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Abstract—Cat-like carnivorous mammals represent a relatively homogeneous group of species whose morphology appears
constrained by exclusive adaptations for meat eating. We present the most comprehensive data set of extant and extinct
cat-like species to test for evolutionary transformations in size, shape and mechanical performance, that is, von Mises stress
and surface traction, of the mandible. Size and shape were both quantified by means of geometric morphometrics, whereas
mechanical performance was assessed applying finite element models to 2D geometry of the mandible. Additionally, we
present the first almost complete composite phylogeny of cat-like carnivorans for which well-preserved mandibles are
known, including representatives of 35 extant and 59 extinct species of Felidae, Nimravidae, and Barbourofelidae. This
phylogeny was used to test morphological differentiation, allometry, and covariation of mandible parts within and among
clades. After taking phylogeny into account, we found that both allometry and mechanical variables exhibit a significant
impact on mandible shape. We also tested whether mechanical performance was linked to morphological integration.
Mechanical stress at the coronoid process is higher in sabertoothed cats than in any other clade. This is strongly related to the
high degree of covariation within modules of sabertooths mandibles. We found significant correlation between integration
at the clade level and per-clade averaged stress values, on both original data and by partialling out interclade allometry
from shapes when calculating integration. This suggests a strong interaction between natural selection and the evolution of
developmental and functional modules at the clade level. [Comparative methods; felidae mandible; finite element analysis;
geometric morphometrics; morphological integration; sabertooth; structural performance]

Understanding phenotypic evolution is a central topic
in evolutionary biology. Phenotypes reflect multiple
selective pressures that operate at multiple scales: from
the individual to the species (e.g., developmental and
mechanical constraints, key innovations). The term
“phenotype” may refer to the morphology of biological
structures, to their mechanical performance, or to
the organization of their constitutive parts, that is,
morphological integration. These three attributes define
how phenotypes come about, change through a lineage’s
history, and work, in the light of adaptation and as
conditioned by phylogenetic effects.

In this regard, the mammalian mandible has received
greatinterest for its obvious role in a primary organismal
function (feeding) (Herring 1980, 1993). From an
adaptationist perspective, mandibular geometry should
just reflect its performance in chewing and grappling of
food. However, early attempts to explain the variation
in mandible geometry among mammals suggest that
evolutionary changes among major clades explain
more variation than does niche differentiation per se
(Crusafont-Pairé and Truyols-Santonja 1956, 1957, 1958).
This has been recently confirmed for two different
mammalian groups: Carnivora (Meloro et al. 2008;
Meloro and O'Higgins 2011) and Ungulates (Raia et al.
2010). Although a phenotype’s value as an adaptation

must be studied in terms of its performance, this was
rarely applied to the mammalian mandible (cf. Therrien
2005a,b; Wroe et al. 2007; Tseng and Binder 2009).

In this article, we studied the relationships between
morphological variation in mandible geometry, the
mandible’s structural performance in response to
bite solicitation, and its morphological integration
as conditioned by phylogenetic effects. Our study
model includes all the cat-like carnivorans: members
of the suborder Feliformia (the subfamilies Felinae and
Machairodontinae, within Felidae), and of the families
Nimravidae and Barbourofelidae.

Cats are and always were unambiguously strict meat
eaters (Ewer 1973; Therrien 2005b; Van Valkenburgh
2007; Christiansen 2008; Slater and Van Valkenburgh
2008; Van Valkenburg and Wayne 2010; Meloro and
Slater 2012). The homogeneity in cat-like carnivorans
feeding habitus is reflected in their dentition, which
is optimally designed for slicing meat and severing
tendons. The lower carnassial (m1) shows a reduction
in the posterior cusps (hypo and entoconid). The
lower premolar row is generally short and separated
from the canine by a diastema. Interestingly, these
adaptations (which occurred iteratively among
hypercarnivorous carnivorans, Holliday and Steppan
2004) did not prevent ecomorphological differentiation
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among cats: some species developed extremely long
upper canines (Turner and Antén 1997; Feranec 2008)
allowing for the occupation of a distinct (and now
extinct) predatory niche: the sabertooth. Therrien
(2005b) and Christiansen (2008) showed that the
sabertooth mandible is unique in shape. It has shorter
ramii, longer diastema, and deep mandibular flanges
(Prevosti et al. 2010) as compared with the mandible
of conical toothed cats. These adaptations are related
to the elongation of the upper canines, and allow a
wide jaw gape (Andersson et al. 2011; Figueirido et al.
2011). Although the sabertooth’s ecomorphology (and
how it differs from conical-toothed cats) has attracted
so much interest, it is still unclear how the two major
cat-like carnivoran morphotypes (i.e. conical-toothed
cats and sabertooth) differ in ecomorphology, and if the
convergence of different lineages on sabertoothedness
did lead to truly equivalent performances. For instance,
Therrien (2005b) argued that sabertooths delivered
a strong and powerful bite, whereas McHenry et al.
(2007), by applying finite element analysis (FEA) to
skulls, suggested that bite force in Smilodon (the epitome
of sabertoothedness) was lower than in a similarly
sized lion. Furthermore, the famed sabertooth canines
occur in either one of two different kinds, the shorter
dirk-tooth with crenulations on the margins, as in the
genus Homotherium, and the overly long canines of cats
such as Smilodon, which have smooth margins (Turner
and Antén 1997).

Recent advancements in the study of skull geometry
and biomechanical modelling (Pierce et al. 2008) suggest
that combining geometric morphometrics (GM) and
FEA provides the best insight about the mechanical
performance of skeletal elements in relation to their
geometry (Piras et al. 2012b). Additionally, Klingenberg
(2010), Monteiro and Nogueira (2010) and especially
Meloro et al. (2011) and Meloro and Slater (2012)
introduced a new way to interpret interspecific shape
variation by looking at functional covariation between
anatomical districts, such as the corpus and the ramus
in the mandible, or the rostrum and the braincase in the
skull.

Several works focused on mandible morphology
and/or integration in a number of different species
(Prevosti et al. 2010; Meloro et al. 2011; Meloro
and Slater 2012). Others focused on the structural
performance of cranio-mandibular structures (McHenry
et al. 2007; Christiansen 2011). However, few studies
have linked integration to mechanical performance
in mandibles. Doing so would allow a test of the
hypothesis that morphological integration varies as
a response to mechanical solicitations (Monteiro and
Nogueira 2010). We hypothesized that morphological
integration between distinct mandibular parts (the
corpus that holds the teeth and the ramus where
masticatory muscles attach) is stronger in the more
“extreme” phenotypes (e.g. taxa showing a relatively
longer upper canine, the sabertooths) in order to
face stronger mechanical solicitations. We combined
GM and FEA to study the most comprehensive

data set of cat-like species mandibles (inclusive of
extant and extinct species) ever assembled, in order
to test if and how mechanical performance between
conical and sabertoothed species differs. We also
provide a deeper look into the sabertooth morphology,
testing quantitatively if sabertooths represent a single
ecomorphology (Meachen-Samuels 2012), or they are
better ascribed to distinct ecomorphologies (Martin
et al. 2000). As sabertoothedness evolved in different
lineages of Carnivora, we tested if phylogenetic
signal in mandible shape is present in our mandible
data set. We predicted lower signal in groups with
higher morphological integration and mechanical
performance. To test these hypotheses, we introduce a
new comprehensive phylogeny of cat-like carnivorans,
including nearly all of the extant felids and most
extinct cat-like carnivorans for which sufficiently well-
preserved mandibles were available.

