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Abstract

For the first time in vertebrate palaeontology, the potential of joining Finite Element Analysis
(FEA) and Parametrical Analysis (PA) is used to shed new light on two different cranial
parameters from the orbits to evaluate their biomechanical role and evolutionary patterns.
The early tetrapod group of Stereospondyls, one of the largest groups of Temnospondyls is
used as a case study because its orbits position and size vary hugely within the members of
this group. An adult skull of Edingerella madagascariensis was analysed using two different
cases of boundary and loading conditions in order to quantify stress and deformation
response under a bilateral bite and during skull raising. Firstly, the variation of the original
geometry of its orbits was introduced in the models producing new FEA results, allowing the
exploration of the ecomorphology, feeding strategy and evolutionary patterns of these top
predators. Secondly, the quantitative results were analysed in order to check if the orbit size
and position were correlated with different stress patterns. These results revealed that in
most of the cases the stress distribution is not affected by changes in the size and position
of the orbit. This finding supports the high mechanical plasticity of this group during the Tri-
assic period. The absence of mechanical constraints regarding the orbit probably promoted
the ecomorphological diversity acknowledged for this group, as well as its ecological niche
differentiation in the terrestrial Triassic ecosystems in clades as lydekkerinids, tremato-
saurs, capitosaurs or metoposaurs.

Introduction

The usage of computational methods such as Finite Element Analysis (FEA) or Multibody
Dynamics Analysis (MDA) to estimate the biomechanical performance of vertebrate skeletal
and soft tissues has increased in the last ten years. Particularly, Finite Element Analysis [1] has
been used in vertebrate palaecontology to simulate simplified 2D models or create high-resolu-
tion 3D models of vertebrates to study their function, morphological evolution, particular
adaptation or constraints. (See [2] for a review of FEA methodology and examples). Other
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tools such as Parametrical Analysis (PA) are excellent inductive and non-invasive methods to
test how morphological changes could affect the biomechanical performance of the biological
structures, giving the keys to understand the evolutionary history and variability of the ana-
lysed organisms.

In vertebrate palaeontology, some previous works joined PA and FEA to test the behaviour
and sensitivity of different parameters such as the material properties of the biological tissue
[3], the homogeneity or heterogeneity of the bone [4], the sutures [5], or the influence of the
loads applied [6,7]. Interestingly, FEA and PA were rarely used in vertebrate palaeontology to
test how the variation of the original geometry affects the biomechanical performance [8].

Herein, we test the potential of joining Finite Element (FE) and Parametrical Analysis (PA)
to test the effect of two different cranial parameters in Stereospondyls-one of the largest clades
of the early tetrapods Temnospondyls- to evaluate its biomechanical role and evolutionary pat-
terns. Members of Stereospondyls acquired medium to gigantic sizes being the top freshwater
predators during the Permian and until the Middle Triassic. Its members were mostly charac-
terized by dorsoventral flattened and strongly ossified skulls giving them a superficially croco-
dile-like appearance. Their shape diversity went from broad-headed (as Alligator) in the case of
capitosaurs to slender headed (as gavialids) in the case of some trematosaurids. The ecomor-
phology of the Stereospondyls has been largely debated, specially focusing on their feeding
ecology [9-14]. However, no previous studies have focused on the role of any morphological
character that could be involved in the ecomorphology and feeding strategy of Stereospondyls,
as have been largely performed in other groups such as crocodiles [15-18]. Thus, we analyse
the role of the orbits in these top predators. Orbits position and size hugely vary among the dif-
ferent Stereospondyls groups (Fig 1); in metoposaurs, the orbits were positioned in a very ante-
rior position in comparison with capitosaurs, while the orbit size also extremely varies among
the Stereospondyls, with huge size in some capitosaur taxa (Mastodonsaurus sp. or Eryosuchus
sp.) in comparison with other capitosauroid, trematosauroid or metoposauroid taxa (See
[13,19] and references therein). The biomechanical role of these characters was analysed using
Finite Element Analysis (FEA) and Parametric Analysis (PA) in a quantitative framework.

Materials and Methods
Sample

An adult skull of Edingerella madagascariensis was analysed. This taxon is well known from
the Olenekian (Early Triassic) of Madagascar from several specimens, including ontogenetical
series [20]. Phylogenetic analyses places this taxon as a basal member of the capitosaurian
clade (See [20-22]. The specimen used as a case-study was described in detail by [22], being
the largest and most well preserved specimen recovered to date for this taxon. The specimen
comes from a siliceous nodule. A cast made with silicon resins allowed us to obtain a complete
3D skull with an exceptional fidelity of skull details, including most of the inner regions with-
out deformation (See [22] for further details). The specimen analysed is stored at the Muséum
National d’'Histoire Naturelle (MNHN) in Paris, with the labelling MSNM V2992.

