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Ornithosuchids are a Late Triassic pseudosuchian archosaur group, consisting of four species (three from South America,
and one from Scotland). All of them have triangular skulls with a protruding premaxilla, large nostrils, an extensive di-
astema in their narrow snout, a short jaw that does not reach the anterior end of the skull, and serrated posteriorly curved
teeth. For this clade, carnivorous and scavenger habits have been previously proposed. Within the Ornithosuchidae,
Riojasuchus tenuisceps (from Argentina) has the most morphologically extreme characteristics. Based on CT scans of
the preserved skulls we generated a 3D model, and over this, we estimated the volumes of the adductors and abductor
muscles and the force exerted by each. From these data we built the finite element model and measured the bite force
(1.8-2.3 kN). Lateral, tractive, and torsional forces were applied to the end of the snout to evaluate the structural re-
sponse of the skull during feeding. The results show that R. tenuisceps could resist tractive and torsional stresses better
than lateral stress. Additionally, we analysed the peculiar morphological characteristics of the skull and their functional
implications. We observed that the upper and lower dental rows were laterally separated from each other, preventing
the generation of a cutting line during occlusion, and therefore, R. tenuisceps would have fed on small-sized prey that it
could swallow whole. The curved premaxilla and the short mandible would not allow it to bite with the tip of the snout
(ruling out the scavenging hypothesis), but were instead more adequate to capturing prey suspended in a fluid. This set
of results allows us to propose that R. tenuisceps could have had a zoophagous diet and a wading habit, being able to
feed on fish, amphibians, or any small animals that they could catch from the shoreline.
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Introduction

During the Triassic (251-201 Ma), a wide diversity of archo-
saurian forms emerged and radiated, becoming one of the
most successful groups of reptiles by the end of this pe-
riod. Particularly, pseudosuchian archosaurs (the lineage
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more closely related to crocodiles than birds) exhibited a
surprising variety of cranial morphologies, ranging from the
flat and long-snouted skulls of phytosaurs and crocodiles,
triangular shovel-snouted skulls in most aetosaurs, eden-
tulous jaws possibly covered by a rhamphotheca in some
poposauroids, to the high and short crania of rauisuchians
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and ornithosuchids (Nesbitt et al. 2013). Particularly within
Ornithosuchidae, some bizarre morphologies can be recog-
nized, as their triangular skulls had enlarged overhanging
premaxilla with huge nostrils, large diastema in its very nar-
row snout, and short mandibles that do not reach the anterior
end of the skull (Bonaparte 1972; Baczko and Ezcurra 2013;
Baczko and Desojo 2016). Currently, this clade is consti-
tuted by four species: Ornithosuchus woodwardi Newton,
1894, from Scotland, Riojasuchus tenuisceps Bonaparte,
1969, and Venaticosuchus rusconii Bonaparte, 1970, from
Argentina, and Dynamosuchus collisensis Miiller, Baczko,
Desojo, and Nesbitt, 2020, from Brazil, all of which have
a different degree of development of their cranial features.
Among them, R. tenuisceps is the youngest species (from the
Los Colorados Formation, Late Triassic of Argentina) and
has the most extreme features; it is the ornithosuchid that has
been studied in more detail because it is represented by some
of the most complete and best preserved specimens known
for the group (Bonaparte 1972; Baczko and Desojo 2016;
Baczko et al. 2020).