MATERIALS AND METHODS

Material

We collected digital pictures of hemi-mandibles in
lateral view, belonging to 726 different individuals,
from both original photographs and published
pictures. Online Appendix I (available from Dryad
data repository; doi:10.5061/dryad.kp8t3) reports the
specimen list and the number of individuals per species.
We used a standard protocol to take pictures at a
distance of 2 m, in order to minimize distortion due to
parallax (cf. Mullin and Taylor 2002; Meloro et al. 2008;
Meloro et al. 2011). Our sample includes 94 species:
35 extant and 59 extinct. Out of 37 extant felids, 35
were included in our study. The two species we missed
are Pardofelis badia and Leopardus jacobita. For extinct
Felidae, we included every extinct species assigned to
the families Barbourofelidae and Nimravidae for which
at least one complete mandible was available in the
museum collections we visited, or in the literature (full
list in Online Appendix I available from Dryad data
repository; doi:10.5061 /dryad.kp8t3 ).

GM

We recorded 10 landmarks and 27 semilandmarks
on the hemi-mandible of each specimen using the
software tpsDig 216 (Rohlf 2010a) (Fig. 1). The
landmark digitalization was performed by one of
us (L.M.) to minimize interobserver error whereas
intraindividual digitalization error was assessed using
standard protocols (Cardini and Tongiorgi 2003; Meloro
2011). Measurement error for interlandmark distances
was always lower than 5%, on original, as well
as on published, pictures. The semilandmarks were
automatically recorded at equal distances along curves
that we drew on the pictured specimens by using
tpsDig 2.16. Semilandmarks are useful to depict the
shape of curved lines where landmarks cannot be
detected. It is assumed that contours are homologous
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FIGURE 1.
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Landmarks and semilandmark configuration applied to a Panthera leo left hemimandible. Landmark definitions: 1) anterior tip of

canine alveolus; 2) posterior tip of canine alveolus; 3) posterior of p4 alveolus; 4) spine of p4 alveolus; 5) posterior tip of p4 alveolus; 6) posterior
tip of m1 alveolus; 7) posterior tip of coronoid process; 8) maximum curvature between articular process and ascending ramus; 9) posterior tip
of condyloid process; 10) posterior tip of angular process. The two mandibular modules (the corpus and the ramus) are identified by dotted line.

The white scale bar is 5 cm long.

among specimens, whereas their individual points need
not be (MacLeod 1999; Bookstein 1997; Bookstein et al.
2002).

Generalized procrustes analysis (GPA; Bookstein 1991,
Goodall 1991) was used to extract shape variables from
the raw landmark and semilandmark coordinates. GPA
rotates, aligns, and scales landmark configurations to
unit centroid size (CS = the square root of the sum
of squared distances of a set of landmarks from their
centroid; Bookstein 1986) so that shape differences
between specimens are not due to rotation, position, and
size (Rohlf and Slice 1990).

As semilandmarks differ from landmarks, these
points, in addition to being optimally translated, rotated,
and scaled, are slid along the contour until they match, as
much as possible, the positions of corresponding points
along the contour in the reference configuration (Adams
etal. 2004; Perez-Bernal etal. 2006). All GM analyses were
performed using the R package “Morpho,” Schlager
(2013). This package minimizes the Bending Energy
during the sliding process.

After GPA, Procrustes coordinates of different
individuals belonging to a single species were averaged
as to obtain 94 different coordinates, taken as the shape
variables. Principal component analysis (PCA) was
performed on Procrustes coordinates to find orthogonal
axes of maximal variation. This is a common procedure
in geometric morphometric studies (Adams et al. 2004;
Claude 2008; Figueirido et al. 2010).

Phylogeny
We built a composite phylogeny (using Mesquite 2.73,
Maddison and Maddison 2010) that included all species

present in our data set. The phylogeny is based on
published cladistic analyses of extinct and extant taxa,

and on their stratigraphic range. The phylogenetic
tree adopted in our study is presented in Figure 2.
Five monophyletic groups of cat-like carnivorans are
traditionally identified: 1) Barbourofelidae, 2) Felinae,
3) Machairodontinae and a distinct clade including
4) Hyperailurictis+ Nimravides within Felidae, and 5)
Nimravidae (Peigné 2003; Morlo et al. 2004; Werdelin
et al. 2010). We followed Peigné (2003) for the affinities
between Nimravidae and the Felidae+Barbourofelidae
group, and for the phylogenetic relationships within
Nimravidae. Geraads and Giile¢ (1997), Morlo et al.
(2004), Tseng et al. (2010), and Werdelin et al. (2010)
were considered for the phylogenetic relationships
within Barbourofelidae. Haplogale media and Proailurus
lemanensis are considered basal taxa to Barbourofelidae
and Felidae, respectively, in keeping with Werdelin
et al. (2010). For the phylogenetic relationships within
Hyperailurictis+ Nimravides, we followed de Beaumont
(1990), Rothwell (2003), and Werdelin et al. (2010).
Pseudaelurus quadridentatus is herein considered a
basal machairodont (Werdelin et al. 2010), whereas
the relationships within machairodonts are based on
Kurtén and Anderson (1980), Werdelin and Lewis
(2001), Andersson and Werdelin (2005), Werdelin and
Peigné (2010), and Werdelin et al. (2010). Styriofelis
is the sister group to Felinae (Werdelin et al. 2010).
Inner phylogenetic relationships within Felinae follow
Johnson et al. (2006) and Werdelin et al. (2010). We
partially had to recalibrate the branch lengths in the
molecular phylogeny proposed by Johnson et al. (2006)
after adding some extinct taxa (e.g., Pristifelis attica, Felis
christoli, Miracinonyx spp., and Panthera spp.). Further
details about the systematics arguments upon which we
built our phylogeny, and additional literature sources are
available as Online Appendix II (available from Dryad
data repository; doi:10.5061/dryad.kp8t3).
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Morphological Integration

Several studies have examined morphological
integration within the mammalian mandible (Atchley
et al. 1982; Atchley and Hall 1991; Cheverud et al.
1991, 1997, 2004; Atchley 1993; Badyaev and Foresman
2000, 2004; Klingenberg and Leamy 2001; Klingenberg
et al. 2001, 2003, 2004; Leamy et al. 2002; Ehrich et al.
2003; Cheverud 2004; Badyaev et al. 2005; Polly 2005;
Marquez 2008; Klingenberg 2009; Zelditch et al. 2009)
by exploring different modular hypotheses. Here we
adopt the same modular hypothesis of Meloro et al.
(2011) in order to compare, among clades, the degree of
morphological integration between the corpus, which
houses the teeth and provides attachment for some
of the jaw-closing muscles, and the ramus, which
articulates with the cranium and provides attachment
sites for the most prominent jaw-closing muscles.
Although this distinction is clearly functional, it also
reflects the pattern of aggregation of mesenchymal
cells during embryonic development, which condense
to form the morphogenetic units of the developing
mandible (Atchley and Hall 1991).