Geometry

The skull of E. madagascariensis was digitalized using a medical CT scan Siemens Sensations-
16, at 140 kV and 150 mAs giving an output of 512 x 512 pixels per slice. The pixel size and the
inter-slice space were 0.586 mm and 0.1 mm, respectively. It was converted to a CAD model
using reverse engineering techniques [23].

The digital model was treated with the software AVIZO, which enables to perform interac-
tive visualization and computation on 3D data sets, and at the same time generates and
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Fig 1. Simplified Cladogram of Stereospondyli based on Fortuny et al. [1] and Schoch [2].
doi:10.1371/journal.pone.0131320.g001

modifies 3D surface models from stacked medical images such as CT, through image segmen-
tation done in the STL (stereolithography) format involving the stages of segmentation and 3D
reconstruction.

The reconstructed geometry had the usual irregularities in the surface due to the generation
of the model from the CT scan. Consequently, the geometry required a transformation to
achieve a geometry that fulfils requirements of quality, consistency and shape. The quality of
tetrahedrals in the STL mesh is given by quality indicators of the mesh such as skewness and/
or aspect ratio. The consistency refers to possible topological errors, and the shape to the final
geometry obtained with smooth operations. This was done using the automatic thresholding
tools of the CT-software AVIZO in a first step, and in a second step, in those areas where the
irregularities were present, a semi-automatic thresholding approach to correct them with
smoothing and relaxation tools, to finally generate the 3D model. A refinement and smoothing
and/or a relaxation of some regions of the geometrical mesh was also required. It is important
to differentiate between the geometrical and the Finite Element (FE) meshes: these meshes
were generated by different algorithms and with different functions. The geometrical mesh was
only used to obtain the digital model from the CT scan, while the FE mesh is used to solve the
equations of the structural analysis problem.

After this part in AVIZO, some inner regions were reconstructed (i.e. the space between the
vomer and the skull roof bones, the endocranial area and the inner part of the cultriform pro-
cess). These regions are rarely preserved in 3D in the fossil record (e.g. vomer and skull roof
bones use to be in contact due to taphonomical factors). Despite this, reconstruction can be
done because in the literature these inner regions are described [24-26], but also thanks to per-
sonal observations of one of us (J.F.). These features were reconstructed using the CAD inter-
face of the Finite Element Package ANSYS 14.5 (Fig 2).

Additionally, in order to evaluate the overall skull shape diversity within Stereospondyls the
original model was wrapped in two different directions generating a long-slender snouted mor-
photype and a broad skull and short-snouted morphotype. This was done to evaluate how the
shape morphology affected the Von Mises stress patterns (See S2 Document) and revealed that
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Fig 2. Skull of the Edingerella madagascariensis analysed showing the inner regions and cavities.

doi:10.1371/journal.pone.0131320.g002

the general patterns found in the original model were also present in the additional geometries
generated (See S3, S4, S5 and S6 Figs).

Finite Element Analysis

A Structural Static Analysis was performed using the Finite Element Package ANSYS 14.5in a
Dell Precision Workstation T7600 with 32 GB of RAM (4X8GB) and 1600 MHz. Two different
cases of boundary and loading conditions were evaluated in order to quantify stress response
and deformation. The first one represented a bilateral bite and the second one the raising skull
system (Fig 3, based on [10]). Therefore, the first loading case simulates the direct bite on prey,

BILATERAL BITE

SKULL-RAISING SYSTEM

Adductor Mandibulae Externus (AME)
Adductor Mandibulae Posterior (AMP)
Cleidomastoideus (CM)

Condile Fixed Boundary Condition
Bite Fixed Boundary Condition
Self-Weight

Center of mass

I
Ll
=
=
=
L]
S

Fig 3. Loadings and boundary conditions on the skull model for the a) bilateral bite and b) skull-
raising system.

doi:10.1371/journal.pone.0131320.g003
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as known for some extant salamanders, as these animals probably used bilateral loading instead
of a unilateral biting (as is also known for extant crocodiles). As previously reported [9], the
skull raising system simulated the stress distribution during the opening of the mouth.

For the bilateral loading, the Adductor Mandibulae Externus (AME) and the Adductor
Mandibulae Posterior (AMP) were considered in the model according to this soft tissue recon-
struction based on several authors (e.g. [27,28]). Regarding the Adductor Mandibulae Internus
(AMI), an additional analysis was performed (See SI Document), revealing that this muscle
has null influence on the bilateral loading stress and displacements. Consequently it was not
included in the analysis. The muscular insertion areas of AME and AMP were defined in the
model in order to apply the forces of the muscular contraction during the prehension/bite. The
direction of these forces was defined by the line that joins the centroid of the insertion area in
the skull with its correspondence in the insertion area of the lower jaw. According to [29] 0.3
MPa were assumed as muscular contraction pressure (Force per unit area) applied at the inser-
tion area of each muscle.

