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Abstract

The introduction of European red foxes in Australia in the late mid-nineteenth century has resulted in the spread of this
invasive species across the continent. The morphological and functional divergence of this relatively recently introduced
population has not been explored to date, yet it may provide unique insights into adaptability of this widespread carnivore
to very different environments. Here we used three-dimensional geometric morphometric approaches and dissections to
explore differences in mandible form and function between two populations: one from France and the other from Western
Australia. Bite force was predicted for Australian foxes using partial least squares (PLS) regression models based on the
observed covariation between estimated bite force (from muscle dissections) and mandible form in French foxes. Muscle
contributions were estimated based on Euclidean distances between landmarks that provide insights into muscle lever arms.
Despite the greater sample size, Australian foxes show reduced variability in mandible shape compared with French foxes.
The mandibles of adult French foxes tend to be slightly smaller and they also strongly differ in shape from the Australian
foxes in functionally important areas of the mandible such as muscle insertion areas. This is accompanied by significant
differences in the predicted bite force, even relative to size, and muscle contribution: the bite of Australian foxes is weaker
and they show greater use of their temporalis muscle compared to French foxes. The reduced variability suggests a founder
effect or stabilizing selection on a specific morphology, which was supported by statistical tests. The corresponding anatomi-
cal traits suggest different functional demands likely due to differences in diet or competition. Future studies investigating
the drivers of variation in mandible shape in native and invasive populations, including data from the original source of the
Australian introductions, are needed to better understand the observed differences.
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Introduction

The red fox Vulpes vulpes is one of the most widespread
mammalian carnivore species on the planet (Schipper et al.
2008). Native across the entire Holarctic, the European red
fox was successfully introduced into southeast Australia in
the middle of the nineteenth century for recreational hunt-
ing (Rolls 1969; Cox 2004; Saunders et al. 2010; Abbott
2011). Some of the first foxes introduced were sourced
from France and sold in the London markets (Abbott 2011).
Foxes arrived on the opposite side of the continent (Western
Australia) by 1906. With the exception of tropical areas
in the north and some off-shore islands, foxes have spread
across the continent and are today invasive and abundant
(Forsyth 2004; Statham et al. 2014; Hradsky et al. 2017),
with more than 7.2 million foxes estimated across the con-
tinent in 2012 (Lewis-Stempel 2020). This widely distrib-
uted and highly adaptable species thus provides a unique
opportunity to investigate divergence between native and
invasive populations.

Previous studies have documented founder effects and
genetic drift in Australian red foxes although limited loss
of alleles by genetic drift appears to have occurred (Lade
et al. 1996). Surprisingly, the morphology of red foxes
has never been compared between native European and
invasive Australian populations. Given that the population
of the Australian red foxes was established by a very small
number of European red foxes, their morphology likely
had a disproportionate impact on the variation observed in
the invasive population (Allendorf and Lundquist 2003),
which may result in a relatively lower disparity in mor-
phology relative to native populations of red foxes.

Geographical variation (between continents or regions)
in the morphology of red foxes has been previously reported
(Churcher 1959; Huson and Page 1980; Szuma 2008; Sacks
et al. 2010; Joji€ et al. 2017; Stepkovitch et al. 2019). For
example, Szuma (2008) demonstrated on a vast sample of
3806 red foxes skulls that tooth size varies depending on
geo-climatic factors, following Bergmann’s rule. Churcher
(1959) found differences in dental and cranial measurements
between North American and Eurasian red foxes. Huson
and Page (1980) identified variation in skull measurements
between six counties in Wales, probably in response to
adaptations to local environmental conditions (the authors
do not entirely explore these, yet they suppose differences
between some locations may be related to differences in
altitude, which correlates with differences in rainfall that
may affect the diet of the foxes). Joji¢ et al. (2017) used
geometric morphometric techniques and found that cranial
shape of Serbian red foxes varies geographically. These dif-
ferences have been suggested to be the result of local adap-
tation (Sacks et al. 2010; Edwards et al. 2012), genetic drift,
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or plastic morphological changes in response to different
environmental conditions (West-Eberhard 1989).

The mandible and the masticatory muscles are particularly
of interest to explore the morphological divergence between
native and invasive populations, as they directly impact bite
force (Brassard et al. 2021), which is a major indicator of diet
in vertebrates (e.g., Christiansen and Wroe 2007; Nogueira
et al. 2009), including carnivores (Christiansen and Wroe
2007). Accordingly, differences in mandible shape or mus-
cle volume and/or muscle physiological cross-sectional area
(PCSA, a proxy for generated bite force) between native and
invasive populations are likely to reflect functional adap-
tations. As the diet of invasive populations of red foxes in
Western Australia (Forbes-Harper et al. 2017) and native
populations in Europe (Cavallini and Volpi 1995, 1996) has
been documented, this provides baseline data allowing us
to interpret potential differences in mandible shape or mus-
cle architecture, in particular in adult foxes (i.e., foxes over
10 months old, as they become sexually mature and growth
is expected to be complete; Saunders et al. 1995; Roulichova
and Andera 2007).

To date, most bite force estimations in red foxes have
been based on the dry-skull method, where the muscle cross-
sectional area is approximated from cranial measurements
(Forbes-Harper et al. 2017; Magalhaes et al. 2020). This
two-dimensional method does not include the complex three-
dimensional (3D) geometry of the skull, nor muscle archi-
tecture per se, in the bite force estimates. Previous studies
have suggested that the PCSA of the temporalis muscle tends
to be overestimated, whereas that of the masseter and ptery-
goid muscles tend to be underestimated (Davis et al. 2010).
Lever models that take into account the 3D structure of the
skull, and PCSA calculated from dissected muscles therefore
provided the best predictions of bite force (Davis et al. 2010).
The relationships between mandible shape and bite force
estimates based on individual muscle data obtained through
dissection have been explored in a population of French red
foxes (Brassard et al. 2021). The results suggest that bite
force predictions are possible using regression models using
mandible shape (as 6-7% of variation in mandible shape is
explained by variation in estimated bite force, and the strong
covariations observed highlighted the particular importance
of the mandibular ramus; Brassard et al. 2021). As muscle
data are used to build the decision rules of the bite force
model, such predictions may provide more accurate estima-
tions than the dry-skull method.