We used the RV coefficient (Escoufier 1973) as a metric
of covariation between the various sets of shape variables
(calculated using the function RV.rtest() in R package
“ade4,” Dray and Dufur 2007). This coefficient was
originally proposed by Escoufier (1973) as a measure
of the association between two multivariate sets of
data. The RV coefficient is analogous to the R-square
in the univariate case (Claude 2008). The equation
for calculating RV therefore represents the amount of
covariation scaled by the amount of variation within
the two sets of variables, which is analogous to the
calculation of the correlation coefficient between two
variables (Klingenberg 2009). RV may take any value
from 0 to 1.

First, we explored global morphological integration,
pooling the entire sample. Partial least square (PLS)
analysis was also employed to visualize the covariation
between corpus and ramus at the macroevolutionary
scale (cf. Meloro et al. 2011; Meloro and Slater 2012). This
exploratory technique identifies the vectors (Singular
Warps) that maximise co-variation between two blocks
of multivariate data (Rohlf and Corti 2000) that in our
case are represented by shape variables of the corpus
and ramus modules, respectively. We then repeated the
analysis of morphological integration (RV coefficient)
by multiplying shape variables by the inverse of the
phylogenetic covariance matrix, in order to factor out
data nonindependence due to phylogeny. We performed
these analyses using the function oscorespls.fit () in R
package “pls” (Mevik and Wehrens 2007). A similar
procedure was applied in Piras et al. (2012a).

We also evaluated which modulus is more correlated
with mechanical stress affecting the entire mandible
by means of multivariate regression, using Procrustes
Coordinates as dependent variables matrix and stress
variables as the independent variable. The RV coefficient
was computed for each of the five main clades in

our phylogeny to relate it with the per-clade averaged
biomechanical variables (see below).

FEA

In order to reconstruct the mandibular geometry,
we used Procrustes coordinates as control points
to generate a smooth, closed contour by spline
approximation using a Matlab routine available in
Online Appendix III (available from Dryad data
repository; doi:10.5061 /dryad.kp8t3). The reconstructed
geometry is then used as a 2D computational domain
where a structural problem in the plane stress regime
is posed; the problem is solved by means of FEA
using the commercial software COMSOL Multiphysics
4.2 (http:/ /www.comsol.com). FEA is a mathematical
framework that provides a quantitative evaluation of
the strain and stress state within a solid with given
material properties, under appropriate applied loads
and boundary conditions that mimic a particular
functional or behavioural scenario (Rayfield 2007, 2011).

These results yield a thorough characterization of the
mechanical state of the structure (see also Richmond
et al. 2005; Zienkiewicz et al. 2005). A similar procedure,
that is, creating finite element models starting from GM
data, was successfully applied by Young et al. (2010),
Pierce et al. (2008, 2009a, 2009b), and Stayton (2009)
among others.

Here, we used FEA in a comparative, rather than
validative, fashion. One of the key questions in
modern biologically oriented finite element studies is
the reliability of simulation in comparison with real
experimental studies. Many studies (Ross et al. 2005;
Strait et al. 2005; Kupczik et al. 2007; Farke 2008;
Groning et al. 2009; Rayfield 2011) focused on this
problem, demonstrating that incorporating more precise
approximation in finite element simulations (anisotropic
material properties, muscle activation data, etc.)
improves the correlation between simulations and real
experimental results. We applied the same comparative
approach for all finite element models, with our objective
to compare the mandibular mechanical performance of
species in the context of their phylogenetic relationships.
Isotropic material properties corresponding to bovine
haversian bone (Young’s modulus: 10 GPa, Poisson’s
ratio: 0.41, Rayfield et al. 2001) were assumed for all the
models in our study.

Having used Procrustes coordinates to build our
geometries, we rescaled them to the same size unit,
thereby partialling out any evolutionary allometric
effect among species in estimating the mechanical
performance variables (see below).

Our structural model of the mandible works according
to a pressure load (i.e., a force per unit area) applied
on the base of the canine alveolus, which simulates bite
force. The mandible model has an elastic constraint at
the ascending ramus. Due to the high morphological
variability of the mandible among felids, nimravids,
and barbourofelids, two different constraints were
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in fact considered: The first was placed on the
posterior border of the coronoid process, where the
temporalis muscle inserts from the temporalis area,
the second was placed on the condyloid process and
on the angular process, where the masseter+pterygoid
muscular complex inserts from the zygomatic area.
Finally, all the remaining portions of the boundary have
a free boundary condition.

Due to the impossibility of applying the dry skull
method (Thomason 1991) for all our 94 species to obtain
bite forces for both extant and extinct species (cf. Wroe
et al. 2005; Sakamoto et al. 2010) we used the estimated
bite force of Smilodon fatalis computed by Sakamoto et al.
(2010) placed at the canine.

In order to obtain realistic results (in terms of absolute
magnitude), we scaled bite force according to the actual
size of our geometries as obtained from Procrustes
coordinates. Due to the purely comparative approach
we applied, scaling has no direct effect on our results.
This means that using a different bite force returns just
differently scaled results.

Figure 3a shows the 2D geometry used to solve
the structural problem, the portion of the boundary
with the applied biting load, and the portion with the
elastic constraints. The beam theory, using the theory of
elasticity (Timoshenko 1922), can give a useful estimate
of the distribution of the reaction forces along the
ascending ramus of the mandible. We begin with the
simple scheme in Figure 3b: The bite force f is balanced
by a reaction force f, and a reaction torque c=If,
proportional to the distance / between the bite force and

a)

g coronoid process
bite force

elastic constraint

l alveolus length

condyloid+angular
process
elastic constraint

M

c) 9 max

FIGURE 3.

f bite forcel

.fs
T
/ h, T Tmax
|
+

the point we consider at the vertical ramus. Then, the
schemes in Figure 3c,d are used to calculate the normal
stress o and the shear stress 1 along the vertical ramus,
assuming this ramus to have a simple rectangular cross
section, with height /i, width b (in plane-stress analysis
it is assumed to be unitarian), and moment of inertia I =
bh3/12. Figure 3e shows an actual mandible of an extant
felid (Panthera leo). Beam theory predicts the normal
stress o to be linear along the height, and the shear stress
T to be quadratic; denoted with y (the vertical coordinate
of any geometry). With y=0 at the center of the vertical
ramus, we may write:

o(y)=c/Ly,t(y)=6f/(bh®)(h?/4 —y?) (1)

Thus, the normal stress is maximal at the ends, omax=
c(h/2)=6c/(bh2), whereas the shear stress is maximal
at center, tmax =1(0)=23f/(2bh). Fixing the dorsoventral
height of the beam, both formulas yield higher stress
values for those species having a shorter vertical ramus.

