30.40 7.67 9.80 3.36 9.67 9.55 30.46 0.91

7 38.95 9.88 18.37 5.22 12.23 15.30 57.49 13.06

8 32.58 8.34 4.56 8.62 4.51 16.41 6.92 30.31

9 44.94 19.28 13.00 7.02 20.83 23.06 27.53 27.42

10 20.94 16.64 11.12 3.30 8.21 9.70 9.58 18.60

Lateral of the
lower jaws

1 108.52 84.30 4.09 10.31 39.05 7.62 64.74 2.28

2 61.24 44.09 22.84 32.41 58.71 18.73 87.12 10.96

3 78.61 44.54 40.37 18.81 75.38 40.35 78.54 23.45

4 143.14 71.71 3.26 20.70 30.50 46.22 38.84 6.65

5 108.66 76.18 46.90 27.34 39.65 52.79 28.68 5.04

6 79.34 62.35 8.81 10.65 27.09 38.02 20.32 2.85

7 59.89 54.06 14.23 9.32 3.16 4.28 31.46 2.18

8 68.74 71.21 20.25 7.92 8.18 12.90 69.51 1.06

9 33.01 71.60 13.03 3.27 28.19 32.58 18.22 6.29

10 0.63 0.62 0.63 0.43 0.66 0.44 0.50 0.39

Note: All values are expressed in MegaPascal (MPa) of von Mises stress. Abbreviations: Uni1, unilateral bite in premaxillary tooth 3 and dentary tooth 3; Uni2,
unilateral bite in maxillary tooth 4 and dentary tooth 9; Uni3, unilateral bite in maxillary tooth 8 and dentary tooth 13; Pullpmx, pullback bite in premaxillary
tooth 3 and dentary tooth 3; Pullmx, pullback bite in maxillary tooth 4 and dentary tooth 9; Bilat, bilateral bite in maxillary tooth 4 and dentary tooth 9.
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Milner, 2008) and was probably linked to the acquisition
of aquatic habits (McHenry, Clausen, Daniel, Meers, &
Pendharkar, 2006; Wilberg et al., 2019). Busbey (1995)
suggested that the adaptation of crocodiles to a platyrostral
form is related to the increment in the resistance of torsional
loads in the skull, and the decrease in hydrodynamic resis-
tance in lateral movements during feeding. With this pre-
mise, previous studies analyzed the importance of the
presence/absence of the antorbital fenestra and the second-
ary palate in the different types of skulls (platyrostral and
oreinirostral) in Crocodylomorpha (e.g., McHenry
et al., 2006; Rayfield & Milner, 2008). In the evolution of this
group, there is a drastic change from the condition of early
crocodylomorphs (e.g., Sphenosuchus acutus) with a large

antorbital fenestra and absence of a complete secondary pal-
ate to that of crown crocodylians (e.g., A. mississippiensis)
that lack antorbital fenestra and have complete secondary
palate. Araripesuchus provides an interesting intermediate
stage in which the antorbital fenestra is still present but the
secondary palate is incipiently developed (with the participa-
tion of the maxilla and palatines). Similarly to what was
concluded in other studies (Busbey, 1995; McHenry
et al., 2006; Rayfield & Milner, 2008), the oreinirostral snout
of Araripesuchus seems to provide greater resistance during
feeding than the platyrostral snout of A. mississippiensis,
despite presenting an antorbital fenestra, which would rep-
resent a zone of “weakness” in the skull (Rayfield &
Milner, 2008). However, this zone may be complemented by
the development of the secondary palate in notosuchians,
reducing the stress concentration (see McHenry et al., 2006;
Rayfield & Milner, 2008).

The stress distribution shows that Alligator have, in
general, higher von Mises stress in the mandible
(Figures 3 and 4). Porro et al. (2011) demonstrates that
the symphysis is an area of high torsional stress and its
strong interdigitation could help to mitigate this.
Araripesuchus possess a more robust symphyseal region
that would surely help to stabilize the lower jaws at the
time of the bite, generating less stress (see Figures 3 and
4). This is also observed in an advanced notosuchian like
Baurusuchus (Montefeltro et al., 2020) that has an even
longer symphysis.