Differences in diet between native and invasive popula-
tions may influence the selective pressures acting on the
skull through the functional demands placed on bite force.
The strong dietary flexibility of European red foxes likely
favoured the exploitation of native prey following their intro-
duction to Australia (Fleming et al. 2021). Moreover, the
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diet of Australian foxes includes a large proportion of large
prey items, either live or as carrion. A review of 85 studies
of the diet of the red fox across its distribution within Aus-
tralia indicated that consumption of large mammal carrion is
common, with 13.8+22.4% of individuals yielding livestock
remains (range 0-92.6%) and 9.5 + 13.3% yielding remains
of macropodids (range 0-69.1%; Fleming et al. 2021). Some
studies carried out in agricultural landscapes report much
higher values. For example, livestock comprised 47-65% of
stomach content volume across livestock production areas in
Western Australia (Forbes-Harper et al. 2017). Large mam-
mal carrion has also been reported for European studies,
with Diaz-Ruiz et al. (2013) reporting carrion present in
15.3+14.2% of the samples across 55 studies of the diet
of red foxes from the Iberian Peninsula. Soe et al. (2017)
reviewed 66 studies from across 17 European countries (but
none from France) and found carrion in 19.2 + 13.0% of the
samples on average. By contrast, domestic mammals (prin-
cipally sheep and lagomorphs) made up 29% of stomach
volume for foxes from western Italy (Cavallini and Volpi
1996). However, large carrion was not reported in the only
study of French foxes we found in the literature. Based on a
two-year study of fox scats from a park, an agricultural area,
and a managed forest in suburban areas in the south of Paris,
Castafieda et al. (2020) showed that French foxes instead
feed on large to medium-sized birds, hares, small prey (e.g.,
murid rodents), earthwormes, or fruits, with no traces of large
mammals in the scat.

Here we used muscle dissections and 3D geometric
morphometrics to explore fine-scale morphological and
functional differences in the lower jaw of a population of
European red foxes from France and invasive red foxes from
Western Australia. First, we compared mandible shape and
size between the two groups and tested for possible signa-
tures of selection. Next, we compared jaw function. To do
so, we developed two predictive models based on the quanti-
tative relationship between muscle data and mandible shape
in French foxes (Brassard et al. 2021) to predict the maximal
bite force likely to be produced by the Australian foxes. We
compared our predictions with previous estimations based
on the dry-skull method (Forbes-Harper et al. 2017) as well
as estimates based on dissection of the jaw muscles in a
sample of Australian foxes. We estimated the relative contri-
bution of each muscle group to bite force based on measure-
ments extracted from landmarks on the mandible that cor-
respond to muscle lever arms. We predicted mandible shape
and/or size to be more variable in French (native) foxes com-
pared to Australian (invasive) foxes given the small number
of founder animals introduced. We also predicted differences
in shape and bite force given the frequent inclusion of large
carrion in the diet of invasive foxes (Cavallini and Volpi
1996 versus Forbes-Harper et al. 2017) contrary to that of
French foxes (Castafieda et al. 2020). Finally, we predicted a

more important role for the temporalis muscle in generating
bite force for the Australian foxes as this muscle is biome-
chanically optimised for producing maximum force when the
jaws are opened widely (Brassard et al. 2021), likely needed
when eating carrion (as carrion remains are large, tough, and
consequently chewy).

Material and Methods
Sample and Information

The dataset was composed of the mandibles of 64 French red
foxes (with age based on the eruption of the teeth, cranial
suture closure, and the porosity of the mandible; Brassard
et al. 2021) and 433 red foxes from Western Australia (with
age determined through cranial suture closure and counts
of canine tooth incremental cementum lines; Forbes-Harper
et al. 2017). Most of the foxes were from the southwest
Western Australia (Forbes-Harper et al. 2017), with only a
few from the Pilbara region in northern Western Australia.
As growth is an important factor that may drive variation in
mandible size and shape (Brassard et al. 2021) and that is
normally complete after one year in red foxes (Roulichova
and Andera 2007), we analysed data separately for all foxes
(“All”) or for “Adults only”. Adults represent foxes with a
closed basisphenoid-basioccipital suture (Forbes-Harper
et al. 2017; Brassard et al. 2021). Accordingly, only 40% of
the Australian foxes but 80% of French foxes were classified
as adults (Table 1). The others are juveniles or young foxes
of less than one year old. Sex is also a factor that may drive
variation in mandible shape and size (Forbes-Harper et al.
2017; Brassard et al. 2021). Although sex was not known for
a few individuals, the sex ratios were overall homogenous
between the samples as confirmed by chi-squared tests per-
formed on the foxes with known sex (Table 1). Detailed
information about the samples are reported in Online
Resource 1.

Photogrammetry and Geometric Morphometrics

We used photogrammetry to build 3D models of all mandi-
bles. For each mandible, 50 photographs were taken for both
the dorsal and ventral side at different angles. The two sides
were merged to build a complete model using ‘Agisoft Pho-
toScan’ software (© 2014 Agisoft LLC, 27 Gzhatskaya st.,
St. Petersburg, Russia). The models were cleaned with Geo-
magic v. 11 (Geomagic, Research Triangle Park, NC, USA)
and simplified using Meshlab version 2016.12 (Cignoni et al.
2008).

We used geometric morphometrics to explore the pat-
terns of variation in mandibular shape and size. To do
so, 25 homologous anatomical landmarks, 190 sliding
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Table1 Sample sizes of mandibles considered in the analyses of
variation between French and Australian red foxes (Vulpes vulpes).
X2 test tests for homogeneity of the sample. BF: estimated bite force

from muscle dissections. F: female; M: male; NA: sex not attributed;
p: p-value of the X2 test. See Online Resource 1 for further informa-
tion

Group Sample size  French foxes Australian foxes
Mandible Muscle mass  Muscle PCSA  BF Mandible form  Muscle data and BF
form
All’ N 64 60 58 56 433 14
by sex 23F,37TM 23F, 36 M 23F, 34 M 22F, 33 M 200 F, 232 M 6F,8M
(4 NA) (INA) (INA) (INA) (1 NA)
thest p=0.07 p=0.09 p=0.15 p=0.14 p=0.12 p=0.6
x>=33 x>=2.9 x>=2.1 x>=22 x>=24 x>=0.29
‘Adults N 52 50 49 47 175 14
only’ by sex 19F,30M  19F,29 M 19F, 28 M 18F, 28 M (INA)  76F, 99 M 6F, 8 M
(3NA) (INA) (INA)
X2 test p=0.12 p=0.15 p=0.19 p=0.14 p=0.082 p=0.6
x*=25 x*=2.1 x*=17 x*=22 x*=3.0 x>=0.29

semi-landmarks on curves, and 185 sliding semi-landmarks
on the surface were placed on the mandibles of each speci-
men using the ‘Landmark’ software, version 3.0.0.6 (© IDAV
2002-2005, Wiley et al. 2005, Fig. 1, Online Resource 2).
All subsequent statistical analyses were run in R version
3.6.0 (2019-04-26) and R studio version 1.2.1335. Land-
marks were transformed into homologous landmarks using
an iterative sliding semi-landmark procedure implemented
in the ‘Morpho’ package (version 2.7) implemented in R