Different feeding habits have been proposed for these
ornithosuchids with bizarre skulls based on various sources
of information. In 1961, Walker analysed the lines of action
of adductor muscles for bite and suggested that the jaw of
O. woodwardi showed a specialization for the capture of
fast-moving prey (Walker 1961). Years later, the same author
interpreted O. woodwardi as a predatory form because of
some anatomical traits (e.g., large curved and serrated teeth,
manus with outer digits slightly reduced and better adapted
for grasping) and its purportedly large size and bipedal
posture (forelimbs shorter and slenderer than hindlimbs,
parasagital posture of the hindlimbs, and well-developed
anterior trochanter for the iliofemoralis externus muscle)
(Walker 1964). However, upon identifying large bite marks
on middle-sized rhynchosaur bones from Lossiemouth
Formation from the UK, Benton (1983) suggested that these
were produced by the ornithosuchid O. woodwardi, the
largest carnivore known from that locality who might have
scavenged on those carcasses. Posteriorly, Bonaparte (1997)
presumed a carnivorous diet for R. tenuisceps based on its
dental morphology and snout specialized for sectioning its
prey. More recently, Baczko (2018), followed by Miiller et al.
(2020), proposed once again a scavenger habit for ornitho-
suchids, in these cases for V. rusconii (from the Ischigualasto
Formation, Argentina) and D. collisensis (from the Santa
Maria Formation, Candelaria Sequence, Brazil) based on a
geometric biomechanical study and on taphonomical obser-
vations respectively.

In order to test these feeding habit hypotheses, it is neces-
sary to analyse the mechanical performance of the ornitho-
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suchid skull. For this, we performed an analysis of contin-
uum mechanics. These studies are based on a mathematical
model that allows knowing or predicting the response of a
continuous medium (solid or fluid) to external factors de-
pending on its internal properties, that is, for example, the
deformation of a solid or the movement of the particles of
a fluid. Within this field, one of the most used mathemat-
ical models for biomechanical studies is the finite element
method (Rayfield 2007; Araujo and Polcyn 2013; Nieto et
al. 2021; Taborda et al. 2021). This methodology allows for
analyses of a complex structure as a trophic apparatus, and
evaluating its mechanical capabilities and performance in
different food intake scenarios (Rayfield 2004; Bestwick et
al. 2022). For this reason, the finite element method allows
us to understand the ecological role of the ornithosuchid
R. tenuisceps via a quantitative method for the first time.

Institutional abbreviations—PVL, Paleontologia de Verte-
brados, Instituto Miguel Lillo, Tucuman, Argentina.

Other abbreviations—DICOM, Digital Imaging and Com-
munication In Medicine; FEA, Finite Element Analysis;
FEm, finite element model; MAB, muscular action bars;
MDA, Multi-body Dynamics Analysis.

Material and methods

Two skulls of Riojasuchus tenuisceps Bonaparte, 1969, were
studied, the holotype PVL 3827 and the referred specimen
PVL 3828 (Baczko and Desojo 2016). Both skulls of R. fe-
nuisceps preserved the cranium and mandibles in articula-
tion, although they are somewhat deformed (Fig. 1A, B). The
skull of the holotype is the most complete, but unfortunately,
this specimen has lost the real shape of its teeth by the aggres-
sive mechanical preparation originally performed on it. The
skull of PVL 3828 is a little less complete than the holotype,
lacking the anterodorsal tip of the snout and having the poste-
rior region of the skull roof crushed. However, PVL 3828 was
less damaged during its preparation and preserved the dental
morphology intact. The two specimens have a similar size
and combining the information provided by both of them we
developed a complete 3D virtual model of the skull (Fig. 1C),
which was then used to reconstruct the muscles of the adduc-
tor chamber and perform the analysis here presented (Baczko
et al. 2014; Lautenschlager 2016; Taborda 2016; Baczko 2018;
Taborda et al. 2021).

The skulls of R. tenuisceps were scanned using Com-
puted Tomography (CT) acquisition methods. The CT data
were acquired on a medical axial tomography multi-slicer of

Table 1. Specifications of DICOM (Digital Imaging and Communication In Medicine) series for each scanned specimen of Riojasuchus tenuisceps.

