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Abstract Aetosaurs are quadrupedal archosaurs that had a worldwide distribution during
the Late Triassic. They had small heads relative to their body size and a long tail, and they
are characterized by a dorsal and ventral carapace formed by ornamented and articulated
osteoderms. Although aetosaurs historically have been considered the only herbivorous
early pseudosuchian archosaurs, few analyses quantitatively assess their feeding habits, and
some authors have proposed omnivorous and/or scavenging habits for the group.
Neoaetosauroides engaeBenaparte, 1969 is an aetosaur from Late Triassic of the Los
Colorados Formation, La Rioja, Argentim. engaeuss known from three relatively well
preserved skulls, making it an excellent taxon to study the feeding ecology. We applied the
Finite Element MethodHEM ) to estimate bite force and to evaluate the structural response
of the skull at different positions during food processing. Our results show that the skull of
N. engaeugenerated a bite force of 3.6 kN, a magnitude comparable with the measurement
made inAlligator mississippiensjsaand could resist lateral and longitudinal forces during
feeding. This indicates th&k engaeusvas capable of hunting of small living preyd,
cynodonts) with its jaws, and/or dragging carcasses of larger sigeslicynodonts).

These results support possible zoophagy or omnivory fengaeusthus expanding the
potential ecological roles of aetosaurs.

Keywords. Pseudosuchia. Biomechanics. Feeding habits. Finite Element Model. Bite force

estimation.

Resumen. ESTUDIOBIOMECANICO DEL CRANEODE UN AETOSAURIO
(NEOAETOSAUROIDEENGAEU$USANDOANALISIS DE ELEMENTOSFINITOS.
Los aetosaurios son un grupo de arcosaurios con distribucion mundial durante el Tridsico

Tardio. Tenian cabeza pequefia en relacionada al tamafio del cuerpo y una cola larga, y se
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caracterizan por tener una armadura dorsal y ventral, formada por osteodermos
ornamentados y articulados. A pesar de que los aetosaurios se consideraron histéricamente
como los unicos herbivoros entre los primeros arcosaurios pseudosuquios, pocos analisis
evallan cuantitativamente sus habitos de alimentacion, y algunos autores han propuesto
habitos omnivoros y/o carrofieros para este gipoaetosauroides engaelBenaparte,

1969, es un aetosaurio de Triasico Tardio de la Formacion Los Colorados, La Rioja,
Argentina. Se conocen tres craneos relativamente bien conservadlosmigeussiendo

un excelente taxon para realizar estudios de la ecologia de alimentacion. Aplicamos el
Método de los Elementos Finitos (MEF) para estimar la fuerza de mordida y evaluamos la
respuesta estructural del craneo en diferentes situaciones durante la alimentacién. Nuestros
resultados muestran que el craneddengaeugenerd una fuerza de mordida de 3.6 kN

una magnitud comparable con mediciones realizadadligator mississippiensjs/ podria

resistir esfuerzos externos laterales y longitudinales. Esto indicaria gngaeupodria

capturar presas vivas de pequefio tamaftg €inodontes) con sus mandibulas, y/o

arrastrar cadaveres de mayor tamagig,(dicinodontes). Estos resultados brindan una

nueva evidencia para respaldar la posible zoofagia u omnivorial pangaeusampliando

los roles ecoldgicos de los aetosaurios previamente conocidos.

Palabras clave. Pseudosuchia. Biomecénica. Habitos alimentarios. Modelo de elementos

finitos. Estimacion de la fuerza de mordida.
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AETOSAURS ARE A GROUP OF PSEUDOSUCHIAN ARCHOSAUR®M the Late Triassic with
a near cosmopolitan distribution; their fossils have been found in the Americas, Africa,
Europe, and India (Heckert & Lucas, 2002; Desjal, 2012, 2013). Body size of
aetosaurs ranges from small speciesAikeosauroides ferratusraas, 187 body length
ca. 1 m) to larger species suciEsmatosuchus spurensiase, 1920 (body length ca. 6
m) (Sawin, 1947; Walker, 1961; Desojo, 2003; Desojo & Baez, 2005; Schoch, 2007;
Parker, 2008; Heckeet al, 2010; Desoj@t al, 2013; Small & Martz, 2013; Taborea
al., 2013).