10 °

Curve
Surface
Q Landmark

Fig.1 Landmarks used in this study illustrated on the lateral and
medial views of the mandible of a French red fox (Vulpes Vulpes).
Definitions of the landmarks are provided in Online Resource 2. The
landmarks and distances that are used for bite force prediction in
Model 2 are illustrated in red. They correspond to the in-lever of the
m. temporalis pars superficialis (a), the m. masseter pars superficialis
(b), the m. masseter pars profunda (c), the m. temporalis pars supra-
zygomatica (d), the m. temporalis pars profunda (e) and the out-lever
arm of the bite force vector at the canine (f)

@ Springer

(Bookstein 1991; Gunz et al. 2005; Schlager 2013). Gen-
eralized Procrustes analyses (GPAs; Rohlf and Slice 1990)
and principal component analyses (PCAs) were performed
using the function ‘procSym’ (Klingenberg et al. 2002; Gunz
et al. 2005; Dryden and Mardia 2016). The deformation of
the mandible of a French fox to the consensus of the GPA
was used as a reference for all visualizations. In order to
explore variation in the part of shape that does not depend
on size, allometry-free shape coordinates were obtained
from the functions ‘CAC’ (Mitteroecker et al. 2004) and
‘plotTangentSpace’.

Study of Function

Dissection of Jaw Adductors In the present study, we dis-
sected the jaw muscles in 14 adult red foxes from Pilbara in
northern Australia (Table 1) following the method described
in Brassard et al. (2020). We isolated 10 muscle bundles: m.
digastricus, m. masseter pars superficialis and profunda, m.
zygomaticomandibularis anterior and posterior, m. tempo-
ralis pars suprazygomatica, superficialis and profunda, and
m. pterygoideus pars medialis and lateralis. For each bundle,
we measured the mass (using a digital scale: Mettler Toledo
AE100), the pennation angle, and the fibre length (directly
on the muscle considering the mean of five measurements
taken on different parts of the muscle). We used these data
to calculate the reduced PCSA (Haxton 1944; Martin et al.
2020) as follows, using a density of 1.06 g cm™ (Mendez
and Keys 1960), a reliable estimate for use in the reduced
physiological cross-sectional area (RPCSA) in the red fox

. __ mass(g)xcos(angle of pennation(rad))
(Penrose et al. 2020): RPCSA = 1.06(g.cn )y sfber lengihtem) "

For 56 of the French foxes, muscle data were obtained from
Brassard et al. (2021). To increase statistical power, we cal-
culated mean fibre length, pennation angle, and the sum of
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muscle masses and PCSAs for each muscular group (mas-
seter, temporalis, and pterygoids).

Biomechanical Model to Estimate Bite Force in Australian
Foxes For the French foxes, estimated bite forces, extracted
from Brassard et al. (2021), were obtained by means of a
biomechanical model using individual PCSAs of all mus-
cles as well as the precise coordinates of attachment of all
adductor bundles on the cranium and mandible obtained
during dissection. For the 14 northern Australian red foxes,
we used a simplified model (Fig. 2), as we could not use a
microscribe during the dissection and because the skulls had
some damage. Considering the low number of specimens,
we grouped the main adductors (masseter, temporalis, and
pterygoid) without distinguishing all the bundles. Muscle
force magnitudes were obtained by multiplying the reduced
PCSA by a conservative muscle stress estimate of 30 N cm~2
(Herzog 1994). We used photographs of dorsal and lateral
views of the skulls, on which we drew the axes as follows:
the X-axis running parallel to the sagittal axis of the cranium
and passing by the right temporomandibular joint (the centre
of the system); the Y-axis directed towards the top of the cra-
nium and perpendicular to X; and the Z-axis running from
the midline outwards, perpendicular to the other two axes
(Fig. 2). In this frame of reference, we recorded the coordi-
nates of the centroid of the origin and insertion areas of the
main adductors without distinguishing the bundles based
on observations from our dissections. We also recorded the
point of application of the bite force at the canine tooth BPc
for a gape opening of 20°. These coordinates were used to

Fig.2 Simplified biomechani-
cal model used in this study

to predict bite force using the
individual architecture of the
jaw muscle groups in 14 dis-
sected Australian foxes (Vulpes
vulpes). For each muscle com-
plex, the attachment area on the
skull is represented in red and
that on the mandible is in blue.
The landmarks corresponding to
muscle attachments for the calcu-
lation of muscle moments are
represented by open symbols
when on the medial side. Abbre-
viations: BF: bite force; FRF:
food reaction force; Fiopporaiiss
Fmasseter’ and F plerygoid: forces
calculated from attachment
coordinates and PCSA of the jaw
adductors; ila: in-lever arm; ola:
out-lever arm; BPc: bite point at
the canine

2

Ftemporalis
~ A

L

@ origin

@ insertion
_~"@ on the lateral side
_~ @ on the medial side

'/’;XM’\\
=am

calculate the moment arms (the shortest distance between
the centre of the system and the line of action of the force)
for each muscle group and for the resulting force at the
bite point (for an orientation of the force of -90°), and then
finally the magnitude of the moment of each muscle/bite
point, which corresponds to the numeric product of force
magnitude and moment arm. Considering that at static force
equilibrium, the sum of the moments of the external forces
(force in the joint, force at the bite point, and force exerted
by each muscle group) is zero, we could gleduce the resulting
bite force as follows: BF,,, sizes = 2 X w, where
BF represents the norm of the estimated bite force, ila is the
length of the effective in-lever arm for each adductor muscle
group and ola is the length of the effective out-lever arm at
the bite point.