Fixed boundary conditions were applied at the occipital condyles (as related to vertebral col-
umn in the living animal) and the bite point was positioned close to the premaxilla/maxilla
suture, where fangs were actually present.

The skull-raising system case simulates a bilateral skull-raising system at the tabular bones-
which has a characteristic horn morphology- in the y-direction to induce the elevation of the
skull. Considering the cortical bone density to be 2 g/cm”, the self-weight of the skull was
included with the volume [10]. The opening of the mouth was simulated adding a force that
opens the mouth balancing in the opposite direction the self-weight of the skull to a null
displacement

A fixed boundary condition was applied in the tabular horn considering, on one hand, the
triple suture between the tabular, the post-parietal, and the supratemporal, and on the other
hand, the posterior edge of the tabular. Fixed boundary conditions were also applied at the
occipital condiles.

Although bone properties for extinct vertebrate models have been discussed since the first
FEA analyses (see [2] for a review), according to the sensitivity analysis of [7] results for hetero-
geneous materials closely match the results for homogeneous materials and are appropriate for
a comparative analysis [30]. Consequently, elastic, linear and homogeneous material properties
were assumed for the bone of Edingerella madagascariensis, using the following values: E
(Young’s modulus): 6.65 GPa and m (Poisson’s ratio) 0.35. These values for Crocodylus frontal
and prefrontal bones are based on the work of [31].

The usage of these arbitrary values did not lead to realistic results, but provided a good esti-
mation of the stress distribution on the skull because this distribution will not vary neither
under Young’s modulus nor under Poisson’s ratio values [1]. Regardless of this, the use of the
same linear and homogeneous material properties in a comparative analysis for different speci-
mens has been demonstrated useful for studying biological implications [8]. The skull was
meshed with an adaptive mesh of hexahedral elements [32] around 450000-500000 nodes
depending on each parametric case.

Parametric Analysis

The 3D analyses performed in the skull of Edingerella madagascariensis mixed PA and FEA.
The boundary conditions applied to the different biting cases included bilateral bite and the
skull raising system (see below). The PA was done by modifying the values of two variables sep-
arately: the position of the orbits along the principal axis of the skull and the size of the orbits.
The influence of changes in the orbit in the values of maximum Von Mises stress and
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Table 1. Distances relating skull length, pineal foramen position and orbit diameters in different Stereospondyls.

Taxon Skull length  distance pineal distance pineal foramen maximum orbit maximum orbit diameter /
[mm] foramen-orbit [mm] orbit / skull length diameter [mm] skull length

Metoposaurus 314 131 0.4171 40 0.1273

Benthosuchus 160 25 0.1562 20 0.125

Cyclotosaurus 255 30 0.1176 27 0.1058

Eocyclotosaurus 305 27 0.0885 25 0.0819

Wantzosaurus 325 64 0.1969 47 0.1446

Edingerella 130 18 0.1384 22 0.1692

Mastodonsaurus 520 116 0.2230 1190 0.2288

Data extracted from published specimens for each taxon: Metoposaurus [48]; Benthosuchus, Cyclotosaurus and Eocyclotosaurus [33]; Wantzosaurus
[35]; Edingerella [22]; Mastodonsaurus [36].

doi:10.1371/journal.pone.0131320.t001

displacements, as well as stress values at certain points, was observed and analysed. As revealed
by the fossil record, the variability of orbit size and position in this group was very high, in con-
trast with other characters (as position of the Pineal foramen) that were almost invariable
along the evolutionary history of Stereospondyls [19]. On this regard, the orbit position could
be analysed according to the distance between the orbits and the pineal foramen and in relation
to the total length of the skull (Table 1, Fig 1). Some taxa presented these two structures very
close to each other (e.g. 0.09, Eocyclotosaurus and related forms, [33] in clear contrast with
other taxa with widely separated orbits and pineal foramen (e.g., more than 4 times) as found
in Metoposaurus and related forms [34].