To asses the estimates given by the beam theory,
we use FEA to compute the actual stress states in our
models. Denoting with x, y the horizontal and vertical
coordinates, the stress tensor S is represented by the 2 x 2

matrix:
[ S+Swy
o= [ SxySy ]
The corresponding Von Mises stress is given by:
oM =(S3+5; —SxSy+355,)1/%.

b)

reaction torque c=1If

reaction force fT

d)
omax
’,i
—/y’
—’l hz
e
7
I PN

Structural model used for our simulations. a) Finite Element Model. b) 1D scheme showing forces acting on the mandible corpus.

¢) and d) Diffrences in ¢ due to different height of ascending ramus. e) Picture of Panthera leo mandible.
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The x and y components of the reaction acting along the
ascending ramus of the mandible are given by:

tx - anx"—Sxyny, ty - Sxynx +Syny,

where ny, ny are the components of the unit normal
vector to the boundary.
The beam theory predicts a stress state given by:

=)

with o and t as above; thus, the corresponding Von Mises
stress:

onmbt = (6% +31%)1/2 )

We can compare the Von Mises stresses oy and oyt
Following our model (depicted in Fig. 3a) beam theory
and FEA predict that von Mises stress is positively
related to bite force, and then to the reaction (a surface
traction), once the dorsoventral height of horizontal
ramus has been fixed.
In fact, from equation (1) and equation (2) it follows:

ombt (%, y) =3/2f / (bh3)[64x%y? 4 3(h? — 4y?)?1 /2,

We used global von Mises stress calculated on the
whole mandible area and the maximum surface traction
calculated along the constrained posterior boundaries
as structural variables to be used in subsequent
comparative analyses.

Linear Models and Comparative Methods: Phenotypic
Differences Between Clades

We accounted for the the potential effects of shared
ancestry on the interspecific phenotypic variables. First,
we tested for significant phylogenetic signal in both
stress variables and in CS by estimating the K statistic
(Blomberg et al. 2003), using the function phylosig() in
the R package “phytools” (Revell 2012). Second, we used
fitContinuous() function in “GEIGER” (Harmon et al.
2008) in order to find out which evolutionary model is
most supported. The best model’s parameter estimates
were used to transform the tree branch lengths in order
to provide the most appropriate covariance matrix for
the residuals in univariate phylogenetic GLS analyses,
and in phylogenetic ANOVAs (Revell 2010, see below).

The seven models tested are Brownian motion which
is a random walk with constant variance; Ornstein-
Uhlenbeck (which fits a random walk with a central
tendency with an attraction force proportional to the
parameter alpha); Pagel’s lambda (which provides a
tree branch length transformation as to maximize the
fit to Brownian motion); Pagel’s kappa (which tells if
evolution either concentrates at nodes or is proportional
to branch lengths as in the Brownian motion); Pagel’s
delta (which tells if the rate of evolution changes in time);
ACDC model (which fits an exponential change to the
rate of evolution through time); and, finally, the white
noise model (which assumes no phylogenetic signal is

present in the data). The Akaike Information Criterion
(AIC) was used to find the best-fit model for character
evolution.

Shape is multivariate, so we could not estimate Pagel’s
lambda or Blomberg’s K statistics to test for phylogenetic
signal in the data. Instead, we tested the presence of
a phylogenetic structuring in the data by performing a
Mantel test between a Procrustes distance matrix and a
patristic distances matrix coming from our phylogeny.

Then, we tested for differences in shape, stress
variables and size between the five distinct clades
identifiable in our tree: Felinae, Barbourofelidae,
Machairodontinae, = Hyperailurictis+Nimravides — and
Nimravidae. To this aim, we performed phylogenetic
ANOVA (using stress variables and size as dependent
variables, respectively) and phylogenetic MANOVA
(using shape data as dependent variables) using the
five clades as a factor. Pairwise comparisons were
made using “phy.anova” and “phy.manova” functions
available in GEIGER R package (Harmon et al. 2008).

Regression Models and PGLS

We accounted for the relationships between shape,
size, and stress variables by using linear models
taking phylogenetic relationships into account. We
achieved this by adopting the phylogenetic generalized
least squares (PGLS) regression (Rohlf 2001, 2006).
This method is equivalent to the phylogenetic
independent contrasts (PIC) first proposed by
Felsenstein (1985). Standard regression methods assume
data independence. Due to phylogenetic relationships,
multispecies biological data rarely meet this condition.
Taking phylogeny into account in regression allows
reducing standard error due to nonindependence
caused by shared ancestry over a model that neglects
phylogeny (Felsenstein 1985; Garland 1992; Garland
et al. 2005). In order to evaluate the amount of shape
explained by functional demands (i.e. mechanical
performance), we regressed shape data (as dependent)
on stress variables (as independents).

The influence of allometry on shape or stress data
was also assessed in regression models using shape
data or stress variables as dependents, and size as
independent. All these models were performed by using
PGLS analyses and performed in R using the function
genpgls() written by one of the authors (PP; it can be
found in Online Appendix 1V, available from Dryad data
repository; doi:10.5061/dryad.kp8t3). Our stress data
were calculated using shapes scaled to unit size, that
is, using Procrustes coordinates and by applying the
same loading (=bite force) at canine to all finite element
models. Of course, a small domestic cat does not have
the same bite force as a lion but their mandibular shapes
are quite similar in comparison with a Smilodon. Thus,
evolutionary allometry (=the allometry that occurs
between approximately equally aged individuals of
different species) must be controlled when testing the
performance of different shapes (Dumont et al. 2009;
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Slater et al. 2009; Slater and Van Valkenburgh 2009).
For this reason we used Procrustes coordinates that are
all scaled to unit size. However, we verified the impact
of scaling by exploring the relationship among stress
variables and between stress variables and shape by re-
multiplying stress data by individual-specific CS. With
this procedure, bite forces are scaled for any individual
body size (i.e. CS). In fact, we statistically confirmed
that standardized bite force scales almost isometrically
with standardized body mass (§=0.93; P = 2.2¢—16) as
expected (Wroe et al. 2005; Sakamoto et al. 2010). We
confirmed this by verifying that for those species for
which Sakamoto et al. (2010) report mean body mass,
our per-species averaged CS predicts species mean body
mass very strongly (R2=0.94; P = 2.2¢—16).

Prior to exploring univariate relationships (i.e.
between stress variables and size in ANOVAs and in
univariate PGLS), we transformed the phylogenetic tree
according to the most supported mode of character
evolution as indicated by applying the fitcontinuous()
function. For multivariate data this is not allowed and
the tree was not transformed when shape entered the
analysis (i.e. in MANOVAs and in multivariate PGLS),
which means assuming de facto a Brownian motion
model of evolution (Blankers et al. 2012).