Aetosaurs were quadrupedal armored animals, with a semi-erect posture (Parrish, 1986;
Desojo & Béez, 2005; Padiat al, 2010). They have a relatively small head that is
approximately 12% of the total length of the body (Taborda, 2011). Aetosaurs are
characterized by ornamented osteoderms covering almost the entireelzpdy (

Casamiquela, 1961; Walker, 1961; Long & Ballet, 1985; Parker, 2007, 2008; Schoch,
2007; Heckertt al, 2010; Cerda & Desojo, 2011; Taborda, 2011; Desbad, 2013;

Small & Martz, 2013). The osteoderms are the most common aetosaur skeletal element
preserved, but many taxa are known from partial or complete s&iglsXetosaurus
Desmatosuchygypothorax Neoaetosauroideg\etosauroidesStenomytiStagonolepis

Scutarx Bonaparte, 1969, 1971; Heckert & Lucas, 1999; Small, 2002; Schoch, 2007; Sulej,
2010; Desojo & Ezcurra, 2011; Small & Martz, 2013; Destjal, 2013; Parker, 2016,

2018a, 2018b; Biacchi Brust al, 2018).

The skull of aetosaurs is triangular in dorsal and lateral views. In most taxa, the snout is
long and anteriorly pointed, with the anterior end of premaxilla laterally expanded, but it
tapers continuously towards the tip (unexpandedeitosaurus ferratysstenomyti

huangagandParatypothorax andressoru(teregory, 1953; Schoch, 2007; Small & Martz,
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2013; Schoch & Desojo, 2016; Parker, 2018Db). In all taxa exXegpsauroides scagliai,

the lower jaw is anteroposteriorly elongate, slender, and characteristically ‘slipper-shaped’
(Casamiquela, 1961; Desojo & Ezcurra, 2011; Desbgal, 2013). The anterior portion of

the dentary is toothless and lacks evidence of keratinous beak (Parrish, 1994; Desojo &
Vizcaino, 2009; Desojet al, 2013).

Aetosaur tooth implantation is thecodont in the premaxilla and dentary, and it is sub-
thecodont in the maxilla (Taborda & Desojo, 2010). In general, tooth crowns are either
bulbous or laterally compressed, with a constriction at the base separating the crown from
the cylindrical root and a slightly recurved conical tip (Walker, 1961; Schoch, 2007;
Taborda & Desojo, 2010; Desaogb al,, 2013). The surface of tooth crowns is ornamented
by a longitudinal furrow in some taxe.¢, Neoaetosauroides engae&agonolepis
olenkae Aetosaurus ferratysand a carina with denticles in otheesy, Aetosauroides
scagliai Stagonolepis olenkagn/Near facets are present in some taveg Aetosauroides
scagliai Stagonolepis olenkagBesmatosuchus smallbesmatosuchus haplocerus
Stagonolepis robertsonbmall, 2002; Parker, 2005; Sulej, 2010; Taborda & Desojo, 2010;
Desojoet al, 2013; Taborda, 2016; Biacchi Brutal, 2018).

Historically, aetosaurs were the only Triassic pseudosuchian group hypothesized to be

herbivorous €.g, Walker 1961; Parrish 1994), an inference based northern hemisphere taxa
such asStagonolepis robertsonlypothorax coccinaruprandLongosuchus meadei.
However, some authors proposed tHhaengaeusfrom the southern hemisphere, was
zoophagous or omnivorous, based on morphological and functional analgses (
Bonaparte, 1973, 1978; Small, 2002; Desojo & Vizcaino, 2009; Taborda, 2016).

Among South American aetosauxs,engaeusdas the best record of skull material;

three partial skulls are known and one mandible is almost complete, making it an excellent
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taxon to investigate feeding ecology and further understand the ecological roles of
aetosaurs. Unfortunately, among living archosaurs (crocodylians and birds) there are no
analogous forms similar to aetosaurs; thus, it is difficult to find an equivalent ecological
role. For this reason, it is necessary to use reconstructed models and neethods (
engineering software) to evaluate biomechanical properties and performance of extinct
animals and estimate their ecological roles.