Similarly, the size of the orbits also presents high variability. Considering the maximum
diameter of the orbit in relation to the total length of the skull, some taxa present relatively
small sized orbits (e.g. 0.08, Eocyclotosaurus and related forms [33], being different from most
taxa with larger orbits (e.g. 0.12, Benthosuchus or Wantzosaurus, [33,35] or those with
extremely big orbits (e.g. 0.23, Mastodonsaurus or Eryosuchus, [19,36] being almost 3 times the
size of the smallest ones. Therefore, the parameterization analysis simulated the variability of
these parametres (Fig 4). Value h corresponded to the distance between the centre of the pineal
foramen and the centre of the orbit. The original distance from the centre of the pineal foramen
to the centre of the orbits was h = 17.5 mm. The distances ranged from from 2.5 mm to 42.5
mm in steps of 2.5 mm for each case solving 18 cases in total. Value S corresponded to the pro-
portion of the orbit size, considering 1 the original size. The size proportion of the orbits that
was analysed went from 0.125 to 1.625 in steps of 0.125, solving 14 cases in total. These cases
overcome the variability range found in the fossil record to test if the results varied and explore
any biological/biomechanical explanation for cases not found in fossil record.

Fig 4. Variables S and h used in the parameterization. Dorsal and ventral views of the skull model of
Edingerella madagascariensis with the points where the Von Mises Stress was recorded for a bilateral bite
and a skull-raising system analysis. See text for abbreviations.

doi:10.1371/journal.pone.0131320.g004
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Von Mises stress distribution was recorded because, according to [37], the Von Mises crite-
rion is the most used in the cortical bone when isotropic material properties are assumed.
Stress data were recorded for different parts of the skull (Fig 4). These were: a) the joint point
between the parietals and postparietals (PPP), b) the Pineal Foramen (PF), ¢) the cheek area, in
the triple suture joint of the squamosal, supratemporal and postorbital (SSP), d) in the middle
area along the nasals suture (NS), ) the middle point of the Parasphenoid (PPH), f) the poste-
rior area of the Cultriform process (CP) and g) the central area of the vomer (CV).

Correlation of the parameters

In order to deeply understand the behaviour of the PA in terms of the results obtained, a corre-
lation between the stress values at the recorded points and the size of the orbit (S) or distance
(h) was developed.

We adjusted an Ordinary Least Squares (OLS) regression, because in this model the response
variables are random, whereas the predictor variable represents fixed values chosen by the
researchers [38], as in the present case. Therefore, S and h were considered as the predictor var-
iable and the stress values at each recorded point were the response variables. Homoscedasticity
of residuals was checked using the Breusch-Pagan statistic, a test for heteroscedasticity, i.e. non-
stationary variance of residuals [39]. Heteroscedasticity is present when the size of the error
term differs across values of an independent variable. Lack of homoscedasticity strongly violates
the assumptions of the regression model, so the statistics derived from it are not reliable. To
measure the proportion of the total variation in the stress values that is explained by its linear
relationship with the predictor variable (S or h), the coefficient of determination (r2) was used.
These analyses were developed using PAST v. 3.04.

Other correlation coefficients have been developed to be more robust than the Pearson cor-
relation and more responsive to nonlinear relationships [40]. Spearman's rank correlation coef-
ficient is a nonparametric measure of mathematical dependence between two variables.
Therefore, Spearman's rank correlation coefficient was also used to assess the correlation
between those variables where a non-linear relationship was suspected.

Multivariate Analysis

The skull is a single structure and it was interesting to analyse the response of its stress levels at
the different points in a multivariate manner. To achieve this goal, we developed Principal
Components Analyses (PCAs) for each of the analysed cases.

The Principal Components Analysis enables the reduction of the dimensionality of the data,
as well as revealing patterns that cannot be found by analysing each variable separately. It
transforms the original variables into a new set of uncorrelated variables called Principal Com-
ponents (PC). The simplest way to understand PCA is in terms of axis rotation. PCA can be
viewed as a rotation of the principal axis, so that the new axis explains as much of the variance
as possible, with the second PC being orthogonal to it (Quinn and Keough, 2002). PCA can be
developed using covariance or correlation matrix. The covariance matrix is based on mean-
centered variables and is appropriate when the variables are measured in comparable units and
differences in variance between variables make an important contribution to interpretation, as
in this case.

Results

The stress values of the skull for the bilateral bite and the skull-raising system were obtained
from FEA. The coloured maps of the displacements and Von Mises Stress are shown for the
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Fig 5. Displacements (mm) and equivalent Von Mises stresses (MPa) in bilateral bite for (a) (b) h=2.5 mm, h=17.5 mm and h =40 mm and (c) (d)
$=0.125,S=1and S =1.625.

doi:10.1371/journal.pone.0131320.9005

skull model (Figs 5 and 6). Specific values were obtained on the points previously described
(Fig 4).

For the bilateral loading, S1 and S2 Tables show the numerical results of Von Mises stress
and displacements obtained for the parameterization of the position of the orbits (h) and the
size of the orbit (S), whereas S3 and S4 Tables show the percent differences of the values of the
modified geometry respect the original geometry (S = 1 and h = 17.5 mm). S5, S6, S7 and S8
Tables show the same results for the skull-raising system respectively. Figs 7 and 8 show the
graphical representation of these values.