Specimen Number Slice thickness | Inter-slice distance |Field of view| Power | Xray tube current | Exposure time Exposure
of slices [mm] [mm] [mm] [KV] [mA] [mseg]

PVL 3827 256 1 1 300 120 206 17427 245

PVL 3828 713 0.8 0.4 421 120 279 716 200
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Fig. 1. Skull of the ornithosuchid pseudosuchian Riojasuchus tenuisceps
Bonaparte, 1969, from Los Colorados Formation, Late Triassic, La Rioja,
Argentina. Photographs of the skull of PVL 3827 (A) and PVL 3828 (B).
Reconstructions (C). Three-dimensional skull reconstruction (C;), with
muscular reconstruction (C,), and model of muscular action bars (Cs).
Abbreviations: mAMP, musculus adductor mandibulae posterior; mA-
MEs/m/p, musculus adductor mandibulae externus superficialis/medialis/
profundus; mPST, musculus pseudotemporalis; mIM, musculus intraman-
dibularis; mPTv/d, musculus pterygoideus ventralis/dorsalis; mDM, mus-
culus depressor mandibulae. The 3D views of reconstructions are available
in the SOM (Supplementary Online Material available at http://app.pan.pl/
SOM/app68-Taborda_etal SOM.pdf).

64-channel; PVL 3827 was scanned at Médicos Asociados
de Tucuman, S.A. (Tucuman, Argentina); and PVL 3828 at
the Clinica La Sagrada Familia (Buenos Aires, Argentina).
DICOM file specifications and associated data obtained
for each specimen are detailed in Table 1. For segmenta-
tion and 3D model generation, we used the software 3D

Slicer v4.1.1 (Fedorov et al. 2012). In order to make a com-
plete virtual skull (Fig. 1C;), we aligned and merged all
3D models obtained by segmentation using the CAD soft-
wares Meshmixer v3.4.35, Geomagic Wrap v2017.0.0.111,
and Rhinoceros 3D v5. These 3D models were the basis of
the biomechanical analysis of the present contribution.

3D skull reconstruction—Given that the holotype speci-
men (PVL 3827) has the most complete skull, we used it
as base for the virtual skull model. Through the segmen-
tation of the CT scan images, we extracted the sediment
that occupied the internal cranial cavities and recovered
the cranial elements. Afterwards, we merged the fragments
and repaired the plastic deformation of the skull. The dental
morphology is better preserved in the skull of PVL 3828
(Baczko and Desojo 2016), and for that reason we recon-
structed the 3D teeth based on this specimen. Based on
that, we generated the three premaxillary teeth, the seven
maxillary teeth, and the nine dentary teeth, which were
placed in their corresponding alveolus according to their
size. The cranio-mandibular joint was modelled using bars
of non-linear material with the property of stretching but not
compressing (Table 2). We used these 3D structures to sim-
ulate the soft tissue of the joint and allow the independent
movements of the cranium and mandible.

Table 2. Setting parameter for the non-linear elastic material.

Strain Stress
-500 -1000000
-10 -2000
0 0
5 5
1000 1000

Muscular reconstruction and modeling—The reconstruc-
tion of the adductor and abductor musculature in Rioja-
suchus tenuisceps was principally based on the model of
the living crocodylians Caiman yacare, Caiman latirostris,
and Alligator mississippiensis. (lordansky 2000; Holliday
and Witmer 2007; Bona and Desojo 2011; Holliday et al.
2013; Sellers et al. 2022; Schumacher 1973; Taborda 2016;
Taborda et al. 2021). Based on this anatomical information,
we reconstructed the musculus adductor mandibulae pos-
terior (mAMP), musculus adductor mandibulae externus
superficialis/medialis/profundus (mAMEs/m/p), musculus
pseudotemporalis (mPST), musculus intramandibularis
(mIM), musculus pterygoideus ventralis/dorsalis (mPTv/d),
and musculus depressor mandibulae (mDM). We recon-
structed the adductor chamber musculature in 3D using the
CAD software Meshmixer v3.4.35 (Fig. 1C,). Based on the
3D model we estimated the force of each muscle (Table 3)
from their cross-sectional area (Porro et al. 2011) using the
methodology described on the supplementary material of
Taborda et al. (2021). Usually, the muscular force is applied
over the bone surface as a vector (e.g., Ross et al. 2005;
Degrange et al. 2010; Porro et al. 2011; Marcé-Nogué et
al. 2015; Snively et al. 2015), but we considered that this
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Riojasuchus tenuisceps