A preliminary correlation test (‘cor.test’) performed on the
bite forces estimated using this simplified biomechanical
model and those estimated using the original and more com-
plex biomechanical model (data extracted from Brassard
et al. 2021) for the 56 dissected French red foxes revealed
that estimations are similar (»=0.89). This simplified
method thus provides a good approximation of the maximal
bite force in the 14 Australian red foxes in comparison with
the full model (Brassard et al. 2021) validated by in vivo
bite force data.

Predictive Models of Bite Force Based on Mandible Form

Using PLS Regressions Forbes-Harper et al. (2017) previ-
ously estimated bite forces at the canine using the dry skull

JL

[ - !
A h&,j/ﬁ —
- )k Gape angle 20°:

ola™.

FRF
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method, which estimates muscle PCSA from dimensions
taken on the skull and not architecture of the muscles per
se. Here, we develop two predictive models to estimate the
log,,-transformed bite force at the canine for an intermedi-
ate gape angle of 20° (more realistic than an angle of 0°)
and an orientation of the force perpendicular to the man-
dible. To establish the decision rules of the models, we
used bite force data previously estimated using individual
muscle architecture quantified from the dissection of 56
French red foxes and that had been validated with in vivo
bite force measurements (Brassard et al. 2021). For these
French foxes, estimated bite forces showed a strong cor-
relation with mandibular shape and size (Brassard et al.
2021). For both models, we used the function ‘plsR’ from
the package ‘plsRglm’ (Meyer et al. 2010), with leave-one-
out cross validations. Model 1 used the Procrustes coordi-
nates and the log,,-transformed centroid size. A difficulty
with this method is that the decision rules of the model need
to be re-established each time new individuals are added
to the sample (because all individuals, even the ones used
for the prediction, need to be superimposed with the same
GPA). Model 2 used only a few landmarks that correspond
roughly to the point of insertion of the adductor muscles on
the lower jaw, the centre of rotation of the mandible (con-
dyle), and the point of application of the bite force (on the
canine; Figs. 1 and 3). The lengths of the in-levers (Euclid-
ean distances between the point of insertion of the muscle
and centre of rotation) and out-levers (Euclidean distances
between the canine and centre of rotation) were calculated
based on the coordinates of these points (Fig. 3). The advan-
tage of this second method is that it does not require a GPA.
Previous studies revealed strong correlations and covaria-
tions between mandible shape and bite force in French foxes

Fig.3 Landmarks used to cal-
culate the mechanical potential
of the temporalis, masseter, and
pterygoid muscles of red foxes
(Vulpes vulpes) from Western
Australia and France. Abbre-
viations: BF: bite force at the
canine (landmark 3); Ftempora-
lis: force exerted by the tempo-
ralis muscle, Fmasseter: Force
exerted by the masseter muscle,
Fpterygoid: force exerted by the
pterygoid muscle; ila: moment
arm of the force exerted by the
corresponding muscle (from
landmark 12), ola: out-lever
arm of the force exerted by the
bite force at the canine tooth
(between landmarks 3 and 12),
mp: midpoints mentioned in
the text

Ftemporahio
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(Brassard et al. 2021). In order to quantify the exact amount
of covariation used to build the decision rules of the two
predictive models in our sample of French red foxes, we
performed a two-block partial-least-square analyses using
the function ‘pls2B’ (Rohlf and Corti 2000). The 2B-PLS
calculated singular values and created a new PLS axis by
looking for linear combinations in each block (block 1:
mandibular form as predictor variables, block 2: vector of
the log,-transformed estimated bite forces, as dependant
variable) that maximise the covariance between blocks. A
PLS coefficient (r-p; g) was generated reflecting the degree
of covariation, accompanied by a p-value providing signifi-
cance of the covariation (calculated by comparing the sin-
gular value to those obtained from 1,000 permuted blocks).

The accuracy of each model was assessed by comparing
the model outputs (predicted bite force) with the inputs
(estimated bite force from dissections) for the 56 French
(Brassard et al. 2021; this study) and 14 Australian foxes
(this study) that we dissected. To do so, we performed
correlation tests (with the function ‘cor.test’), as well as
two-sided t-tests to compare the means (function ‘t.test’).
We also compared the two model outputs with estimates
obtained previously from the dry-skull method, when avail-
able (n=325 Australian red foxes; Forbes-Harper et al.
2017).

Estimation of Muscle Contribution to the Bite Force Calculation
of the mechanical potential estimates the relative contribution
of the different muscles to the bite force and thus brings com-
plementary information to the predicted absolute bite force.
The mechanical potential of each muscle corresponds to the
ratio of the moment arm of the force exerted by the muscle
over the lever arm of the resulting bite force at a given bite
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point (out-lever). Our method is based on that of Carraway
et al. (1996), who calculated the mechanical potential of a
muscle as the ratio of the in-lever (distance between the point
of application of the muscle force and the centre of rotation of
the system) and the out-lever arm (distance between the point
of application of the bite force and the centre of rotation of
the system). Here, we used a modified version of this method
to take into account the muscle moment arms (that is to say
the shortest or perpendicular distance between the centre of
rotation of the system and the force vector) in the calculations
(Cornette et al. 2012; Kouvari et al. 2021). We calculated the
mechanical potential of the temporalis, of the masseter, and of
the pterygoid muscles. For this purpose, we approximated the
direction of the force exerted by each muscle from a few key
landmarks whose raw coordinates (without Procrustes super-
imposition because we do not want to scale the bones, as size
matters) were extracted prior to the GPA (Fig. 3). To represent
the force exerted by the temporalis muscle we created a vector
that takes its origin at the mid-point between landmark 9 and
the middle between landmarks 10 and 11 (mp2), and the direc-
tion of which is given by the midpoint between landmarks10
and 11 (mpl). The perpendicular between this vector and the
centre of rotation (landmark 12, ila) corresponds to the moment
arm of the temporalis muscle. This assumes no variation in the
origin of the muscle on the cranium. The moment arm thus
depends on the inclination of the coronoid process relative to
the axis of the mandible. The same way, the moment arm of the
masseter muscle was calculated by creating a vector that takes
its origin at the landmark 25 and whose direction is given by
the midpoint between mp1 and mp2 (mp3). The moment arm
of the pterygoid muscle was calculated by creating a vector
that takes its origin at the landmark 25 and whose direction is
given by the midpoint between landmark 9 and mp2 (mp4).
The moment arms of the masseter and pterygoid muscles thus
depend on the shape of both the angular and coronoid pro-
cesses. We considered that the out-lever arm was the distance
between the centre of rotation of the system (landmark 12) and
the caudal border of the alveolus of the canine tooth (landmark
3, ola). It is therefore assumed that the bite force is oriented
perpendicular to this line. The mechanical potential of each
muscle at the canine was calculated as the ratio of the in-lever
moment arm (ila) to the out-lever moment arm (ola), and the
contribution of each muscle to the bite force was estimated as
the ratio of the mechanical potential of each muscle to the sum
of the mechanical potential of the three muscles (in percent).
For analyses we used the log,,-transformed value of muscle
contributions.