Bilateral Bite

FEA and PA. The maximum value of displacement is almost uniform and slightly varies
when the position (h) and the size proportion (S) of the orbit are changed (in most of the cases
less than 5% (See S3 and S4 Tables)). There is a small increment of the differences (7% and
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Fig 6. Displacements (mm) and equivalent Von Mises stresses (MPa) under a skull raising loading for (a) (b) h =2.5 mm, h=17.5 mm and h = 40
mm and (c) (d) S=0.125,S =1 and S = 1.625.

doi:10.1371/journal.pone.0131320.g006

10%) on the values of displacement when the size (S) of the orbit is extremally big. Modifying
the position (h) and size (S) of the orbits does not affect the distribution of the displacements
on the skull (Fig 5) and the location of the maximum value. Regarding the displacements, the
highest values were located in the cheek region of the skull.

The Von Mises stress peaked around the otic notch in all the cases (Fig 5), thus not depend-
ing on the size and position of the orbits. In the parameterization of the orbit position, stress
differences are only present on the skull roof, showing that stress decreases on the posterior
part of the skull and increases on the interorbital area when the orbits are placed on an anterior
position. In the case of the size proportion of the orbit, stress differences between the different
cases show that the magnification of orbit size causes higher stress levels in the interorbital
region. However, it should be noted that these stress differences related to orbit position and
size proportion are quantitatively low. The differences of Von Mises stress in the defined points
of the skull (53 and 5S4 Tables) reveal that most of the areas are not suffering important varia-
tions when variables h and S are changed. In general, only the Von Mises stress recorded in
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Fig 7. Graphical relationship between the Orbit-pineal foramen distance with the (a) maximum displacement and the (b) Von Mises Stresses and
the Orbit Size with the (c) maximum displacement and the (d) Von Mises Stresses under a bilateral bite.

doi:10.1371/journal.pone.0131320.g007

Pineal Foramen (PF), Cultriform Process (CP) and at the triple suture joint of the squamosal,
supratemporal and postorbital (SSP) present important differences for the bilateral bite when
the orbits are placed on a posterior position: very close to the Pineal Foramen (the differences
increase up to 20%). We want to emphasise the values obtained in the Pineal Foramen (PF)
that can rise up to the 50% when the position of the orbits are close to the posterior part of the
skull. When the orbits are far from the Pineal Foramen (PF), in the central area of the vomer
(CV) and the posterior part of the cultriform process (CP), the percent differences increase up
to 10%. When the orbits are placed on the maximum posterior extreme case (h = 2.5), the
results obtained around the middle point of the Parasphenoid (PPH) and the joint point
between the parietals and postparietals (PPP), the stress increases only up to 5%. According to
S3 and S4 Tables, the changes in the values obtained in the middle area along the nasals suture
(NS), the joint between the parietals and the postparietals (PPP) and the middle point of the
parasphenoid (PPH) are always less than a 5% of the value for the original shape (h = 17.5 mm
andS=1).

Correlation. During bilateral bite, all the regressions with the size proportion of the orbit
(S) were significant (S9 Table). Despite this, the maximum displacement, the triple suture joint
of the squamosal, supratemporal and postorbital (SSP) and the cultriform process (CP), have
really low slopes, indicating that, although correlated, changes in the orbit size have a small
impact on the changes in stress values. On the other hand, the joint point between the parietals
and postparietals (PPP) and the middle point of the parasphenoid (PPH) have larger positive
values, meaning that larger orbits produce larger stress values at those points, while the oppo-
site occurs at the central area of the vomer (CV) and at the nasals sutures (NS) (stress values
are smaller when the orbit increases in size). Finally, the Pineal Foramen (PF) lacked homosce-
dasticity of residuals, indicating that a linear regression was not an adequate fit for this data (59
Table). In any case, the Spearman coefficient for this point was low; indicating that if any corre-
lation existed it was not strong (Fig 9). When the position of the orbit is changed (h), three
regressions showed heteroscedastic residuals; Cultriform Process (CP), Pineal Foramen (PF)
and the maximum displacement (S9 Table). For the Cultriform process (CP) and the Pineal
Foramen (PF), however, the Spearman correlation is high and negative (Fig 9). Despite all hav-
ing a significant relationship, only two points have a slope larger than 0.01/-0.01, indicating
variation in the stress with the parameterization of the orbit: the joint point between the parie-
tals and postparietals (PPP) and the central area of the vomer (CV). It is worth mentioning
that those slopes are of the order of ten times smaller than the larger slopes when the size of the
orbit was modified (S9 Table). On the other hand, the nasals suture (NS) showed a non-signifi-
cant relationship.