Caiman yacare
MANCN-He 43694

Alligator mississippiensis
OuUVvC 9761

Crocodylus niloticus
RVC-JRH-FNC7

Fig. 2. Analysis of mandibular occlusion in the ornithosuchid pseudosuchian Riojasuchus tenuisceps Bonaparte, 1969. A. Skull in lateral view (A ), mark-
ing the anterior (blue frame) and posterior (green frame) jaw; also indicated the closing angles for each section of the jaw. The bars show the tendency line
of cranial teeth apex (yellow bar), the tendency line of mandibles teeth apex (orange bar), and middle of angle between both (pink bar); the light blue circle
represent the captured prey. Arc formed by the anterior dentary teeth during the closing jaw (A,). B. Skulls comparison between Riojasuchus tenuisceps
and living crocodiles, with teeth apexes plotted in dorsal view. The teeth apexes plot shows the separation between the cranial and mandibular dental rows
on the same side. The blue and red dots correspond to the cranium and mandible teeth apexes respectively. B not to scale.

method does not provide a good approximation to the action
of real muscles. For this reason, we modelled the muscles
using the system of “muscular action bars” (MAB). This
consists of a group of bars with the property of contracting
(e.g., McHenry et al. 2007; Wroe et al. 2008; Cox et al. 2015;
Lautenschlager et al. 2016; Taborda 2016; Taborda et al.
2021), and thus applying force like a real muscle (Fig. 1C;).
For setting the MABs, we used a theoretical thermo-isotopic
material (Taborda 2016; Taborda et al. 2021) whose proper-
ties are detailed in Table 3.

Finite element model—In order to make the finite ele-
ment model (FEm), we considered a priori that the skull
of Riojasuchus tenuisceps was a completely akinetic struc-
ture because no mobile intracranial articulations could be
identified (i.e., synovial basal and otic joints, Holliday and
Witmer 2008). The skull mesh is composed of tetrahedral
elements with four nodes. The elastic properties of the mate-
rials that composed the skull model are detailed in Table 4.
For the bone elastic properties, we used the closest living
ornithosuchid relatives, crocodilians, following the extant
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Table 3. Values for the modelling of the adductor chamber muscles.
F, estimated muscles; PCSA, estimated physiological cross-sectional
area; g, Young’s modulus; v, Poisson’s ratio.

Muscle PCSA [mm”2]| Fmusc[N] | &[GPa] v
mAMP 180.01 45 150.01 0.4
mAMEs 309.13 77.28 257.61 0.4
mAMEm 130.54 32.64 108.78 0.4
mAMEp 220.27 55.07 183.56 0.4
mPsT 177.62 4441 148.02 0.4
mIM 163.39 40.85 136.16 0.4
mPTd 283.17 70.79 235.98 0.4
mPTv 831.40 207.85 692.34 0.4
mDM 110.27 27.57 91.89 0.4

Table 4. Material properties. €, Young’s modulus; v, Poisson’s ratio.

Tissue Material type ¢ [GPa] v

Bone Elastic 13 300 0.4

Tooth Elastic 60 400 0.31
Transiliens cartilage Elastic 0.010 0.3

phylogenetic bracketing method (Witmer 1995), therefore,
we assigned the average value obtained from the mandible
of Alligator mississippiensis (Zapata et al. 2010). For teeth,
we used the Young’s Modulus based on the value measured
in fresh crocodilian teeth (Creech 2004). For the interpreta-
tion of our results, we assumed the bone shear modulus as
3.6 GPa and considered a maximum stress normal condition
(safety factor) around 1.8 GPa (Taborda et al. 2021).

The FEm was fixed (restricting all degrees of freedom)
at the articular surface of occipital condyle and the attach-
ment surfaces of neck muscles (musculus transversospina-
lis capitis and musculus splenius capitis). The rest of the
boundary conditions are explained below for each analysis.
We used the software FEMAP v10.3.1 to perform the FEm
and the software ADINA v8.7.3 to solve the system.