Statistical Analyses
The centroid size, muscle mass, muscle PCSAs, and esti-

mated or predicted bite forces were log,,-transformed
before analyses to normalize data. Residual muscle mass,

muscle PCSA, or estimated or predicted bite forces were
obtained from the regression of the log,,-transformed mus-
cle mass, muscle PCSA or bite forces (respectively) on the
log,,-transformed centroid size of the mandible, using the
function ‘Im’.

To test whether Australian and French foxes differ in mean
mandible size, we performed a Welch two sample t-test in
case variances were unequal between groups. The variability
in size between groups was compared with the function ‘var.
test’. To test whether Australian and French foxes differ in
mean mandible shape, we performed a Procrustes analysis
of variance (Procrustes ANOVA) using the function ‘procD.
Im’ from the geomorph package (Hand and Taylor 1987;
Krzanowski 1988). We further compared the mean shapes
with a canonical variate analysis using the function ‘CVA’
(Campbell and Atchley 1981; Klingenberg and Monteiro
2005). A classification rate was obtained after a leave-one-
out procedure. Shapes at the minimum and maximum of the
CV axis were obtained, as well as the vectors of deformation
between them (using the function ‘deformGrid3d’). To com-
pare the variability in shape, disparity tests were conducted
using the function ‘morphol.disparity’ from the geomorph
package (Foote 1993; Zelditch et al. 2012), so as to take into
account the difference in sample size between groups. Mor-
phological disparity was estimated as the Procrustes variance
in each group, using residuals of a linear model fit (the sum
of the diagonal elements of the group covariance matrix is
divided by the number of observations in the group). Pair-
wise comparisons between groups and associated p-values
were obtained after 1,000 permutations that randomized the
vectors of residuals among groups. We performed analyses
on the total sample (thus including the youngest foxes) and
on the group with adult foxes only, the latter minimizing vari-
ation due to growth allometry. We performed analyses on the
raw shape as well as on the allometry-free shape.

To test whether genetic drift is responsible for the dif-
ferences in mandible shape between French and Austral-
ian foxes, we used the method proposed by Le Maitre and
Mitteroecker (2019) implemented in the vevComp package
(see details in the Online Resource 3). To do so, we first
compared the covariance matrices of the two populations.
The scores of the first five principal components performed
on the GPA coordinates of all adult foxes were used to com-
pute the covariance matrix for each population. We then
performed a ML test of proportionality between these two
covariance matrices and computed the ratio of generalized
variances of European with respect to Australian populations
using function relGV.multi. Upon rejection of the hypothesis
of proportionality, a relative principal component analysis
(relative PCA) was performed to compare the two covari-
ance matrices based on their relative eigenvalues and eigen-
vectors. We tested whether the first and last relative eigen-
values differed, supporting a separate interpretation of the
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corresponding relative eigenvectors. Finally, we explored
the shape patterns corresponding to the first and last relative
eigenvectors to explore what discriminant traits are under
divergent or stabilizing selection. In a second step, we per-
formed similar analyses to compare the between- (B) and
within- (W) population covariance matrices.

To explore the differences in the muscle architecture
between Australian and French foxes, we performed prin-
cipal component analyses (function ‘PCA’ from the pack-
age ‘FactoMineR’), as well as two-sided t-tests (function
‘t.test’), on the (log,y-transformed) proportions of the mass
or PCSA of each muscle bundle to the total mass or PCSA
of the adductor muscles.

We compared the variation in bite force or residual bite
force and the relative contribution of each muscle group to
bite force in adults between the French and the Australian
populations with t-tests (function ‘t.test’).

Results

Validation of the Two Predictive Models of Bite
Force and Comparison With the Dry Skull Method

As previously demonstrated (Brassard et al. 2021), strong
covariations between mandible form and bite force exist,
whether we take into account the complete 3D shape (Model
1: r-p g=0.81, p<0.001) or the linear measurements (Model
2: r-pg=0.72, p<0.001; Fig. 4). Additionally, we observed
that the variability in the part of the mandible that covaries
with bite force in French foxes encompassed the variability
of the sample of 14 Australian foxes (for which we want to
predict bite forces; Fig. 4). The two predictive models based
on PLS regressions were thus applicable to the data for the
Australian foxes.

Predicted bite force (predBF) and estimated bite force
(BF) showed good correspondence for both models used
to establish the decision rules for the 56 French red foxes
(Table 2). There was a stronger correlation for data derived
with Model 1, which used more accurate shape information
(Table 2, Fig. 4). However, there was no difference in the
bite force estimations derived from dissections (Model 1)
and predictions based on PLS regressions (Model 2, t-test:
p>0.7; Fig. 5).

For the 14 Australian dissected red foxes, the correla-
tion between estimated bite force (BF) and predicted bite
force (predBF) was only significant for Model 1. The low
correlation coefficient is likely because of the small sam-
ple size and the slightly different method used to record the
coordinates of muscle area attachment on the cranium and
mandible (compared with the more complete biomechanical
model used to estimate bite force in the French foxes used to
build the decision rules; Brassard et al. 2021). The results
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are poor for Model 2, suggesting that the few Euclidean dis-
tances between landmarks were insufficient to capture rel-
evant variation required to accurately estimate bite force. A
comparison of the mean bite force between estimations from
dissections and predictions based on PLS regressions for the
14 dissected Australian foxes suggest that Model 2 tended to
overestimate the bite force (p=0.007) whereas there was no
significant difference for Model 1 (p=0.1; Fig. 5).

Bite forces predicted from the two PLS regression models
are correlated with estimates obtained previously using the
dry skull method (Table 2). Interestingly, the correlation is
better with Model 2, which uses simple Euclidean distances,
perhaps because it is more similar to the dry skull method
and also tends to overestimate bite force (by around 20 N;
see Fig. 5). The comparison of mean predicted bite forces
(t-test) reveals that the dry-skull method significantly over-
estimates bite force (p <0.001; Fig. 5).