In relation with Spearman coefficient (Fig 9), the results point out that changes on the orbit
size (S) are strongly positively correlated (although not necessarily in a linear manner) with the
triple suture joint of the squamosal, supratemporal and postorbital (SSP) and the displacement
(i.e. larger orbits were associated with increased stress levels) and correlated, but to a lesser
extent, with the Pineal Foramen (PF) and the middle point of the parasphenoid (PPH). On the
other hand, the size of the orbit is negatively correlated (i.e. larger orbits were associated with
reduced stress levels) with the nasals suture (NS) and central area of the vomer (CV). Changes
in the position of the orbit (h) affected the stress levels in an opposite manner, having a high
negative correlation with the Pineal Foramen (PF) and the Cultriform Process (CP), while the
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Fig 8. Graphical relationship between the Orbit-pineal foramen distance with the (a) maximum displacement and the (b) Von Mises Stresses and
the Orbit Size with the (c) maximum displacement and the (d) Von Mises Stresses during the skull raising.

doi:10.1371/journal.pone.0131320.g008
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Fig 9. Spearman rank correlation coefficient between size of the orbit (S), position of the orbit (h) and stress levels recorded at the selected points.
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positive correlations are with the joint point between the parietals and postparietals (PPP) and
the central area of the vomer (CV).

Multivariate Analyses. Taking the orbit size (S) into consideration, the first PC explains
almost all the variance (S10 Table). The Pineal Foramen (PF) is the variable that contributes
the most to the PC1 (S11 Table), therefore this axis separates orbits of small and medium size
from really large orbits (1.375 onwards, Fig 10(A)), with the latter having high stress at the
pineal foramen. This pattern is repeated by the orbit position, with the first PC explaining
more than 90% of the variance (S10 Table), and the pineal foramen being responsible of most
of the variation in this axis (S11 Table). In this case, the stress is much reduced when the orbit
is positioned at the anterior part of the skull, but values intermediate and posterior located
have equally high stress. A small part of the variance (6.7%) can be attributed to the central
area of the vomer (CV) with values larger than 40 having a big stress in that area (Fig 10(B)).

Skull-raising system

FEA and PA. The value of the maximum displacement is uniform and slightly varies
when the position and the size of the orbits changes (less than 2%, see S7 and S8 Tables) and,
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The maximum displacement is also recorded (dpl).(a) and (b) values for the bilateral case, while (c) and (d) are the values for the skull raising case.

doi:10.1371/journal.pone.0131320.9009
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as in the bilateral bite, the position of the maximum displacement is also the same when the
size of the orbits is varied. The maximum displacement is found on the snout, especially on its
anterior part, behaving as a cantilever beam during bending.

Stress peaks in the posterior part of the palate, in particular on the parasphenoid and exocci-
pitals. Less important loadings accrue in the cultriform process (CP), and to the central part of
the pterygoids. Considering parameterization, peak values always occur in the same areas not
depending on the size and the position of the orbits. Observing the numerical values recorded
for the Von Mises stress in the different points of the skull (S5 and S6 Tables) and the percent
differences (S7 and S8 Tables), we noted that, most of these points not suffered important vari-
ations when the parameters h (orbit position) and S (orbit size proportion) were changed. The
Von Mises stress recorded only presented significant changes in the Pineal foramen (PF) and
in the triple suture joint of the squamosal, supratemporal and postorbital (SSP) for the skull-
raising system when the orbits are placed in an extreme position, fairly close to the pineal fora-
men. According to S7 and S8 Tables, the differences obtained in most of the points are always
less than a 5% of the value for the original shape (h = 18 mm and S = 1) whereas the values
obtained in the Pineal foramen (PF) can rise up to 60% when the position of the orbits is
pushed far backward. In the same way, the values in the triple suture joint of the squamosal,
supratemporal and postorbital (SSP) rise to 30% when the position of the orbits is similarly
placed to the back. Interestingly, the results also reveal (Fig 6) that when the size proportion of
the orbits (S) is bigger or when the orbits are extremly anteriorly positioned, a notable stress
concentration appears in the interorbital region. However, this stress concentration is far from
the higher stress values present on the parasphenoid and exoccipitals.

Correlation. Regarding the skull raising system, when S was changed, linear regressions
with the triple suture joint of the squamosal, supratemporal and postorbital (SSP) turn out to
be non-significant. Regardless of the significant results, the slopes for all the variables are so
small that do not produce an effective change in the stress results, and the same happens when
it is the position of the orbit what changes.