Dental and occlusion analysis—To analyse the teeth con-
figuration, we divided the jaw in two sections: anterior (con-
sisting of premaxillary teeth and the first three teeth of
dentary) and posterior (that consists of maxillary teeth and
dentary teeth 4-9). This split is based on the natural divi-
sion of teeth row by the premaxillary and dentary diastema
(Fig. 2A)).

The teeth of Riojasuchus tenuisceps are laterally compres-
sed with distally curved apex, and carinae with denticles on
both mesial and distal margins (Baczko and Desojo 2016).
Although the teeth have the typical blade-like morphology,
R. tenuisceps would not have been able to cut its prey with a
bite because the cranial and mandibular dental rows on the
same side are well separated from each other (Fig. 2B). In the
posterior section of the jaw, we can observe that the apex of
teeth in the maxillary and dentary row on the same side are
separated by 9.4 mm; its distance is similar to that between
the tooth rows of the two hemimandibles: 12.2 mm. For this
reason, the jaw of R. fenuisceps lacks a cutting line as hap-
pens in some living crocodiles. In the latter (e.g., Alligator

mississippiensis) the upper and lower teeth are quite aligned,
and in some cases, they even interdigitate (e.g., Crocodylus
niloticus) (Fig. 2B). This causes a die cut line (or dotted line)
to be generated on the bite, making it easier to section large
prey. However, there are other cases, such as in C. yacare,
where the upper teeth are less aligned with the lower ones
and therefore (Fig. 2B), they resort to feeding on small prey
that they can swallow whole without having to cut it (Santos
et al. 1996).

In the anterior tooth section of R. tenuisceps, the dentary
teeth are positioned on the labial side of the premaxillary
diastema, just behind the premaxillary teeth. On the other
hand, the premaxillary teeth are oriented distally (according
to Smith and Dodson 2003), pointing towards the interior
of the mouth. If we observe the arc formed by the anterior
dentary teeth during the occlusion, we can see that they do
not pass close enough to the premaxillary teeth to generate
a cutting line (Fig. 2A,).

The shorter mandible and the orientation of premaxillary
teeth would make it impossible for R. tenuisceps to grab
and/or pluck pieces of prey or carrion with the snout tip.
Moreover, the impossibility of cutting with posterior tooth
rows suggests that R. tenuisceps would have had to swallow
its prey whole, reducing the possible size ranges of this.

Additionally, we analysed the angles formed between
the upper and lower dental rows in the anterior and posterior
jaw during its closure. For these, we generated (by least
squares) a trend line for the tooth apexes, in upper and lower
dental rows from anterior and posterior jaw independently,
and we observed the angles formed in each section of the
jaw (Fig. 2A,). In the posterior jaw, the jaw occlusion occurs
from back to front; whereas in the anterior jaw the morphol-
ogy and arrangement of the teeth causes the mouth to close
from front to back. And although the jaw configuration
would not allow R. tenuisceps to cut or tear its prey, it would
be more suitable for catching small animals suspended in a
fluid because this closing mechanism favours the “ensnar-
ing” of prey in the middle of the jaw (Fig. 2A,).