The first functional analysis on an aetosaur wabl oengaeusising a geometric method
(Desojo & Vizcaino, 2009). In this study, the authors estimated the moment arm of the
mandibular adductor musclesMf engaeusind using this information estimated the bite
performance of other aetosauss (obertsonandDesmatosuchysnd compared them
with the living pseudosuchiahlligator mississippiensisThe authors concluded that the
cranio-mandibular design df. engaeusptimized the bite force over the closing velocity.
Based on this conclusion, these authors suggested a zoophagous diet for this taxon, contrary
to the herbivorous hypothesis proposed previously for all the taxa known for this clade.

Finite element methodrEM) is an excellent tool for evaluating the mechanical
properties of a skull. This engineering method allows different loads to be applied in a
model of 3D structure and evaluates the structural response (Zienkiewicz & Taylor, 1994a,
1994b; Bathe, 1996). In biological and paleontological studies, finite element analysis
(FEA) is used to evaluate mechanical properties and analyze biomechanical hypotheses
concerning the ecological role of organismg( Richmondet al, 2005; Ross, 2005;
Rayfield, 2007; Wroet al, 2007; Morencet al, 2008; Degranget al, 2010; Porreet al,
2011; Curtiset al, 2011; Younget al, 2012; Fortunyet al, 2012, 2016; Lautenschlagetr
al., 2013; Schwagest al, 2013; Buttoret al, 2014, 2016; Snivelgt al, 2015; Taborda &

Desojo, 2015; Cogt al, 2015; Lemanigt al, 2016 and references therein; Dynoweski
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al., 2016; Sellergt al, 2017; Lautenschlager, 2017; Cestl, 2020). In order to
understand the ecological roledf engaeuswe tested the mechanical response of its skull

using FEA under different scenarios of food apprehension.

MATERIAL AND METHODS
Institutional abbreviations

PULR: Paleontologia Museo de Ciencias Naturales, Universidad Nacional de La Rioja,
La Rioja, Argentina.

PVL: Paleontologia de Vertebrados, Instituto Miguel Lillo, Tucuman, Argentina.

ZPAL: Institute of Paleobiology, Polish Academy of Sciences, Warsaw.

M aterial

Three skulls referred td. engaeusvere studied: PVL4363, PVL5698, and PULR108.
The holotype was excluded, because only the lower jaws and postcranial skeleton are
preserved. The three referred skulldNofengaeusre incomplete, but together they were
sufficiently complete to reconstruct the skull (Fig. 1). The complete model was used to
perform the analysis (Lautenschlager, 2016; Taborda, 2016).

Skulls ofN. engaeusvere scanned using Computer Tomograp@it)(acquisition
methods. The CT data were acquired on a medical axial tomography multi-slicer of 64-
channel in the Clinica la Sagrada Familia (Buenos Aires, Argentina). The DICOM file
specifications and associated data obtained for each specimen are detailed in Table 1 (see
Supplementary Information for preview video of the CT scan). For segmentation and 3D
model generation, we used the software 3D Slicer v4.1.1 (Fedorov et al., 2012). We aligned

and merged all 3D models obtained by segmentation using CAD software (Meshmixer
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v3.4.35; Geomagic Wrap v2017.0.0.111; Rhinoceros 3D Vv5) to reconstruct the complete
skull and mandible dN. engaeugFig. 1). These 3D models are the basis for the
biomechanical analysis of the present contribution.

3D skull reconstruction

PVL5698 has the best three-dimensioB8l)(preservation, therefore we use it as a base
for the complete skull model. Through segmentation, we extracted the sediment that
occupied the internal cranial cavities and recovered most of the bones (Fig. 1.1).
Unfortunately, this specimen does not preserve the snout, mandible, or the edges of
temporal fenestrae, which were lost by aggressive mechanical preparation. For this reason,
we reconstructed these regions based on PVL4363 and PULR108. The CT scan of
PVL5698 is available in von Baczlat al. (2018).

PVL4363 preserves some palatal bones and part of the mandible. Unfortunately, most of
the skull is preserved as an internal cast (von Baetzkb, 2018). For this reason, the
missing bones were generated as a virtual cast from the surface of the fossil. We obtained
the general morphology of the snout, the margin of the temporal fenestra and orbit, and the
mandible (Fig. 1.2).