Analysing the Spearman correlation coefficient (Fig 9), the nasals suture (NS) is the only
variable that shows larger stress values when increasing the size or the position of the orbits.
Otherwise, the middle point of the parasphenoid (PPH) and the maximum displacement (dpl)
have a high negative relationship with orbit size, whereas the Pineal foramen (PF), the joint
suture between the parietals and postparietals (PPP), the central area of the vomer (CV) and
the cultriform process (CP) are those more correlated (negatively) with the position of the
orbits.

Multivariate analyses. For the size of the orbit, the pattern is not clear, as a large part of
the variance is accounted by one case with high stress at the pineal foramen. If repeating the
PC without the pineal foramen stress data, almost 80% of the variance is due to high stress in
the parasphenoid when the orbit grows smaller (Fig 11(A)). Regarding the location of the orbit,
the PCA shows that orbits located frontally (10 and smaller, Fig 11(B)) have a high stress in the
supratemporal area, and to a lesser extent, in the pineal foramen (S11 Table). That accounts for
more than 95% of variance (S10 Table).

Discussion

Early amphibians, and in particular Temnospondyls, had different lifestyles occupying several
ecological niches in aquatic, semi aquatic and terrestrial environments. The diversity of tem-
nospondyls varied over time since their origin in the Carboniferous, but of special interest is
the increased diversity just after the End-Permian mass extinction [41,42]. In particular,
Stereospondyls radiated after this event, possibly in relation to the extinction of basal
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archegosauriforms [43]. The skull evolution from the ancestral semi-aquatic stem-stereospon-
dyls such as Capetus and Palatinerpeton, with short tooth-rows and fang pairs on the vomers,
palatines and ectopterygoids [19], varied in the different clades of stereospondyls. Orbit posi-
tion and size were two of the most variable morphological characters.

FEA and PA analysis developed in this work revealed that changes in the size and position
of the orbit in most cases did not affect stress distribution during bilateral biting. The highest
stresses were found around the otic notch and posterior part of the skull. In the case of skull
raising, stress distribution was independent of changes in orbit size or position. In this case, the
stress concentrated on the posterior part of the skull (e.g. parasphenoid) and occipital area (e.g.
exoccipital) but also with lesser importance in the cultriform area. On the other hand, when
there is a relationship between the orbit size and location and the stress pattern (Figs 10 and
11), it affects non vital areas such as the pineal foramen. All these results strongly support the
hypothesis of an important mechanical plasticity in the stereospondyl skull, which allowed
them to achieve their ecomorphological diversity, especially during the Triassic period, in
clades such as lydekkerinids, trematosaurs, capitosaurs or metoposaurs. More important, con-
sidering the constructional morphology model [44], the results obtained in this work open the
possibility to shed new light on the historical, functional and structural constraints of these
early amphibians.

Stereospondyls probably used a bilateral bite due to the absence of a secondary palate and
were less optimized to resist both bending and torsional forces during biting than other verte-
brates [9]. Regarding taxa with oversized orbits, it should be considered that these oversized
orbits were only found in in gigantic sized stereospondyls (e.g. Mastodonsaurus, Eryosuchus).
In many vertebrates, large taxa tend to have larger bite forces due to muscle and jaw size. In
Stereospondyls the possession of big orbits may be related to gigantism as in these forms the
stress patterns do not affect (or slightly affect) the feeding strategy of these predators due to
their size. However, future analysis should include gigantic specimens to assess this issue with
confidence. Considering the position of the orbits, its ancestral position was probably similar
to basal capitosaurs (as E. madagascariensis), as it is known for actinodontids and rhinesuchids.
In agreement with FEA results, changes in orbit position slightly affect the results, but may
reflect that a posterior positioning of the orbits was less optimal due to the stress suffered in the
braincase region and some palate structures (such as the cultriform process). On the contrary,
its positioning to a more anterior placement, as slightly present in trematosaurs or in extreme
case in metoposaurs, reduced stress distribution in the braincase region although increased it
in the interorbital region. Moreover, the results suggest that the great diversity of orbit charac-
ters in Stereospondyls could only be constrained when the orbits were extremely posterior
positioned (as the stress increases) and is in agreement with the fossil record, as to date no taxa
is known with these extreme morphological character. In a similar way, oversized orbits could
be constrained but may be related to other features (as gigantism) for the viability of this char-
acter, as also found in the fossil record.

Trematosaurs were most probably active fish eaters found in fluvial but also brackish envi-
ronments and possibly their orbit position allowed better catching precision of prey. On the
other hand, metoposaurs may obtain an ecological and niche differentiation in the Late Triassic
ecosystems (with usual presence of the broad snout cyclotosaur capitosaurids and the slender-
snouted phytosaurs) due to the mechanical plasticity of the stereospondyli skull with posteri-
orly positioned orbits with few (or no) structural consequences. During skull raising, stress
concentrated at the most posterior part of the skull, interestingly also affecting the cultriform
process, although less importantly. The presence of low levels of stress in the cultriform process
during the skull raising while no stress is present in this structure during biting was of particu-
lar interest because these amphibians did not present a secondary palate (as present in
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archosaurs with important biomechanical implications). This is indicative of the biomechani-
cal role of the cultriform process during feeding and raising skull, and future studies are
required to analyse this structure. The morphology and thickness of the cultriform process var-
ies throughout the different clades of temnospondyls, and future studies on different clades
should analyse the biomechanical role of this structure.