Biomechanical analysis

Bite force simulation.—For the FEA, the bite force is com-
monly estimated from other measurements (e.g., skull size
or body mass, among others), and incorporated to model as
boundary condition (e.g. Ross et al. 2005; Degrange et al.
2010; Porro et al. 2011; Marcé-Nogué et al. 2015; Snively
et al. 2015). However, in our study we measure the bite
force directly as a result of the analysis similar to how it is
measured in a living individual. To obtain the bite force, we
fixed some points in certain positions along the jaw (Fig. 3)
during the bite simulation (that is, when the MABs contract)
and measured the reaction force at each point. The total
bite force, in each place of the jaw, is obtained by adding
the modulus of all reaction forces at the fixed points for
simultaneous measurement (Taborda et al. 2021). A similar
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Fig. 3. Biomechanical test of bite force in the ornithosuchid pseudosuchian Riojasuchus tenuisceps Bonaparte, 1969. Skull model in lateral view (A) indi-
cating the position of the bite force measurements (B—E), showing the respective results of finite element analysis for each bite force test. Abbreviations:
mAMP, musculus adductor mandibulae posterior; mAMEs/m/p, musculus adductor mandibulae externus superficialis/medialis/profundus; mPST, muscu-
lus pseudotemporalis; mIM, musculus intramandibularis; mPTv/d, musculus pterygoideus ventralis/dorsalis; mDM, musculus depressor mandibulae. The
colorimetric scale shows the smooth effective stress distribution in the structure.
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Fig. 4. Biomechanical test of external force in the ornithosuchid pseudosuchian Riojasuchus tenuisceps Bonaparte, 1969. Lateral load force (A), tractive
load force (B), and twist force (C). External force configuration for each test. The red arrows indicate the direction of the applied forces and the pink cyl-
inder represents the bitten mass (A;—C,). For each test, we present the result of finite element analysis on anterolateral view of the skull (A,—C,), sections
of the second and third right teeth of the dentary (A;—C;), and sections of right premaxillary teeth (A4—C,). Abbreviations: mAMP, musculus adductor
mandibulae posterior; mAMEs/m/p, musculus adductor mandibulae externus superficialis/medialis/profundus; mPST, musculus pseudotemporalis; mIM,
musculus intramandibularis; mPTv/d, musculus pterygoideus ventralis/dorsalis; mDM, musculus depressor mandibulae. The colorimetric scale shows the

smooth effective stress distribution in the structure.

FEA method for measurement the bite force was tested and
compared results with in vivo bite force measurement in
crocodiles (Sellers et al. 2017). In this analysis, the authors
observed a good alignment of the bite force estimation with
that observed in vivo for middle sized individuals, but for
large and small size specimens the error increases. However,
the methodology for modelling and setting the boundary
conditions described by Taborda et al. (2021) allowed us to

obtain a better result for bite force. Other research about es-
timation of bite force using Multi-body Dynamics Analysis
(MDA) (Curtis et al. 2010, 2013; Bates and Falkingham
2012; Groning et al. 2013) obtained similar values to those
measured in living diapsids. These results support the valid-
ity of this technique to measure bite forces.

In the case of Riojasuchus tenuisceps, we only consid-
ered the bilateral bite force because the snout is remarkably
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Table 5. Bite force measured with FEA in different points of jaw. The
position of these points are indicated in Fig. 3. Abbreviations: D#, den-
tary teeth; Mx#, maxillary teeth; PrMx#, premaxillary teeth.

Point Teeth Bite force [N]
B PrMx1 — D2 1866.9
C PrMx3 — D3 1981
D Mx1 - D4 2058.5
E Mx5 - D9 2371.7

narrow and the tooth rows are closely spaced, and in the
posterior jaw the tooth rows of the mandible and cranium of
the same side are laterally separated from each other. The
bite force measurement was performed at four positions in
the jaw (Fig. 3A) and the results obtained for each position
in the jaw of R. tenuisceps are detailed in Table 5. The ob-
tained bite force is similar to that measured by Erickson et
al. (2012) for Caiman latirostris (1.67 kN for caniniform and
2.42 kN for molariform).

The results of the model do not show areas with high
stress values in the cranium or mandible. The obtained max-
imum stress values (=150 MPa) were very low compared
with the safety factor (1.8 GPa). This confirms that there
are no areas of important kinesis acting in the skull during
biting. During all bite force tests, no stress concentrations
were observed in the skull, whereas in the mandible, the
maximum stress was concentrated in the area around the
mandibular fenestra (Fig. 3B—E). These results highlight the
importance of the surangular shelf to maintain the struc-
tural integrity of the mandible.

Skull reaction to external force in the jaw during the bite—
In order to analyse the stress pattern during capture of food,
we recorded the response of the skull in different situations
of external force (lateral load force, tractive load force, and
twist force) applied in the anterior jaw (Fig. 4).

For all tests we applied 1 kN load force; this value is approx-
imately half the average bite force measured here. This force
value was equally distributed among all the load points of
each test. The results obtained in all tests show very low
maximum stress values compared to the safety factor, thus,
we considered that the animal would not be injured in these
situations.