PULR2108 preserves the molds of the teeth and the labial surface of the maxilla. These
allowed us to generate these structures by a virtual cast (Fig. 1.3) and finish the complete
skull model for analysis.

Tooth reconstruction and inter pretation

The herbivorous habit of aetosaurs was mainly inferred from tooth morphology of
Laurasian specimens suchRasmatosuchuysvhich shows large wear surfaces (Walker,

1961; Parrish, 1994; Heckert & Lucas, 2000; Small, 2002; Det@h 2013). However,

aetosaurs have a number of tooth morphotypes, likely related with differences feeding



184 habits and phylogeny. For this reason, it is essential to reconstruct and analyze the tooth
185 morphology inN. engaeug conjunction with the rest of the skull.

186 The available teeth d. engaeusire poorly preserved or have been abraded through
187 aggressive preparation. Their original morphology is known principally by one cast of the
188 upper jaw of PULR108, which is the source for the dental morphology in our

189 reconstruction.

190 Neoaetosauroides engaehes four teeth in the premaxilla and eight in the maxilla and
191 dentary. All teeth have the same morphology, but their size varies amaqorg tiexilla,

192 maxilla, and dentary (Desojo & Baez, 2007) (Fig. 2.1-2.2). The te@ih@igaeusave a

193 bulbous crown with a little labiolingual compression, a conical apex slightly curved

194 distally, and a concave lingual surface (Fig 2.3). A small neck separates the sub-cylindrical
195 root from the base of the crown (Fig 2.3). The roots are approximately twice the length of
196 the crowns. This morphology is similar to that of the distal teeth of the living crocodylians
197 Caiman yacardFig. 2.4) ancC. latirostris (Daudin, 1802). The crown surface is

198 ornamented with axial grooves i engaeusgFig. 2.3), resembling the condition reported
199 in Stagonolepis olenka@&ig. 2.5; Sulej, 2010).

200 It is probable that the tooth crowns had carinae with denticles like as th®selehkae

201 orA. scagliai(Sulej, 2010; Desojet al, 2013; Biacchi Bruset al, 2018). Although the

202 preservation oN. engaeuseeth does not allow us to confirm the presence of denticles, we
203 can confirm thalN. engaeuseeth do not have wear facets, contrasting with those observed
204 in other aetosaurs such BesmatosuchusndStagonolepis robertsoni

205 The premaxillary and dentary teeth have typically thecodont implantation, but in the
206 maxillary teeth the implantation is sub-thecod@sinsuBertinet al.2018), with

207 interdental plates. The latter implantation is visible in PVL4363, which shows the
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incomplete alveoli margin in the lingual face of maxillary. The same specimen preserves
fragments of maxillary interdental plates, which were probably lost during the fossilization
process. These would have completed the lingual margin of the alveoli (see 3D model in
Supplementary Information). This condition is common in aetosaurs, and it is recorded in
most of the species, includihgngosuchus mead&esmatosuchusCalyptosuchus
wellesi Stagonolepisobertsoni, ands. olenka€Taborda & Desojo, 2010; Parker, 2018a).
Cranio-mandibular joint

During the bite in vertebrates, the configuration of the adductor chamber muscles can
generate movements in the cranio-mandibular joint that are not strictly rotational (Taborda,
2016). To allow these non-rotational movements without losing joint support, we used a 3D
structure that surrounded the cranio-mandibular articulation area (see Supplementary
Material). This 3D structure simulates the soft tissue associated with the joint that permits
the independent movements of the cranium and mandible.
Adductor chamber reconstruction

Because bite forces are produced by adductor muscles in living tetrapods (Kardong,
2011), accurate 3D representation of musculature is important to create a realistic
performance of the model (Gréniegal, 2013). We reconstructed the 3D adductor
chamber musculature using the CAD software Meshmixer v3.4.35 (Fig. 3).