Biomechanical Performance and Integration

As pointed out above, von Mises stress is proportional
to surface traction and inversely related to the
dorsoventral height of the geometry. On the other
hand, surface traction is inversely related to the height
of constrained boundaries that are placed on the
ascending ramus. Thus, we first compared the predicted
relationship between von Mises stress and surface
traction with the observed correlation between these
two variables. In fact, mandible geometry varies in
both the height of mandibular corpus and in the
height of the ascending ramus (and consequently in
areas). Thus, the two modules vary (and possibly co-
vary), and this variation differently constrains both
von Mises stress and surface traction. We test here
if the variation in mandibular corpus changes the
predicted formal relationship between von Mises stress
and surface traction. In order to do this, we performed
linear regressions between observed von Mises stress
and surface traction and between von Mises stress and
the areas of the two functional modules defined above
(calculated on the polygons identified by Procrustes
coordinates of corresponding landmarks—as stress
variables were calculated on these coordinates, rather
than on original data—). This way we can determine if
any deviation from the predicted relationship between
von Mises stress and surface traction is due to
differential, and possibly covarying, changes in the
morphology of single modules.

We also test the hypothesis that sabertooth
morphology implies covarying arrangements in
the ascending ramus and mandibular corpus, thus

making the integration between these two subunits
stronger in sabertoothed than in conical-toothed cats.
To this aim, we regressed clades” RV's on the per-clade
averaged values of the stress variables. This allows us to
verify if the morphological integration at the clade level
can be interpreted as a compensation of the change in
biomechanical performance due to the particular shape
evolved in such group.

Again, allometry could influence such analysis at two
levels. The firstlevel is the intraclade allometry that could
influence the calculation of RV coefficient. The second
level is the interclade allometry, that is, that due to mean
size differences between clades. In order to partial out
both forms of allometries, we re-computed RV's using
residuals coming from per-clade separated regressions
between shape and size and successively tested if per-
clade averaged stress data or clades RV's were correlated
with per-clade averaged size values.

REsULTS

GM

The first 13 principal components explain 95% of
total shape variance. Figure 4a,b shows the relationships
between PC1 (39.74% of the total shape variance) and
PC2 (17.79% of the total shape variance) and between
PC1 and PC3 (12.43% of the total shape variance).
Positive PC1 scores are associated with a relatively
thicker mandibular corpus, a short coronoid process, a
caudally expanded condyloid process, fourth premolar
(p4)-first molar (m1) closer to the coronoid process
than anterior symphysis, a highly developed mandibular
flange expanded ventrally behind upper canines. This
morphology is typical of the Barbourofelidae. Negative
PC1 scores are associated with a mandibular corpus
that is relatively slender, long coronoid process,
short condyloid process, p4-m1 closer to the anterior
symphysis than to the coronoid process, and absence of
the mandibular flange. This morphology is evident in
modern Felinae. Positive PC2 scores are associated with
a long and thick mandible, a dorso-caudally expanded
coronoid process, and a mandibular flange slightly
extended ventrally. Negative PC2 scores are associated
with a long and slender mandible, a coronoid process
expanded dorsally, and a slender symphysis with no
flange. Along PC3, major shape differences occur in the
angular process, coronoid process, and relative height of
the corpus and mandibular flange.

Figure 5a shows the morphological variation in
mandible shape associated with CS for the entire shape,
and for single modules. At high CS values the mandible
is thicker behind the corpus, with a short coronoid
process, a caudally extended condyloid process, an
expanded canine-p4 area and a higher mandibular
flange. This morphology corresponds to barbourofelids
and some machairodonts. Atlow CSvalues the mandible
isrelatively slender, with a long coronoid process, a short
condyloid process, short distance between canine and p4
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and no mandibular flange. This structural arrangement
is typical of modern felids.

Figure 5b,c show allometry related to single modules.
The ascending ramus of the mandible was less influenced
by CS than the corpus. Table 1 reports R and P-values for
individual clades for entire shape and single modules.
PGLS was performed only on the pooled data set (i.e. on
the entire phylogeny).

Morphological Integration

Table 2 reports RV coefficients for the pooled sample
and the five main clades of our phylogeny. All RVs
are significant except for the Hyperailurictis+Nimravides
clade. This could be due to the low number of
taxa (only five species) in this clade. Barbourofelidae

TaBLE 1. OLS for individual clades and PGLS models for pooled
data set for shape-size relationships

Procrustes coordinates CS

OLS

Entire shape

Nimravidae R%2=0.038; P=0.79

Hyperailurictis+Nimravides R%2=0.20; P=0.48

Barbourofelidae R? =0.69; P = 0.038
Machairodontinae R? =0.11; P = 0.03
Felinae R? = 0.18; P = 0.001

Mandibular corpus

Nimravidae R2=0.082; P=0.38
Hyperailurictis+Nimravides R?>=0.42; P=0.17
Barbourofelidae R2=0.69; P=0.06
Machairodontinae R? =0.14; P = 0.023
Felinae R? =0.21; P = 0.001

Ascending ramus

Nimravidae R2=0.07; P=0.47
Hyperailurictis+Nimravides R%2=0.19; P=0.69
Barbourofelidae R? = 0.57; P = 0.025
Machairodontinae R%2=0.03; P=0.66
Felinae R?=0.08; P = 0.01
PGLS (for pooled data sets only)

Entire shape P =218e—6
Mandibular corpus P =1774¢e—8
Ascending ramus P =0.04

Significant results are shown in bold.

TaBLE2. RV coefficients for the pooled sample and the five main
clades under study

Clade RV P
Pooled sample 0.64 0.001
Nimravidae 0.61 0.008
Hyperailurictis+Nimravides 0.57 0.27
Barbourofelidae 0.85 0.003
Machairodontinae 0.49 0.001
Felinae 0.25 0.001

Significant results are shown in bold.

appears to be the clade with the highest degree of
morphological integration, followed by Nimravidae and
Machairodontinae. Felinae is the least-integrated clade.
Hyperailurictis+ Nimravides constitute an outlier in this
distribution having a RV coefficient slightly larger than
in machairodonts. Pooled RV calculated on phylogenetic
transformed data was significant as well (RV = 0.42;
P=0.009).

Figure 6 shows the morphological covariation between
the two modules identified on the mandible according to
non phylogenetic PLS analysis performed on the pooled
sample. The first pair of singular warps (SWs) explains
98.9% of total covariance. On positive SW1 scores the
coronoid process is short and massive, the condyloid
process is extended caudally, and the horizontal ramus
is thick with a well-developed mandibular flange, as
it can be seen in barbourofelids and sabertoothed
machairodonts. Negative SW1 scores correspond to a
dorso-caudally expanded, high and slender coronoid
process, a short condyloid process, a long and slender
horizontal ramus and no mandibular flange, which is
typical of Felinae.