Comparison of Mandible Form Between Native
and Invasive Foxes

The comparison of adult foxes reveals that French red foxes
tend to be slightly smaller than adult Australian foxes on
average (Table 3, Fig. 6), but there is no difference in the
size variance in foxes from the same region. Disparity tests
performed on the shapes or allometry-free shapes of adults
suggest that native and invasive foxes show a similar degree
of variation, which is also observable on the two first axes of
the PCA (Fig. 6). The difference becomes significant when
juvenile or young foxes of under 1 year of age are included
(the French foxes show greater variability than Australian
foxes, yet they are less numerous; Table 3).

The comparison of mean shapes reveals strong differ-
ences between French and Australian foxes, both when
examining only adults and all individuals, irrespective of
whether analyses are performed on shape or allometry-free
shape. This suggests that differences depend on more than
just gross size differences between the two groups. The
CVA easily distinguished the two populations (the cross-
validation lead to excellent success rates; Table 3). If only
adults are considered, French foxes have longer, slenderer,
and thinner mandibles, with a more triangular coronoid pro-
cess, a deeper masseteric fossa, and a bigger angular process
and condyle (Fig. 7) compared to Australian foxes. Most
of these differences are not due to allometry, as the same
observation can be made for allometry-free shapes (except
for the differences in the length of the mandible; Fig. 7). The
morphological differences are located in functionally impor-
tant areas (Brassard et al. 2021) and are likely accompanied
by functional differences.

The ML test further indicates that the covariance matri-
ces of Australian and French foxes are not proportional
(»<0.001; see Online Resource 3), suggesting stabilizing or
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Fig.4 Covariation between mandible form and estimated bite force
in French red foxes (Vulpes vulpes). PLS equation used to build the
two predictive models (in dots and black) with projection of the Aus-
tralian foxes (dark red and orange crosses). Model 1: predictions are
based on mandible shape and centroid size; Model 2: predictions are
based on Euclidean distances between landmarks. The coefficient of
covariation (r-PLS) with the corresponding p-values are reported.

divergent selection (Le Maitre and Mitteroecker 2019). The
generalized variance of French foxes was only 2% higher
than that of Australian foxes, but the relative PCA showed
that the various shape features deviate strongly in their vari-
ational properties across populations (Online Resource 3:
Fig. S1). The first relative PC was roughly 1.9 times more

PLS 1 scores - mandible shape and size

Australian foxes

- dissected Australian foxes
other Australian foxes

The regression lines corresponding to the predictive models are
shown. The grey bands around the line represent the standard error
of the regression line. The three labelled Australian foxes which stand
outside the variability of the predictive model correspond to foxes
with body masses and mandible forms compatible with the most
juvenile foxes (Online Resource 1)

variable in French foxes than in Australian foxes (first rela-
tive eigenvalue was 1.9), whereas the variance of the last
relative PC in French foxes was only half that of Australian
foxes (last relative eigenvalue was 0.58; Online Resource
3: Fig. S1a). The shape features captured by relative PC 1
(with maximal excess of variance in the French populations
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Table 2 Correspondence between red fox (Vulpes vulpes) bite forces
predicted from the two predictive models based on PLS regressions
(predBF) and bite force estimated from dissections (BF) or bite forces
predicted from the dry skull method (predBF,,,, from Forbes-Harper
et al. 2017). Model 1: predictions are based on mandible shape and

centroid size; Model 2: predictions are based on Euclidean distances
between landmarks. p: p-value of the correlation test between predBF
and BF or predBF; r: coefficient of correlation; Adjusted p:
adjusted p-value from the Tukey post-hoc test performed to test for
differences between the estimated BF and predBF

predBF - BF predBF — predBF
Sample French red foxes Australian red foxes
Sample size 56 dissected 14 dissected All 325 foxes
Results for p <0.001 0.046 <0.001
Model 1 r 0.84 0.54 0.70
adjusted p 0.9 / <0.001
predBF,,,, > predBF
Results for P <0.001 0.6 <0.001
Model 2 r 0.76 0.13 0.80
adjusted p 0.9 0.007 <0.001
mean predBF>mean BF predBF,,,,, > predBF

relative to Australian populations) were the shape of the
coronoid and angular processes and the height and thick-
ness of the anterior part of the mandibular body (Online
Resource 3: Fig. S1b). In other words, these are the shape
features maximally canalized in the invasive population. On
the contrary, mandible length and coronoid process height

Fig.5 Variation in the bite force
estimated from dissections and
bite forces predicted from the
two predictive models based

on PLS regressions (predBF),

were the shape features with maximal excess of variance in
the Australian populations relative to the French populations
(which means they were less canalized in the invasive popu-
lation; Online Resource 3: Fig. S1c). With respect to the
analyses performed on the within and between covariation
matrices, the ML test suggests once again strong deviation

56 adult French red foxes
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Table 3 Results of the analyses to test for differences in mandible centroid size and shape between French and Australian red foxes (Vulpes
vulpes). Abbreviations: Fr: France; Au: Australia; Var: Variance; p: p-value

Sample CENTROID SHAPE
size SIZE
Disparity test Mean shape
Procrustes variance Procrustes Analyses CVA
Fr Au Var Mean Fr Au P R? F )/
Shape
All 64 433 03 08 0.0039 0.0034 0.027 0.023 114 <0.001 97%
Adults only 52 175 02 0.024 0.0035 0.0033 0.3 0.038 89  <0.001 99%
Fr<Au
Allometry-free shape
All 64 433 0.0034 0.0030 0.012 0.025 129 <0.001 /
Adults only 52 175 0.0028 0.0026 0.2 0.028 64 <0.001 91%
from proportionality (p <0.05). The first relative PC (which Discussion

eigenvalue is 0.73) corresponds to the slenderness and cur-
vature of the mandibular body and the shape of the coronoid
and angular processes. The deformations described in this
paragraph are similar to those observed in the CVA (Fig. 7
and Online Resource 3: Fig. S1).

Comparison of Muscle Architecture (Mass, PCSA)
Between Native and Invasive Foxes

The analyses of muscle data obtained from the dissection of
the 14 adult foxes from Australia and the comparison with
data available in 50 adult foxes from France revealed that
Australian foxes have a relatively less voluminous temporalis
muscle that has a lower PCSA but more voluminous mas-
seter and pterygoid muscles with a greater PCSA (Fig. 8).