The reconstruction of the adductor musculaturd.iengaeusvas principally based
using the model of the living crocodylia@giman yacareC. latirostris andAlligator
mississippiensiand the squamatéguana iguanaandSphenodosp. (lordansky, 2000;
Holliday & Witmer, 2007; Jonest al, 2009; Bona & Desojo, 2011; Holliday al, 2013;
Taborda, 2016). Additionally, we performed muscle dissectid gacareandl. iguana

(Taborda, 2016). Based of this information, we reconstructeshtiseulus adductor

10



232 mandibulae posteriofmAM P), musculus adductor mandibulae externus

233 superficialis/medialis/profunduysnAM Es/m/p), musculus pseudotempora(raPST),

234  musculus intramandibularignl M), andmusculus pterygoideus ventratisrsalis

235 (mPTv/d). We estimated the force of each muscle from their reconstructed cross-sectional
236 area (Table 2).

237 Thetransilienscartilage is an important element in the adductor chamber architecture of
238 archosaurs because it is the nexus between mPsT and mIM that permits transfer of muscle
239 force during the bite (Tsai & Holliday, 2011). The position oftthasilienscartilage is

240 ambiguous in aetosaurs because it lacks a bone insertion. Walker (1961) positioned the
241 transilienscartilage inStagonolepis robertsoni over the coronoid process of the surangular
242  of the hemimandible. The same position for this cartilage is assumed for all aetosaurs

243 (Desojo & Vizcaino, 2009N. engaeusacks this process, and so we positioned the

244  transilienscartilage on the medial margin of the surangular, over the anterior margin of the
245 mandibular fenestra. For the transiliens cartilage we using a fictitious material softer than
246 bone to emulate the real structure (Table 3).

247  Finite element model

248 For the finite element moddFEm), we considered thid. engaeuskull to be a

249 completely akinetic structure. The mesh of FEm is composed by tetrahedral elements with
250 four nodes. For the bone structures, we assigned a single set of material properties (Table 2)
251 obtained fromAlligator mississippiensi€Zapataet al, 2010). For the cranio-mandibular

252 articular structure, we generated a semi-rigid fictitious material to emulate the tissue

253 complex (see Supplementary Material 2) that mirrors living reptiles (Table 3).

254 The FEm model was fixed (restricted all degrees of freedom) at the articular surface of

255 occipital condyle and attachment surface of neck muscles. The rest of the boundary
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conditions are explained below for each analysis. We used the software FEMAP v10.3.1 to
create the FEm and the software ADINA v8.7.3 to solve the system.

We did not compare our results frdn engaeusvith those of other animals, because
the structural responses resulting from the FEA analysis depend on the analyzed structure
morphology (Zienkiewicz & Taylor, 1994b, 1994a; Bathe, 1996). For this reason, we use
the modulus of 3.6GPa, for bones (Reid, 1996), as a reference of maximum tolerance to the
material. Considering the safety factor concept (Gonzalez, 1974), we assume that biological
structures they usually work far below the maximum resistance of materials to avoid being
exposed to any injurye(g, fractures, cracks, etc.). In the interpretation of our results, we
considered a stress normal condition to values around 1.8.6Ptné middle of bone
shear modulus: 3.6 GPa).
M uscle modeling

The muscular force is usually applied as a directed vector whose direction is estimated
from the centroids of muscular attachment surfaegg Rosset al, 2005; Degranget al,
2010; Porreet al, 2011; Marcé-Noguét al, 2015; Snivelyet al, 2015). Here, we used a
different method to incorporate the muscular action on the FEm. This method consists of
the creation a system of contractile bars (attached of the bone surfaces) that mirror muscle
morphology €.g, Wroeet al, 2008, 2013; McCurregt al, 2015; Attarcet al, 2016;
Taborda, 2016). We named this system “muscular action Bd’B] (Taborda, 2016).
MAB are cylindrical segments with controlled contraction capacity of theoretical material
that simulate the action of real muscles (Supplementary Material 2). These MABSs link the
attached surfaces, in the skull and mandible, for each muscle (Fig. 4.1- 4.2). In this way, the
muscle force is applied when these elements contract, in the bite model, simultaneously

pulling the cranium and mandible.

12



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

We modelednusculus pterygoideus ventra{iaPTv) andnusculus pterygoideus
dorsalis(mPTd) as multi-line arrays for the insertion zones (resembling that used for the

other muscles), and a polygonal line for the middle of body muscle.