Lateral load force—This setting corresponds to movements
caused by live prey attempting to escape. In this situation,
the prey would exert a lateral force perpendicular to the
sagittal plane of the skull (Fig. 4A). This scenario was used
to evaluate the ability of Riojasuchus tenuisceps to capture
live prey.

In the mandible, the stress is mainly concentrated ante-
rior to the mandibular fenestra, on the lingual surface. In
the cranium, the stress is accumulated on the area of the
diastema, on the palatal face of the premaxillae (Fig. 4A)).
In the teeth, the stress is concentrated in the central area of
the lingual and labial surfaces along all crow (Fig. 4A,, Aj3).
Because the teeth are laterally compressed, these are weaker
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in the transverse direction. Therefore, this type of effort
would not be desirable in these structures.

Tractive load force—The purpose of this scenario was to
evaluate the performance of Riojasuchus tenuisceps during
the pullback of a prey with its jaws. In this case, the forces
over the skull are mainly longitudinal, and therefore, the
load forces are applied in longitudinal direction (Fig. 4B).

The result shows that the stress distribution is concen-
trated around the mandibular fenestra and the premaxillary
diastema (Fig. 4B;). This pattern may look similar to that
obtained in the previous test, but the intensity is remarkably
smaller than that one. Contrary to the result of the lateral
load force test, the stress in the teeth is distributed over the
mesial and distal carinae (Fig. 4B,, Bs). The teeth of R. tenui-
sceps would better resist the stress in this direction than in
the transverse direction.

Twist force reaction.—If Riojasuchus tenuisceps were to
pull a prey out of the water, a torque would be experienced
applied to the jaw. To evaluate the structural response of
the skull during this situation, we performed a test applying
external bilaterally opposed forces (i.e., ascending on the
right side and descending on the left side) on the anterior jaw
during the bite (Fig. 4C).

The obtained stress distribution pattern in cranium and
mandible (Fig. 4C)) is similar to that of the previous test
(tractive load force). However, the most noticeable differ-
ence is located on the stress pattern displayed by the teeth.
Although stress is also located in both carinae, the me-
sial margin shows higher stress values than the distal one
(Fig. 4C,, Cy). This distribution is consistent with the dental
morphology since a vertical force at the apex compresses
the mesial margin (concave) and distends the distal margin
(convex). It was also observed that the teeth with the as-
cending load show a major increase in stress compared to
descending loaded teeth. But this effect is expected because
of the asymmetry of the loading force; while on the left
side (descending load) the elastic articulation cranio-man-
dibular helps to dissipate stress, in the ascending load side
(right) the stress is absorbed by the teeth. The maximum
stress values are much lower than the assumed safety factor
(1.8 GPa), so they would not represent a danger to the animal
while feeding.

Comparing the results of the external load force test, we
interpret that the skull of R. tenuisceps could better resist
traction and torque efforts than that produced by lateral
load force.

Concluding remarks

A previous quantitative functional analysis concluded that
ornithosuchids probably had a strong bite, but with low
speed (Baczko 2018). In that analysis, the author considers
that these results would not support hunting abilities, but
would be more appropriate for animals with scavenger hab-
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its. However, said study only bases its conclusions on the
results of one-dimensional lever arms and did not consider
other relevant anatomical information (e.g., the recurved
premaxilla, and separation between tooth rows). In the case
of Riojasuchus tenuisceps, the recurved premaxilla would
impede biting with the tip of the snout, and the separation
between tooth rows would only permit swallowing its prey
whole. For this reason, we discard the scavenger habit previ-
ously proposed for R. tenuisceps.

The teeth of R. tenuisceps have the typical “ziphodont
tooth” morphology seen in other carnivorous archosaurs
(often interpreted as active hunting animals) like those
of basal loricatans and theropod dinosaurs (Tsuihiji et al.
2013). However, the particular tooth configuration in the
jaws of R. tenuisceps does not agree with that of hunting
or scavenger habits because the short jaw with hypertro-
phied teeth that fit into a diastema would not allow it to cut
through or tear apart its prey. Nevertheless, with its teeth
working like a trap, the jaws of R. fenuisceps appear to be
ideal for catching small animals if suspended in a fluid,
where its anteroventrally projected premaxillae would not
be a hindrance for capturing prey.