FEA

Figure 7a reports the maximum surface traction
experienced by some representative taxa (among the
94 analyzed) belonging to the five main clades of
our phylogeny and their von Mises stress patterns.
Barbourofelids and derived nimravids appear to have
the smallest von Mises stress and the highest surface
traction, followed by machairodontines. Felinae shows
an opposite pattern in comparison with Barbourofelidae.
Figure 7b,c show, respectively, the relationship between
von Mises stress and surface traction predicted by beam
theory when fixing beam height and that observed in
experimental data. They are strikingly different given the
covariation of mandible modules depicted in Figure 6.
Biomechanical implications of this are described below
and in the section Discussion.

Figure 7d shows the relationship between von Mises
stress and surface traction after re-multiplying these
variables by individual-specific CSs (see below for
linear models results); the relationship is positive and
significant.

Figure 8ab,c shows the morphological changes
associated with the relationship between whole
mandible shape or module shapes and surface traction
scores. High surface traction corresponds to short
coronoid process, caudally extended condyloid process,
and well-developed mandibular flanges, as seen in
barbourofelids and some nimravids. When surface
traction is low the mandible is long and slender, and
flanges are absent. This condition is typical of modern
felids. The relationship between shape and von Mises
stress follows an inverse pattern (Fig. 9a) in comparison
with surface traction (Fig. 8a). Yet, if von Mises stress
and surface traction are both multiplied by original
CS (reintroducing allometric effects), the two variables
behave the same way (Fig. 9b,c).
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FIGURE 6.
pooled sample. Points dimension is proportional to species mean CS.

Linear Models and Comparative Methods

Table 3 reports results of phylogenetic ANOVA and
MANOVA. As for stress variables, these procedures
revealed that Barbourofelidae is the clade differing the
most from the others. Size, on the other hand, does
not seem significantly different among individual clades
once phylogeny is accounted for. In the phylogenetic
MANOVAs, only the Barbourofelidae-Felinae difference
is significant. The Mantel test revealed the presence of
phylogenetic signal in shape (P < 0.001). Using phylosig()
function we found strong phylogenetic signal in both
stress variables and CS (P <0.001 for all the three
variables).

Seven different evolutionary modes were tested
(Table 4). As for surface traction, the best model in
terms of AIC appears to be Ornstein—Uhlenbeck (OU
with a=0.07). Yet, the analysis of Akaike weights
reveals that the delta transformation proves to be a
good alternative model. The fitted delta value (0.255)
indicates a slowdown in the evolutionary rate of surface
traction towards the recent. Both delta and OU models
are statistically superior to Brownian motion (BM), as
judged by likelihood ratio test (Table 4). The phylogenetic
signal K in surface traction is 0.274, which is significantly
different from O (i.e. no signal, p=0.002). The evolution
of von Mises stress is best described by lambda, and

o3 0.28 0.3 0.33 0.4
//Nlmrawdae . First
Singular Warp module 1

Hypera:luncns+N:mrawo'es

Morphological covariation between the two modules identified on the mandible according to PLS analysis performed on the

secondarily by OU model. Both these models proved
statistically better than BM (Table 4). The phylogenetic
signal in von Mises stress is small (K = 0.300) but
significant (P=0.001). Finally, the evolution of CS is best
described by kappa, and secondarily by OU and lambda
models, as assessed by Akaike weights (Table 4). The
phylogenetic signal in CS is 0.241, which is significantly
different from zero (P =0.002).

Overall, the OU process is the best descriptor for
surface traction and a good descriptor (albeit not the
best) of von Mises stress and CS, indicating that there is
a tendency to evolve towards an adaptive performance
peak in cat-like carnivorans. The strength of selection
of surface traction towards the peak (the fitted value
alpha in OU) is very close to zero (which corresponds,
virtually, to Brownian motion, Butler and King 2004).
This is consistent with the finding that the phylogenetic
signal is significant for the variables considered, as it is
for CS (cf. Meloro and Raia 2010).

Table 5 shows multivariate regressions between shape
data and stress variables. As for the whole mandible,
this relationship is significant under PGLS. Using per-
group size-free shape data (i.e. residuals of the per-
clade regression between shape and size) we found
smaller but still significant relationships under PGLS.
This indicates that allometry is not responsible for the
relationship between entire shape and stress variables.
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TaBLE3.  P-values of pairwise phylogenetic ANOVAs (on stress variables and size) and MANOVAs (on Shape data) between the five main
clades under study

Nimravidae Hyper.+Nimravides Barbourofelidae Machairodontinae Felinae

Phylogenetic ANOVA on surface traction

Nimravidae - 0.352 0.516 0.2837 0.017
Hyper.+Nimravides - 0.0010 0.11 0.6783
Barbourofelidae - 0.0020 0.0010
Machairodontonae - 0.051
Felinae -

Phylogenetic ANOVA on von Mises stress

Nimravidae - 0.39 0.74 0.21 0.055
Hyper.+Nimravides - 0.009 0.90 0.060
Barbourofelidae - 0.16 0.005
Machairodontonae - 0.21
Felinae -
Phylogenetic ANOVA on size

Nimravidae - 0.74 0.65 0.63 0.89
Hyper.+Nimravides - 0.9191 0.80 0.57
Barbourofelidae - 0.94 0.54
Machairodontonae - 0.49
Felinae -
Phylogenetic MANOVA on shape

Nimravidae - 0.9970 0.9850 0.9920 0.9191
Hyper.+Nimravides - 0.4446 0.9710 0.8791
Barbourofelidae - 0.9271 0.0060
Machairodontonae - 0.6044
Felinae -

Significant results are shown in bold.

TaBLE4.  Model parameters for the phenotypes under study

Surface traction

Model Fitted parameter Log-likelihood LRT AIC AIC diff Akaike weights K P-value (K> 0)
BM —143.065 290.130 6.400 0.022

lambda 0.984 —142.273 0.208 290.547 6.900 0.017

delta 0.255 —139.153 0.005 284.307 0.610 0.390

kappa 0.598 —141.371 0.066 288.743 5.100 0.041

ou 0.075 —138.846 0.004 283.692 0.000 0.530 0.27 0.002
eb 0.000 —182.367 1.000 370.734 87.000 0.000

white - —163.015 1.000 330.031 46.000 0.000

von Mises stress

BM —127.057 258.114 5.600 0.030

lambda 0.950 —123.270 0.006 252.541 0.000 0.486 0.30 0.001
delta 1.152 —126.980 0.694 259.959 7.400 0.012

kappa 0.618 —125.005 0.043 256.009 3.500 0.084

ou 0.068 —123.497 0.008 252.994 0.450 0.388

eb 0.000 —179.736 1.000 365.471 113.000 0.000

white - —146.704 1.000 297.407 45.000 0.000

CS

BM 87.751 —171.503 12.000 0.001

lambda 0.875 93.258 0.001 —180.516 2.800 0.135

delta 2.223 91.333 0.007 —176.666 6.700 0.019

kappa 0.070 94.678 0.000 —183.356 0.000 0.546 0.24 0.001
ou 0.111 94.065 0.000  —182.130 1.200 0.299

Eb 0.000 —173.335 1.000 352.669 536.000 0.000

white - 76.551 1.000 —149.102 34.000 0.000

The best model found are shown in bold.
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TaBLE5.  PGLS models for shape-stress variables relationships

Procrustes coordinates von Mises stress Surface traction

PGLS

Entire shape P =3.17¢-15 P =2.2e-16
Mandibular corpus P =22¢-16 P =0.0012
Ascending ramus P =1.97e—6 P =2.2e-16
Size free shape data

PGLS

Entire shape P =2.85¢—-8 P =22e-16
Mandibular corpus P =1.04¢-9 P =0.0002
Ascending ramus P =0.0017 P =1.67e—-12

Significant results are shown in bold.