RESULTSOF THE BIOMECHANICAL ANALYSIS
Biteforce simulation

We considered the tetrapod cranio-mandibular complex to be a working system of two
opposite class 3 levers (Borelli, 1680) in order to design a bite force estimate that is
independent of measurements of other magnitudes of the @gdypbdy mass, length of
skull). In this system, the muscles of the adductor chamber pull from the mandible and the
cranium in opposite directions from the point of articulation to apply the bite force to the
food. Simple lever arm physics works for one-dimensiota) 6ystemsi(e., straight lever
arms without thickness variable); but the cranio-mandibular system is a complex 3D
structure. The cranio-mandibular system is composed by bones with curved lines in
different directions, and for this reason applying simple lever arm physics to this complex
system would be incorrect. The best approach to analyzing the cranio-mandibular complex
performance is using continuum mechanics, for this reason, we apply the finite element
method to measure the bite force.

Considering the action-reaction law (Lex. Ill, Newton, 1687), we can estimate the
reaction force in a tooth during the bite. For this, we fixed some points in the model (Fig.
4.3) during the bite simulation and measured the reaction force at the same points. The total
bite force is obtained by summing the modulus of all reaction forces at the fixed points
(when the MABSs contracts) in each case. We tested the accuracy of these measurements

using theCaiman yacarenodel (Supplementary Material), in which the resulting bite force

13
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was 3.2 kN, which is close to the result obtained using regressiongfrovno

measurements (Supplementary Material). This method, which only depends on the cranio-
mandibular morphology and muscular configuration, is an excellent tool to estimate the bite
force in extinct groups that do not have extant representatives or analogs.

We measured the bite force at different points of the jaM. @hgaeugFig 4.3) under
different feeding scenarios, such as unilateral (for the middle and posterior portion) and
bilateral situation (for anterior portion of jaw).

The results obtained (Table 4) for the second maxillary tooth (3.6 kN) and the last
maxillary tooth (5.5 kN) are higher than mean measurements in the most prominent
caniniform and molariform teeth of the upper jaw (3.3 kN and 5.1 kN respectively) in the
living crocodylian,Alligator mississippiensiéEricksonet al, 2012; Sellergt al, 2017).

Sellerset al (2017) estimated an vivo bite force of 3.4 kN for aA. mississippiensis
(skull length = 33 cm). Based on our calculatidvisengaeugskull length ca. 20 cm)
probably had a more powerful bite.

The results of the model do not show areas with high stress values in the cranium or
mandible. The stress values in all structures analyzed were very low compared with the
material modulus. These results confirm that there are no areas of important kinesis in the
skull at the time of the bite, otherwise, high stress areas would be seen where these kinesis
zones should be.

In all bite tests, we observed that the stress in the cranium is concentrated in the
posteriolateral region (quadrate, quadratojugal and jugal bones), principally over the cranio-
mandibular joint area (Fig. 5). In the mandible, the stress is distributed in the middle area,
principally over the angular and the surangular bones, always anterior of the cranio-

mandibular joint, up to the point of contact with the food item. In the case of a unilateral

14



328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

bite, an increase in stress was also observed in the symphyseal area, owing to the muscular
force acting with different resistance on both hemimandibles. During the bite test done
between the distal end of the dentary and the first premaxillary teeth, stress was distributed
in the concave central area of the mandible. In this case, the mandible shape in this area
behaves like an arch bridge, thus giving greater resistance and stability to the structure
during the bite.

Skull reaction to external forcein the jaw during the bite

In order to analyze the stress pattern during food intake/manipulation, we recorded the
response of the skull and mandible for two situations of external force on different points in
the jaw: lateral load force and tractive load force.

Lateral load force. This setting corresponds movement caused by live prey trying to
escape. In this situation, the prey exerts a lateral force perpendicular to the sagittal plane of
skull. This scenario was used to evaluate the ability.@nhgaeuso capture live prey.

Tractiveload force. The purpose of this scenario was to evaluate the scavenging ability
of N. engaeusDuring the dragging of a carcass, the forces over the skull are principally
longitudinal, for this, the load forces are applying in longitudinal direction.