Comparison of Predicted Bite Force Between Native
and Invasive Foxes

Adult Australian red foxes have lower bite forces compared
to the French foxes, even relative to mandible centroid size
(Table 4). However, there is a strong overlap between the two
groups, and the variability in the data is important (Fig. 9).

Comparison of the Relative Contribution of Each
Muscle Group to Bite Force

When the contribution of each muscle to the bite force is
estimated for the adult red foxes, the temporal muscle con-
tributes more to the bite force in Australian foxes than in
French foxes (p=0.027, Fig. 9). In French foxes, the mas-
seter contributes more to the overall bite force compared to
Australian foxes (p=0.007, Fig. 9).

Predictors of Bite Force

In this study, we developed two predictive models of bite
force based on the relationship between mandible form and
bite force using data obtained from the dissection of French
red foxes. When applied to the Australian red foxes, the
bite force predictions obtained using both models showed
a strong correlation with bite force estimates obtained from
the dry-skull method. The dry-skull method has been shown
to be less accurate as it does not take into account muscle
architecture nor the 3D geometry of the skull (Davis et al.
2010) and tends to overestimate bite force by around 20 N
(Fig. 4). We obtained a closer correspondence for the model
based on Euclidean distances due to the similarity with the
dry-skull method, yet both overestimated bite force when
compared to estimates based on dissections. The model
which used all surface landmarks is more accurate, as it con-
siders the 3D shape of the mandible. This was confirmed by
the apparent good correspondence between the estimated
bite force (using a 3D lever model based on dissection data)
and PLS predictions using the complete mandible form
in the dissected foxes. However, the small sample size of
the dissected Australian foxes could bias this result since
they did not cover the full range of morphological varia-
tion spanned by Australian foxes (in terms of mandible size,
shape, and muscle architecture; Fig. 6). These methods do,
however, offer interesting perspectives for applications in
other contexts, including comparisons with the fossil record.
Unfortunately, in this study, we could not use all the different
methods to estimate bite force (dry-skull, PLS predictions,
dissection) for the entire sample. A future study comparing
model outputs is needed to investigate the accuracy and the
relevance of each method further.
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Fig.6 Visualisation of the variability in mandible size, shape and
allometry-free shape in adult red foxes (Vulpes vulpes) from Australia
(n=175) and France (n=>52), with lateral views of the shapes at the

Differences Between Australian and French Foxes

In this study, using 3D geometric morphometrics and jaw
muscle dissection, we demonstrated significant differences
in mandibular shape and size, muscle architecture, and jaw
function between Australian and French red foxes. First, our
results demonstrated a reduced disparity in invasive Austral-
ian foxes when the youngest foxes are taken into account
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minimum (blue) and maximum (orange) of the PC axes, superim-
posed to the shape of the consensus (white) with the vectors of defor-
mations

in the analyses, and strong differences in mean mandible
shape (and size, at least for adults). A strong differentiation
between native European and invasive Australian popula-
tions thus seems to have occurred. These results may be
due to founder effects, as relatively few individuals were
introduced (Allendorf and Lundquist 2003; Saunders et al.
2010). Consequently, it is possible that the morphology
of the individuals introduced (founders) was different, on
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Fig.7 Visualisation of the differences in shape or allometry-free
shape of the mandible between native and invasive red foxes (Vulpes
vulpes): histogram of CV-scores with lateral views of the theoreti-

average, from that of the source population, resulting in per-
sistent differences over time (corresponding to genetic drift).

However, the results of the covariance comparisons are
in favor of a strong divergent selection between populations.
Under neutral evolution (pure genetic drift), the variance
ratio of the between- (B) and the within- (W) population
covariance matrices can be estimated based on genetic data
(depending on the number of generations since divergence as
well as the effective population size; Lande 1979; Le Maitre
and Mitteroecker 2019) using the Fgp statistic (Holsinger
and Weir 2009; Le Maitre and Mitteroecker 2019) estimated
as B/W=FST/(1-FST) (Martin et al. 2008). Atterby et al.
(2014) report Fgr values for European foxes (from United
Kingdom and northern France) ranging from 0.004 to 0.181,
which translates to ratios of between- and within-population
variance of 0.004 — 0.22. In our analyses, the first relative
eigenvalue (0.73) clearly exceeded this threshold, thus sug-
gesting strong divergent selection. However, the results are
to be taken with caution given the small number of popu-
lations included in our study. The shape of the coronoid
and angular processes and the height and thickness of the
anterior part of the mandibular body (Online Resource 3:
Fig. S1b) were the shape features maximally canalized in
the invasive population, contrary to mandible length and the
height of the coronoid process.

These traits, contributing to the differences in mean man-
dible shape and bite force (and thus to feeding and defensive
abilities) between the two populations, could thus be the

Analyses performed on allometry-free shapes

Histogram of CVscores

80 100

Frequency
60
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0 20
Kr

T T T T
-10 -5 0 5
CVscores

52 French adult foxes

cal shapes corresponding to the minimum and maximum of the CV-
scores, either represented separately (differences from the consensus
were magnified by three) or superimposed upon each other

result of stabilizing selection on a specific morphology that
provides some functional advantage within the invasive pop-
ulation. Australian red foxes may have had strong selection
pressures placed on them as they spread across the conti-
nent, especially crossing deserts. Foxes with a more efficient
metabolism may have been favored, allowing better water
conservation; for example, this could manifest as an optimal
body surface area to volume ratio. However, our results are
not compatible with Bergmann’s rule, as centroid size of the
mandible (which is positively correlated with body mass;
r=0.62, p<0.001, N=161 Australian foxes, using data
from Forbes-Harper et al. 2017) was found to be slightly
greater in Australian foxes compared to French foxes. This
may also be related to differences in diet between European
and invasive Australian populations. Indeed, the diet of
invasive foxes frequently includes a significant amount of
large carrion (Forbes-Harper et al. 2017), while that of Euro-
pean foxes is mostly made up of small mammals (Cavallini
and Volpi 1996), and that of French foxes is not known to
include large carrion (Castafieda et al. 2020). This is sup-
ported by the concentration of the anatomical differences in
functionally important areas, as well as by the significant
differences in mean predicted bite forces and the contribu-
tion of the muscles to the bite force. Invasive Australian
foxes tend to have bigger and more ‘dog-like’ mandibles,
with a more robust mandibular body and a more rectangular
coronoid process (even once allometries are removed). They
further produce slightly lower bite forces, on average, even
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Fig.8 Comparison of muscle architecture based on mass (above) or
PCSA (below) in adult red foxes (Vulpes vulpes) from France and
Australia. Left side: visualisation on the first two axes of the PCA
with the variables factor map projected onto it. Right side: distribu-