Allrelationships were significant also for single modules
under PGLS, even using size-free shape data.
Observed von Mises stress is negatively related to

observed surface traction (R =0.045; Fig. 7c), contrary
to what is predicted by beam theory (Fig. 7b), when
keeping beam height constant. This relationship is
significant under PGLS (P =0.0059). Von Mises stress is
negatively correlated with the area of mandibular corpus

(R?=0.44; PGLS P = 3.5¢—05) and positively correlated

(albeit weakly) with the area of ascending ramus (RZ=
0.048; PGLS P=0.00013). Conversely, surface traction
is positively related to the area of mandibular corpus

(R2=0.59; PGLS P = 2¢—16) and negatively to the area

of ascending ramus (R? =0.53; PGLS P = 2.3¢—08). When
von Mises stress and surface traction are re-multiplied by
the original CSs their relationship becomes positive and

significant under PGLS (R2=0.26; PGLS P = 1.8e—14;
Fig. 7d). This suggests that the negative relationship
between von Mises stress and surface traction is due to
allometric effects.

Table 6 shows results for linear-model regressions
between clade RV's, per-clade averaged stress values, and
per-clade averaged size values. Relationships between
stress variables and RV's (Fig. 10) are always significant
even using RV's calculated on size-free shape data, thus
suggesting that intraclade allometry did not impact
on this relationship. The relationships between per-
clade averaged size values and clades RVs or stress
variables are not significant, indicating no impact of
interclade allometry. This could be read together with
the results of PLS analysis and relationships between
von Mises stress and mandibular modules areas. Our
interpretation is that there is a strong association
between the degree of morphological integration and
the biomechanical performance due to a structural
compensation of mandibular corpus in response to the
dramatic morphological changes in the posterior part
of the mandible of sabertoothed cats (see discussion
below). Neither relationship between surface traction
and size nor the relationship between von Mises stress
and size is significant under PGLS. Together with results
reported above, the negative relationship between von
Mises stress and size explains why stress variables scaled
at unit size show a pattern inverse to that predicted by

beam theory. This is definitively a consequence of the
covariation between the two submodules, and of the
increase of mandibular corpus area (thus increasing the
denominator of the mean von Mises stress) which is
typical of the sabertooth mandible.

Discussion

The combined use of GM and FEA provides a powerful
methodological tool to interpret macroevolutionary
transformation in mandible size, shape, and mechanical
performance. We applied this ensemble of methods
to study morphological variation in the mandible of
cat-like carnivores.

In recent years several works focused on the cranio-
facial morphological variation in this group (Martin
1980; Van Valkenburgh 2007; Meloro et al. 2008, 2011
among others), and in cat-like species in particular
(Samuels and Van Valkenburg 2009; Sakamoto et al.
2010; Slater and Van Valkenburgh 2008, 2009; Prevosti
et al. 2010; Lencastre-Sicuro and Oliveira 2010; Meloro
and Slater 2012). Most of these papers addressed the
profound functional differences between modern cats
and extinct sabertooths. This issue has been debated
since the very first discoveries of sabertooths (Warren
1853; Riggs 1934; Simpson 1941)—a highly distinctive
morphology that occurs independently multiple times
in mammals (i.e. within Felidae, Barbourofelidae,
Nimravidae, Creodonta, and even Marsupialia). Our
results demonstrate that cat-like carnivorans evolved
fairly conservative mandibular morphology within
distinct clades (Meloro and Raia 2010). The regression
between size and shape of the pooled sample suggests
the presence of a strong evolutionary allometric signal
in mandibular morphology. Felinae and Barbourofelidae
are the clades showing the strongest allometric effects,
whereas no allometric effects are apparent in nimravid
mandibles. This result confirms recent findings by Slater
and Van Valkenburgh (2009) and Meloro and Slater
(2012).

Allometry significantly impacts Felinae because high
body size variation in this group probably represented
the most “rapid” way of differentiating niches within a
young and morphologically very homogeneous group
such as true cats. This agrees with previous findings
about the evolutionary tempo and mode of carnassial
size evolution in Carnivora as a whole (Meloro and Raia
2010). Sabertooths are less variable in body size than
other felines, and are generally large. Ecomorphological
differentiation among sabertooths took place through
the relative elongation of the upper canines and
includes two distinct morphotypes: the saber- and the
dirk-toothed cats. Meloro and Slater (2012) recently
highlighted that relative canine length has a strong
influence on morphological integration of the skull in
long-canine cats. This likely is the case for the mandible
as well. We found that morphological integration
was strongest in Barbourofelidae, which is the most
“extreme” dirk-toothed clade.
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One of the most interesting results of this study is the
significant relationship between functional integration
and stress data. In the particular context of our
study, this relationship indicates that the dramatic
temporo-mandibular modifications of the sabertoothed
morphology required a strengthening of functional
covariation between mandible submodules. We found
mandibles were more stressed in sabertooths, mainly
in the ascending ramus, than in modern felids (in
keeping with McHenry et al. 2007) under the same
scale (unit size) and loading conditions. This happens
because of the strong covariation of the mandibular
corpus with the posterior part of the mandible implies
strong dorsoventral buttressing in sabertooths. Natural
selection is expected to mould shapes according to
functional demands. The more demanding is the
function, the more tightly body structures involved
in the function must be integrated. Modularity and
integration are flip sides of the same coin. They
involve the organization of whole structures in partially
independent morpho-genetic and functional modules
(Klingenberg 2009, 2010, rephrased). As rigid solids,
bones are subjected to physical forces. So variation in
shape produces variation in bone’s ability to achieve a
particular mechanical function in response to external
stresses. This variation is constrained by the mechanical
limits of the bone material. The fact that the OU
model describes well the evolution of surface traction
shows that species tend to converge towards optimal
stress values. In our view, the tight link between
integration and stress loadings evolved to overcome
such a constraint. Sabertooths, for example, had to
gape their mouth wide, in order to use the long
canines (Christiansen 2011). This is ubiquitous among
sabertooths, and comes at the cost of higher stress
in the ascending ramus (McHenry et al. 2007, this
study). This cost is partly counteracted by improving the
morphological integration of the mandible as a whole.