The load force was applied bilaterally and divided equally among all the points. In all
tests, the load force was applied simultaneously with the bite simulation to mimic reality. In
both load scenarios (lateral and tractive load force), we applied a force of 1 kN, the force
equivalent to a static mass approximately of 102 kg. However, considering that animals in
movement can generate accelerations of twice that of gravity (Halsey & White, 2010;
Qasenet al, 2012), this test can also correspond to capturing live prey of 51 kg, this is

equivalent to the body masséf engaeu$s0 kg) estimated by Tabora@a al. (2013).
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The results of different scenarios in the two external load situations show that the skull
exhibited a maximum stress with a value close to the middle of the shear modulus of
material in all tests (Fig. 6). This indicates that the structural integrity of the skull is not
compromised under these load conditions.

Comparing the stress distribution for all tests in both scenarios (dismissing the stress by
artifact in the load points), we observe that the skull structure is little more resistant to
tractive forces than lateral forces. However, in all cases the stress is concentrated at the
cranio-mandibular joint, this is an expected effect because the articular area is a zone of
structural weakness.

During the lateral load force test, high stresses were concentrated over the posterior area
of the cranium and mandible, similar to that observed in the bite test. In the cranium, the
stress patterns show a greater participation of the supraoccipital and parietal areas, and to a
lesser extent of the frontal zone. These patterns may result from the neck muscles
stabilizing the head. In turn, during the tractive force test, the stress is concentrated mainly
at the cranio-mandibular joint area, because the stabilization of mandible to prevent
anteroposterior sliding is crucial in this type of load force.

Vertical forcereaction

Some authors proposed titengaeusould have dug with the snout to search for food
(Bonaparte, 1971; Desojo & Vizcaino, 2009; Desjal.,, 2013). To simulate the strain
generated during the digging by the snout, we applied the bilateral load force on vertical
direction over the dorsal surface of the shovel-shape expansion of the premaxillae. We only
tested the possibility of digging with the snout because other capacities such as digging
with fore limb (Dr&dz, 2018) exceed the objectives of this work. We applied the load force

of 100 N, equivalent to load a static mass approximately of 10 kg, over the dorsal surface of
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premaxillary expansion, at an angle of 45° from vertical. The results of this analysis show
high stress levels near the articulation between nasal and premaxilla, and in the palatine
(Fig. 7). The values of stress are greater than the bone shear modulus on these affected
areas, which indicates that the skull would be exposed to possible inugegdctures).

This result implies that the narrow premaxilla-nasal articulatidw. @nhgaeusvould be

poorly-suited for digging with the snout to search for food.

DISCUSSION and CONCLUSIONS

Our biomechanical analysis shows that the skuN.odngaeusvas able to withstand
both lateral and tractive force loads in the same way. These results suggest that the skull
could resist the stress generated during hunting or carrion eating. In contrast, the vertical
force load scenario, the stress level in the snout are greater than the shear modulus of bone.
This leads to the conclusion tht engaeusouldn't bear the effort of digging with your
snout to food searching. Additionally, ee estimate that the bite foldeerfgaeusvas
equivalent to measurements obtained for the living crocodlisgator mississippiensis
This new evidence supports the hypothesis of zoophagy for this taxon (Bonaparte, 1978;
Desojo & Vizcaino, 2009).

The absence of wear facets on the teeth. @hgaeug¢Taborda & Desojo, 2010; Desojo
et al, 2013), suggests its diet did not include substantial abrasive material. The absence of
these facets wear facts is not attributable to dental substitution, because we did not observe
any replacement teeth by CT scan on any skull. Inlfaatngaeusas a low rate of dental
replacement. Therefore, we interpiketengaeuso have had a zoophagous diet (hunter or
scavenger). We do not discard the possibility Matngaeuslso consumed herbaceous

materials, but the tooth morphologyMf engaeuss not consistent with that of an obligate
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herbivore. Comparing the morphological similarity betwilerengaeuseeth with the

posterior teeth of. yacareor C. latirostris, and considering the estimated bite force, we
suggest thail. engaeusvas capable of crushing hard biological material such as bones.
Based on our results, we conclude that the shape of the skuleahaeusllows a
zoophagous diet, possibly hunting small living prey up to 2@&lg {foung dicynodonts,
cynodonts, little diapsids, prosauropods hatching specimens, eggs, and nestlings), and/or
feeding on carcasses of big animals. Although the possibility of capturing a live prey does
not only depend on the mechanical properties of the skull, this analysis allows us to get
closer to theN. engaeusliet. Future biomechanical studies on the postcranium will allow

us to better understand hdwv engaeusaptured its food. This new information, using a
guantitative method, helps to understand the ecological role of the aetosaurs in Late