when corrected for differences in size. This is compatible
with the large proportion of carrion, which dries quickly in
arid and hot climates, in the diet of the population included
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tion of values for each muscle group with the mean and standard
deviation (in red) and the result of the t-test performed to compare
Australian and French groups (P: p-value)

in our study (Forbes-Harper et al. 2017). Most interestingly,
the mechanical advantage of the temporalis muscle and its
contribution to bite force is greater in the Australian foxes
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Table 4 Results of the analyses to test for differences in the absolute or residual predicted bite force between French and Australian red foxes

(Vulpes vulpes). Fr: France; Au: Australia; Var: Variance; p: p-value

Sample Sample size Absolute estimated bite force Residual bite
force
Fr Au Mean Fr Mean Au Var -p Mean -p )
All 64 433 229+48 N 196 +41 N 0.06 <0.001 <0.001
Adults only 52 175 245+29 N 231+33N 0.1 0.0025 <0.001

than in French foxes. This is once again compatible with
the large proportion of carrion in the diet of the Australian
foxes: eating larger food items is associated with having jaws
more adapted to biting at high gapes (Brassard et al. 2021).
The relatively lesser importance of temporalis muscle PCSA
and volume in the dissected foxes further suggests that the
anatomical differences in the 3D shape of the skull are of
great importance to explain the greater mechanical advan-
tage of this muscle and thus its higher contribution in bite
force. However, as we dissected few Australian foxes (they
represent only a small part of the variability in the Australian
group; see Fig. 7), the smaller contribution of the temporalis
muscle to the total mass or PCSA of the jaw muscles needs

Bite force (N)

to be confirmed with a larger sample. In contrast, French
foxes have a more slender mandible with a deeper masse-
teric fossa, which is associated with a greater contribution
of the masseter to the bite force. These foxes may thus be
well suited to capture small mammals and insects and may
not need to bite at large gape. As the data available sug-
gest that French foxes hunt more live prey than Australian
foxes, it also makes sense that they may be more adapted to
produce greater bite forces relative to their size to capture
and kill prey.

It is also possible that the release from the selective pres-
sure of other predator species or the presence of naive prey
(marsupials, some other small and medium-sized native

Percent of total contribution to the bite force
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Fig.9 Comparison of bite force, residual bite force, and estimated
percentage of the total contribution of the different muscles to the
bite force in adult red foxes (Vulpes vulpes) from France and Aus-

tralia, with mean values and standard deviation (in red) and the result
of the t-test performed to compare Australian and French groups (P:
p-value)
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mammals or birds) may have not favored foxes with greater
bite forces. In particular, as marsupials had no evolutionary
history with a fox-like predator prior to their introduction,
they may not have developed adaptive antipredator behav-
iours (Dickman 1996; Sih et al. 2010). Low bite force may
thus be sufficient to catch these naive prey. Moreover, foxes
have more natural competitors in Europe (golden eagle,
badgers, domestic dogs, Eurasian lynx, and wolves) than
in Australia (dingoes and feral cats; Robley et al. 2004;
Sillero-Zubiri et al. 2004). Foxes are more abundant where
dingoes and feral cats are less numerous (Newsome and
Coman 1989; Catling and Burt 1995), reflecting competitive
interactions for food and direct predation (Dickman 1996).
Where present, dingoes seem to limit the access of foxes to
resources (Fleming et al. 2001). Foxes, in turn, may competi-
tively exclude feral cats from other food resources (Robley
et al. 2004). Numerous studies attest to the important overlap
in the diet of these three mesopredators (e.g. Catling 1988;
Doherty et al. 2015, 2019; Fleming et al. 2021). All feed
on rabbits, birds, reptiles, rodents, invertebrates, and plant
material, but foxes generally have a broader diet. They prefer
smaller items compared to the dingo (Cupples et al. 2011),
which prefer large native mammals, principally macropodids
(Doherty et al. 2019). Yet, foxes consume much more car-
rion than feral cats, who also prefer smaller prey (Doherty
et al. 2015; Fleming et al. 2020, 2021). The lower number
of competitors in Australia compared to France may have
caused a release in selection pressures surrounding bite
force, with low bite forces being sufficient to catch naive
prey and compete with relatively few other predators.

Comparison of other invasive and native populations
of red foxes are rare. The few that do exist focus on North
America, where invasive red foxes (voluntarily introduced
from Europe for sport hunting during the middle 1700s and
later) coexist with native red foxes, even though the for-
mer tend to replace the latter (Kamler and Ballard 2002).
In the United States, native and invasive foxes differ deeply
in color, ecology (native red fox habitats prefer locations at
high elevations whereas invasive red foxes have a broader
range of habitats and prefer low elevations), and morphol-
ogy (invasive red foxes are larger, on average; Kamler and
Ballard 2002), but no study has explored the differences
further, especially with regards to bite force or cranial and
mandibular shape.

Although divergence in mandible morphology between
French and Australian foxes could be related to founder effects
and genetic drift, the different geographical origin of the Aus-
tralian foxes (other than France) could be part of the explana-
tion. Unfortunately, it is very difficult to obtain accurate records
on the subject (Abbott 2011). Our results are also consistent
with divergent selection acting upon different parts of the man-
dible, allowing the consumption of different food items. Future
studies investigating more specifically the relations between the
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proportions of different food items in the diet, bite force (see
Forbes-Harper et al. 2017), and mandible shape in the invasive
population or exploring variation in fossils may be particularly
useful for better understanding whether the observed differ-
ences are indeed adaptive. However, differences due to different
selective pressures related to climate (including temperature,
precipitation, elevation, and topography), competition with
other carnivores (Fischer and Still 2007; Spalding et al. 2007,
Funk et al. 2016), sexual dimorphism, or the effects of pheno-
typic plasticity (Gort4zar et al. 2000; Parsons et al. 2020) may
potentially also drive variation in mandibular shape, reflecting
differences in ecology. This remains to be investigated.
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