Considering the parameterization during skull raising, possessing big sized orbits or having
them in an anterior position implied an increased stress on the interorbital region. However,
the correlation between orbit size and the stress found in the nasal region could partially
explain the nares sizes and morphology, as well as the presence of sympheseal tusks, to decrease
and to dissipate the stress generated during skull raising. Similarly, the correlation between
orbit size and stress found in the parasphenoid region suggest that big sized orbits might reduce
stress on the braincase region.

After the End-Permian mass extinction, the freshwater terrestrial ecosystems were re-con-
quered by different survivor groups. During the Early Triassic, trematosaurs replaced the
Permian archegosaurs with similar ecomorphological appearance and antero-positioned orbits
probably as active fish hunters living in fluvial and brackish environments [9]. This group
decreased during the Middle Triassic, being relictual until the Late Triassic-Jurassic [45,46].
Other Stereospondyls were present also in the Early Triassic terrestrial environments, such as
the rhytidosteideids, lydekkerinids and capitosaurs, being aquatic or semi-aquatic animals.
Lydekkerinids and capitosaurs were probably also active predators with a probably wider range
of prey in comparison with trematosaurs. Of special interest, capitosaurs radiated specially dur-
ing the Middle Triassic acquiring some taxa gigantic sizes with the presence of taxa with big
sized orbits (such as Eryosuchus or Mastodonsaurus). Interestingly, during the late Middle Tri-
assic the first members of the metoposaurid group appeared as the case of Callistomordax
kugleri from the late Ladinian of Germany. Metoposaurs were members of the trematosauroid
clade (see [47] for discussion) and presented antero-positioned orbits with a broad snout mor-
phology in comparison with the slender snouts of trematosaurs. Metoposaurs radiated espe-
cially during the Late Triassic with extreme anteropositioned orbits as found in Apachesaurus,
Dutuitosaurus, Metoposaurus or Buettneria from Europe, Africa and North America [19].
Other broad-snouted stereospondyls typically also lived in these Late Triassic terrestrial
ecosystems, with special dominance of the capitosaur genus Cyclotosaurus, while the slender-
snouted animals from these ecosystems were the archosaur group of phytosaurs. In this eco-
system scheme, the ecomorphological disparity between the broad-snouted stereospondyls
and the slender-snouted phytosaurs is very clear, while within the broad-snouted stereospon-
dyls the orbit characters, in particular orbit position, played a key role in the ecology of these
two predators; while capitosaur taxa were most probably active predators for a significant
range of prey, the metoposaurs were probably less active and sit-wait predators. At the end of
the Late Triassic, this ecosystem scheme changed due to the radiation and dominance of some
neosuchian groups replacing the stereospondyls causing the dissapareance or decrease of
these anamniotes.

Conclusion

In conclusion, the characterization of the orbit parameters enabled to explore their biomechan-
ical role but portioning the ecological niche of different Stereospondyls groups. Joining FEA
and PA to analyse orbits parameters reveal that under bilateral biting and skull raising the
mechanical capabilities of these predators did not suffer many changes. In the light of the
results, orbit position and size did not constrain the diversity of the group and the great plastic-
ity known for fossil record of Stereospondyls could be at least partially explained by the little

PLOS ONE | DOI:10.1371/journal.pone.0131320 June 24,2015 18/283



@'PLOS ‘ ONE

3D Computational Mechanics of Early Amphibians

influence of orbit size or position in most cases. In extreme cases, the possession of very big
sized orbits is potentially related to acquiring gigantic body sizes in these taxa. In the case of
extremely anterior positioned orbits, these structural changes imply a reduction of stress to the
braincase region. During the Triassic period, different groups as trematosaurs, lyddekerinids,
capitosaurs or metoposaurs evolved taking advantage of the empty niches after the End- Perm-
ian mass extinction and diversified in the terrestrial environments thanks to the great plasticity
as demonstrated for the orbit characters, with an important role in the ecological niche differ-
entiation and feeding habits.

The mixing of PA and FEA to evaluate mechanical capabilities of biological structures is
novel in vertebrate palaeontology and the results herein reported demonstrate its potential to
reproduce these analyses in other enigmatic or complex structures that could be analysed with
these techniques.
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