Although it is not an emphasis of the present work,
under pullback scenarios (Figure 3d,e), the modeled
A. gomesii experiences high levels of stress in the quad-
rate region. Ortega et al. (2000) observed that in this
region the articular is larger than the condyle of the
quadrate, suggesting a potential anteroposterior move-
ment, which is later observed in more advanced
notosuchians such as Notosuchus terrrestris (Lecuona &
Pol, 2008), generating a stress release in this area.

4.2 | FEA in other notosuchians

The morphological and ecological diversity of
notosuchians was remarkably high but functional studies
are still scarce. Montefeltro et al. (2020) conducted a FEA
for Baurusuchus, a notosuchian that differs markedly in
its skull anatomy from Araripesuchus. In addition to its
larger overall body size, the skull of Baurusuchus has a
much narrower and higher rostrum, absence of an
antorbital fenestra, and dentition composed of only five
large maxillary teeth with serrated carinae (resembling
those of theropods). Montefeltro et al. (2020) showed that
Baurusuchus had better biomechanical performance with
less stress than Alligator and Allosaurus in the

FIGURE 3 Stress (von Mises) distribution in Araripesuchus

gomesii (a–h) and Alligator mississippiensis (i–p). (a) Unilateral bite
in premaxillary tooth 2 and dentary tooth 1; (b) unilateral bite in

maxillary tooth 3 and dentary tooth 7; (c) unilateral bite in

maxillary tooth 8 and dentary tooth 13; (d) pullback bite in

premaxillary tooth 3 and dentary tooth 5; (e) pullback bite in

maxillary tooth 3 and dentary tooth 5; (f) bilateral bite in maxillary

tooth 3 and dentary tooth 6; (g) head shake in maxillary tooth

3 and dentary tooth 5; (h) head twist in maxillary tooth 3 and

dentary tooth 8; (i), unilateral bite in premaxillary tooth 3 and

dentary tooth 3; (j) unilateral bite in maxillary tooth 4 and dentary

tooth 9; (k) unilateral bite in maxillary tooth 8 and dentary 13;

(l) pullback bite in premaxillary tooth 3 and dentary tooth 3;

(m) pullback bite in maxillary tooth 4 and dentary tooth 9;

(n) bilateral bite in maxillary tooth 4 and dentary tooth 9; (o) head

shake in maxillary tooth 4 and dentary tooth 9; (p) head twist in

maxillary tooth 4 and dentary tooth 9. Warm colors indicate high

stress and cool colors indicate region of low stress. Areas shown in

white exceed the scale maximum (25 MPa). Note that the scenarios

in which the skull of Araripesuchus show higher stress

concentration correspond to those of the unilateral bite with PM2

and D1, pull back with M3 and D5, and head-shake
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premaxillary–maxillary region. This may be because
Baurusuchus lacks an antorbital fenestra, a characteristic
related to greater resistance to various efforts like torsion
loads and bending scenarios (Rayfield & Milner, 2008).

This greater resistance could be related to the trophic
habit inferred for Baurusuchus, considered as a top pred-
ator (Godoy et al., 2014; Riff & Kellner, 2011), and it
would represent a great advantage when catching prey

FIGURE 4 Stress measurements along a the skull of Araripesuchus gomesii (a–d) and Alligator mississippiensis (e–h) on the sagittal

plane, lateral of the skull and the lateral of the lower jaws during the different biting simulations. Araripesuchus (a) and Alligator (e) skulls

showing the location of the measurement points; (b and f) stress values measured for each simulation on the sagittal plane; (c and g) stress

values measured for each simulation on the lateral of the skull; (d and h), stress values measured for each simulation on the lateral of the

lower jaw. Abbreviations as in Tables 1 and 2. Note that in the different bite scenarios, in general, Araripesuchus present lower levels of

stress, especially in the head twist and bilateral scenarios
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and the effort generated when handling larger
prey (Montefeltro et al., 2020 and citations therein). Feed-
ing imposes strong selective pressure on skull morphol-
ogy, even leading to specialization, and Baurusuchus
seems to respond to this mechanisms.