In turn, analysing the spearhead shape of the skull of
R. tenuisceps, we can observe that it is more hydrodynami-
cally apt for frontal movements than for lateral movements.
This is probably because the skull is high in lateral view
and would cause great resistance when moving laterally.
Whereas performing a frontal movement, the wedge shape
of the skull (in dorsal view) would allow it to easily displace
fluids to the sides, like the prow of a ship, decreasing resis-
tance. This is consistent with our result of the biomechanical
analysis that showed both the skull and teeth would be better
prepared for resisting tractive and twisting forces, while
they are less resistant to lateral forces.

The particular tooth configuration, the jaw morphol-
ogy, its biomechanical capabilities, and the fact that it could
probably have only swallowed prey whole, leads us to think
that R. tenuisceps could have had a wading habit, being able
to feed mainly on fish, amphibians, or any small animal
that they could capture in the water. Taking into account the
biomechanical and hydrodynamic capabilities of the skull,
we think that R. tenuisceps would not be likely to capture
its prey during diving and performing aggressive lateral
movements like its closest living relatives, the crocodiles.
Instead, we propose that R. tenuisceps would do so in the
manner of wading birds, standing on the edge of a water
body and making quick attacks from above by submerging
its head.

A similar feeding behaviour has been proposed for the
theropod dinosaur Spinosaurus aegyptiacus (Cuff and
Rayfield 2013; Henderson 2018; Hone and Holtz 2021),
which also has a slightly curved premaxilla, a narrow snout,
and short mandible. Interestingly, S. aegyptiacus also has a
longer snout and set back nostrils like modern wading birds
(Hone and Holtz 2021), giving it an advantage for foraging
in the water for a long time while keeping the nostrils out-

side for breathing. In the case of R. tenuisceps, the nares are
in laterally position near the tip of the snout, and therefore
would not allow it the same foraging behaviour. However,
this position of the nostrils is not a limitation for a fishing
habit, but would only restrict it to fast movements with short
periods of head immersion.

Additionally, the non-archosaurian archosauriform Pro-
terosuchus fergusi appears to share some of the anatomical
traits seen in R. fenuisceps, such as the downturned snout
that is determinant for prey catching on both species even
though they do not have the same life habit. Proterosuchus
fergusi is thought to be semi-aquatic, and therefore feed
mostly in water bodies based on the presence of horizontal
zygapophyses, high and laterally compressed tail, limb pro-
portions, and the shape of the labyrinth (Broom 1903; Broili
and Schroder 1934; Reig 1970; Cruickshank et al. 1972;
Brown et al. 2019). When analysing the caudal vertebrae
of PVL 3828 of R. tenuisceps, we can observe that the tall
neural spines grant it a laterally compressed tail (Baczko et
al. 2020: fig. 5E), which might be interpreted as the only ad-
aptation of R. tenuisceps for moving in water like P. fergusi.
Although the zygapophyses are oriented at 45° and not in a
horizontal position as in P. fergusi, the condition of R. te-
nuiceps resembles that of living crocodiles, which also have
semi aquatic habits and propel through water with powerful
tail movements.

In sum, it is possible that the combination of features
seen in R. tenuisceps would allow it, when needed, to pro-
pel in a body of water as modern crocodiles do nowadays.
However, the erect stance of R. tenuisceps differs from the
sprawling posture of P. fergusi, making the former bet-
ter adapted for terrestrial habits (Parrish 1986). Moreover,
some authors have proposed that the ornithosuchids could
be facultative bipedal animals (e.g., Walker 1964; Bonaparte
1997), which would be convenient for a wading habit. This
would allow it to move more comfortably along the banks
and shallow flooded areas of the Los Colorados Formation
(Santi Malnis et al. 2020) and have better vision while in
search of food. These locomotory hypotheses are currently
being tested, whose results could support the new feeding
habit here proposed for R. tenuisceps.
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