Triassic communities.
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Figure captions

Figure 1. Models of three referred cranial specimens merged to make the complete 3D
model of skull forNeoaetosauroides engaeus. We combined the 3D model obtained by
segmentation from CT-scan of specim&vd. 5698 (1), PVL 4363 (2) andPULR108 (3),

to make the structure of complete skdll. (The 3D views are available in supplementary

materials. Scale bar equals 2 cm

Figure 2. 1-3, Tooth morphology oNeoaetosaur oides engaeus specimerPUL R108. 4-5,
Comparison with similar tooth morphology observed in other aetosaurs and in living
crocodiles1, Cast of pramaxillary teetl2, Labial cast of right maxilla with teeth and part
of the mandible3, Detail of the best preserved tooth and its 3D reconstruetjéiosterior
and middle tooth from maxill&@aiman yacare (M ACN-HE 43694); 5, Tooth from the

maxilla of Stagonolepis olenkae (ZPAL Abl11/1995). Scale bar equals 1 cm.

Figure 3. 3D reconstruction of adductor chamber musculaturdléoaetosauroides
engaeus. AbbreviationsmAM P: musculus adductor mandibulae posterimAM Es/m/p:
musculus adductor mandibulae externus superficiathedialis/ profundus mPST :
musculus pseudotemporaliel M: musculus intramandibularisnPTv/d musculus

pterygoideus ventralldorsalis

Figure 4. Modelingmusculus adductor mandibulae posteribrVolume 3D

representatior2, Muscles modeled using muscular action bar#fesh of the finite
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element model indicating the points for each analysis of Bite force and external load force

in Neoaetosauroides engaeus.

Figure5. Result of FEA for bite force test, bilateradig), unilateral bottom) and
mandible tip (iddle). The bite force was measured among pot€ andD (see Fig 4).
The colorimetric scale shows the effective (von Mises) stress distribution in the structure.

Scale bar equals 5 cm.

Figure 6. Result of FEA for external load force, tractivep) and lateral ljottom), during
the bite. The bilateral external force was applied among the goiEandC (see Fig 4).
The colorimetric scale shows the effective (von Mises) stress distribution in the structure.

Scale bar equals 5 cm

Figure 7. Result of FEA for a vertical external force emplaced at the lateral expansion of
premaxilla ofNeoaetosauroides engaeus. 1, right lateral view2, ventral view. The
colorimetric scale shows the effective (von Mises) stress distribution in the structure, and

the maximums value corresponds to the shear modulus of bone. Scale bar equals 5 cm.
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TABLE 1: Specifications of DICOM seriesfor each specimen of N. engaeustomographed.

Specimen #dlices ST [mm] IS[mm] FOV [mm] Power [KV] [-Xray [mA] ExpT [mseg] Expoure

PULR 108 336 0.625 5 188 140 200 1117 10
PVL 4363 402 0.8 04 336 120 305 657 200
PVL 5698 413 0.9 0.45 289 120 313 640 200

# Slices = number of slices. ExpT= exposure time. FOV= field of view. 1S= ienter-dlice. I-Xray= Xray tube
current. ST= dlice thickness




TABLE 2. Valuesfor the modelization of
the adductor chamber musclesforce.

Muscle PCSA [mm”2] F [N]

mAMP 345.34 86.33
MAMEs 559.55 139.89
MAMEmM 217.29 54.32
MAMEp 156.79 39.20
mPsT 338.52 84.63
miM 280.30 70.07
mPTd 432.72 108.18
mPTv 807.62 201.90

F = estimated muscles. PCSA= estimated
physiologica cross-sectional area.




TABLE 3. Material properties.

Tissue e[GPa] v
bone 15 3.9
cranio-mandibular articulation 0.1 0.4
transiliens cartilage 1 0.4

€ = Young’'s modulusv = Poisson’s ratio




TABLE 4. Measured bite force with
FEA in different point of jaw.

Point  Fu[N] Fb [N]
A - 3000.9
C 3610 3764.7
D 5548 5810

Fb = bilateral bite force. Fu = unilaterd
bite force.
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