A more comprehensive study was preliminary
reported by Srinivas, Rayfield, Tavares, Cunningham,
and Vargas (2019), who carried out finite element ana-
lyses on various Notosuchia and compared results with
those for extant Crocodylia. The results reported are con-
sistent with those obtained in the present analysis.
Although the calculated forces for the bite and bone
properties are different, from those used here the
observed results patterns are similar. Srinivas et al. (2019)
noted that oreinirostral morphologies are better suited
for resisting force during biting, which is coincident with
our findings for Araripesuchus.

4.3 | Paleobiology

The specimen of A. gomesii (AMNH 24450) is a slightly
smaller individual than the holotype, barely exceeding
50 cm in total length. Since there is a relationship
between body mass and bite force (Christiansen &
Wroe, 2007; Meers, 2002), it is not surprising that its
inferred bite force is relatively small. In comparison with
extant taxa of similar size and weight, such as the mam-
mals South American gray fox (Lycalopex griseus) and the
pampas fox (Lycalopex gymnocerus), or the lizard gold
tegu (Tupinambis teguixin), the inferred bite force of
Araripesuchus reaches similar ranges to these taxa
(approximately 130–150 N; Anderson, McBrayer, &
Herrel, 2008; Christiansen & Wroe, 2007). Based on our
results on the stress distribution pattern, however, it is
also possible that the skull of Araripesuchus would be
able to withstand a greater bite force, especially when
performing a head twist movement (Figure 3h).

Despite these studies, there is still much of the paleo-
biology and behavior of Notosuchia that remains
unexplored. A. gomesii had a straight posture and has
been described as a terrestrial animal (Hecht, 1991). It
has functionally heterodont dentition but a precise
tooth–tooth occlusion was absent or possibly only have
relative occlusion during the orthal movements of the
jaw (}Osi, 2014). The presence of wear facets are more
related to abrasion from tooth-food contact than to pre-
cise tooth-tooth occlusion (}Osi, 2014; Sereno &
Larsson, 2009). In extant Crocodylia, diet varies through-
out its ontogeny (Gignac & O'Brien, 2016; Grigg &
Kirshner, 2015; Tucker, Limpus, McCallum, &
McDonald, 1996): hatchlings and juveniles are general-
ists, feeding on insects, mollusks, crustaceans and small

fish and frogs, adding larger animals as they grow (larger
fish, birds, and mammals). Ontogenetic dietary shifts are
probably also true for other crocodyliforms such as
Araripesuchus (Sereno & Larsson, 2009). Sereno and Lar-
sson (2009) and }Osi (2014) postulated that Araripesuchus
was an omnivore mainly based on the absence of dental
specialization for either carnivory or herbivory. The
results presented here seem are compatible with this
hypothesis, in which the animal fed on small prey and
other items that could be caught entirely with its mouth
and easy to manipulate. Lower stresses in bilateral
(Figure 3d) than for unilateral bite simulations
(Figure 3a–c) suggest the likelihood of this behavior. As
observed in extant lepidosaurs (e.g., Varanus
komodoensis) and inferred in Baurusuchus, the use of the
cervical musculature and appendicular motions can pro-
vide an increase in the force exerted on the trophic item,
complementing the bite force (D'Amore &
Blumenschine, 2009; D'Amore, Moreno, McHenry, &
Wroe, 2011; McHenry et al., 2007; Montefeltro
et al., 2020; Moreno et al., 2008). These features would
help to dissipate and potentially tolerate larger stress
along other body parts, such as those required for captur-
ing and holding larger prey items. Most species of
Crocodylia and Lepidosauria are mostly solitary hunters,
but some species repeatedly engaged in behaviors classi-
fied as “cooperative” or “protocooperative” which allows
different individuals to feed on the same prey
(Dinets, 2015; Grigg & Kirshner, 2015). Although there is
no evidence of cooperative behavior in notosuchians,
these small crocodyliforms may have used similar behav-
ior if larger prey were part of their diet. Nevertheless,
more evidence and research in these aspects are neces-
sary for determinate this kind of behavior.
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