Few works related morphological integration and
function (Young and Badayev 2006; Klingenberg
2010; Monteiro and Nogueira 2010; Piras et al. 2010;
Klingenberg 2010 for a review). As meaningfully
synthesized by Klingenberg et al. (2010), functional
modules are those parts that perform specific functions

TABLE 6.

irrespectively of morphogenetic (developmental)
modular organization. Functional and developmental
integration could or could not coincide. On the basis of
different works carried out at different taxonomic levels,
it seems that their concordance may be dependent on the
evolutionary scale of observation. In fact, investigation of
integration (functional and developmental; Klingenberg
et al. 2010) within single species has shown that
developmental modules do not match functional
modules. Conversely, within genus (between species)
analyses (Young and Badayev 2006) show a strong
concordance between developmental and functional
modules. Monteiro and Nogueira (2010), in studying
phyllostomid bats, found that functional integration
is decoupled from developmental integration in
specialized, but not in generalist species.

Our study belongs to the main stream of research
in this field. Yet, it differs from previous studies for
a number of reasons: first, we compared species and
genera belonging to different families within a large
and ancient clade, thus greatly increasing the taxonomic
scale of investigation; second, we included extinct
species even at the base of our phylogeny thus increasing
the temporal scale of observation; third, we did
not compare functional and morphogenetic modules,
thereby testing if they concide, but rather we compared
an a priori defined functional organization between
clades; finally, we quantitatively defined function in term
of structural stress.

We suggest that the importance of constraints imposed
by genetic expression, natural selection and shared
ancestry on modular organization varies according to
taxonomic and temporal scales of observation. Patterns
of developmental integration within individuals (or
species, at the best) can be determined by relatively
environment-independent selection for developmental
homeostasis, whereas patterns among species (and
even more so for genera and families) reveal the
relative importance of current selection regimes, thus
making integration more readily investigated in terms of
functional demands. A future challenge could be testing
if the functional modular organization we explored
here coincides with developmental modularity. It would
be desirable to test this at the same observational

Relationships between morphological integration, per-clade averaged stress variables and per-clade averaged size values

Using RV's calculated on original shape variables

B, R?, permutation P—value

B, R?, permutation P—value B, R?, permutation P—value

von Mises stress
RVs -2.4¢—7; 0.94; 0.02
Per clade averaged size values 9.6€5; 0.11; 0.6

B, R?, permutation P—value

Using RV's calculated on size free shape variables

Surface traction
1.39¢—7; 0.81; 0.03
-7.9¢5;0.19; 0.4

Per clade averaged size values
0.02;0.37;0.29

B, R2, permutation P—value B, R?, permutation P—value

RVs —2.15¢—7; 0.95; 0.008

1.51e—7; 0.90; 0.03 0.018; 0.16; 0.52

Significant results are shown in bold.
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FIGURE 10.

(taxonomic-phylogenetic) scale of our study. Ecological
factors and the selection gradients on the fitness
landscape of the adaptive radiation are important for
understanding the evolutionary integration of complex
morphological structures (Monteiro and Nogueira 2010).

A result apparently in contradiction with previous
studies deserves special attention: at unit sizes von
Mises stress of the whole mandible diminishes in
sabertoothed species because of the increase in
dorsoventral buttressing of the mandibular corpus,
whereas it is much less related to the area of posterior

4.25 4.5 478 5 525 55 575

Per-clade a‘veraged‘ surface traction

Relationships between per-clade averaged stress variables and RV coefficients.

part. That causes the observed relationship between
von Mises stress and surface traction in Figure 7c. This
must be contextualized in the “equal scaling” strategy
under which we calculated our stress variables. In fact,
our results regarding structural performance seem to
alternatively agree (as for surface traction) or disagree (as
for von Mises stress) to those obtained by McHenry et al.
(2007). McHenry et al. (2007) compared one specimen
of Panthera leo to one specimen of Smilodon fatalis.
They applied a sophisticated 3D FEA simulation to a
mandible with an articulated skull. They also estimated
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bite forces for the two species and found that S. fatalis had
smaller bite force, higher von Mises stress and smaller
structural resistance as compared with P. leo. There are
significant differences between the present study and
that of McHenry et al. McHenry et al. (2007) used a
3D model of both skull and mandible and they did not
scale shapes at common size (as in our simulations).
The lion in our sample presents a larger mandibular CS
than Smilodon. Still, they did not assess statistically the
structural behaviour of a large cat-like sample species
and simulated muscle insertions and contractions rather
than imposing a constant bite force. Here, we specifically
wanted to compare several shapes at a common size
and under equal loadings. Our surface traction results
indicate just what McHenry et al. (2007) stated about
the concentration of a large component of the stress in
correspondence to the coronoid process: sabertoothed
species show a surface traction that is larger than
in conical forms. This is clearly illustrated in Fig. 8a
that, structurally, suggests a pattern similar to what
McHenry et al. (2007) found. By contrast, we contend
that, at equal scale, mean von Mises stress diminishes in
sabertooths because of the mandible-enlarged anterior
area (the buttressing), which increases the denominator
in mean von Mises integration. This enlargement is
clearly visible in Fig. 5¢ and in Fig. 6 showing the
covariation between the two modules. When von Mises
stress is re-scaled using the original CSs, even this
variable agrees the general suggestion of McHenry et al.
(2007) that sabertoohed mandibles had to withstand
higher stress loads (Fig. 7d).

3D models are reliable in terms of validative power
of results and of inner morphology and material
properties. However, it is impossible to apply this
methodology to the data set we presented here.

A final argument regarding mandible abduction
should be addressed. Christiansen (2011), studying 14
species of extinct and extant felids, pointed out that
sabertooths could open their mouth at particularly large
angles. This implies a rearrangement of both muscle
insertions on the mandible and of the global shape of
the cranium itself. During the bite a sabertooth had to
fill the difference in gape angle with a conical-toothed
species by progressively closing its jaws. As the bite
started, the orthogonal component of bite force was
smaller in sabertooths due to the large gape angle.
However, the angle between the temporomandibular
joint and the theoretical force output is always larger in
derived sabercats than in extant felids at any gape angle
over occlusion. This is due to the covarying geometric
arrangement of mandible and skull (Christiansen
2011, figure 2). In fact, it was very likely that jaw
abduction starting from extreme gape angles was
achieved by head depression rather than by the force
of jaw adductors. We integrated these results with
those related to the higher morphological integration
in derived sabertoothed species in comparison with
nonsabertoothed forms. This, rather than an adaptation
to higher bite force, could be interpreted as a response
to the stress affecting the mandible (as explained above)

caused by a higher surface traction along the mandible
posterior margin. In fact, under static conditions, the
surface traction increases because of the reduction in the
height of the coronoid process. This is counteracted by
the posterior shifting of the mandibular condyle that
increases the inlever moment arm for the temporalis
muscle, as pointed out by Bryant and Russell (1995) and
Christiansen (2011).

Possible refinement of our study could come from
dynamic simulations and from expanding our data set
to complete skulls, in order to study the covariation
between mandible and skull. However, for many species
of our data set the skull is not known. Moreover, as
stated in Online Appendix II (available from Dryad
data repository; doi:10.5061/dryad.kp8t3), significant
changes in the phylogeny (but presumably not small
changes deep in the topology) could change the results
of our PGLS analyses.

SUPPLEMENTARY MATERIAL
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