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Australopiths, a group of hominins from the Plio-Pleistocene of Africa, are
characterized by derived traits in their crania hypothesized to strengthen the
facial skeleton against feeding loads and increase the efficiency of bite force pro-
duction. The crania of robust australopiths are further thought to be stronger
and more efficient than those of gracile australopiths. Results of prior mechan-
ical analyses have been broadly consistent with this hypothesis, but here we
show that the predictions of the hypothesis with respect to mechanical strength
are not met: some gracile australopith crania are as strong as that of a robust
australopith, and the strength of gracile australopith crania overlaps substan-
tially with that of chimpanzee crania. We hypothesize that the evolution
of cranial traits that increased the efficiency of bite force production in
australopiths may have simultaneously weakened the face, leading to the com-
pensatory evolution of additional traits that reinforced the facial skeleton. The
evolution of facial form in early hominins can therefore be thought of as an
interplay between the need to increase the efficiency of bite force production
and the need to maintain the structural integrity of the face.

1. Introduction

Within early hominins, there is a clear trend towards increasingly heavily built
crania that may be proportionally large or exhibit traits that may ‘buttress’ or

© 2022 The Author(s) Published by the Royal Society. All rights reserved.
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otherwise structurally reinforce the facial skeleton against the
forces associated with feeding (e.g. [1,2]). Such traits in homi-
nins include bony pillars framing the nasal cavity entrance,
laterally inflated and anteriorly positioned zygomatic bones,
and tall, wide, orthognathic faces. The conventional hypoth-
esis explaining why these features evolved is that a heavily
built cranium is an adaptation for consuming foods that are
mechanically challenging to eat. This hypothesis rests on the
biomechanical premise that such crania are structurally
strong (well suited to withstand high and/or repetitive
forces associated with consuming such foods) and able to effi-
ciently generate high bite forces [1,3]. A high bite force might
facilitate the fracturing of foods by inducing high stresses
within them, or allow large teeth with expanded occlusal
areas to process large amounts of food without a loss in occlu-
sal pressure [4] (= bite force divided by occlusal area). Here, we
present mechanical evidence that is inconsistent with key pre-
dictions of this hypothesis and propose a novel interpretation
of the evolution of early hominin cranial biomechanics.

Gracile australopiths (a group of Plio-Pleistocene hominins
from Africa) possess a moderately derived, varying combi-
nation of the traits described above (e.g. [1,4,5]) compared to
non-human apes. Robust australopiths (a group of Pleistocene
hominins from Africa that are almost certainly descended
from one or more gracile species (e.g. [5-13]) exhibit the
most extreme expression of these traits [1]. The conventional
explanation of early hominin form and function makes the fol-
lowing biomechanical predictions: (i) the facial skeletons of
robust australopiths are structurally stronger than those of
gracile australopiths, which are in turn stronger than those
of non-human apes; (ii) robust australopiths produce bite
force more efficiently than gracile australopiths, which in
turn produce bite force more efficiently than non-human
apes; and (iii) robust australopiths, gracile australopiths and
non-human apes should produce similar occlusal pressures.

Structural strength involves geometry, stress (and associ-
ated strain) and material strength. Defined simply, stress is
internal force divided by area and strain is deformation
measured as a change in length divided by original length.
Strain can be measured experimentally in living organisms
and is a reasonable proxy for stress. The strength of a given
material corresponds to the stress at which it begins to yield
(deform plastically). When material properties, size and
applied loads are held constant, then differences in stress and
strain in objects of different shape should reflect differences
in structural strength, where the object exhibiting lower strains
is structurally stronger. The key strains to examine are those
within local strain concentrations, as these are the loci within
which structural failure may occur; global metrics summar-
izing ‘overall’ strain within an entire object (e.g. average von
Mises strain) do not capture specific risks to structural integrity.

The efficiency of bite force production is simply mechanical
advantage (MA), namely, the ratio of the bite force at a given
tooth divided by the summed forces applied by the mastica-
tory muscles. In other words, efficiency can be expressed as a
simple ratio of force outputs to force inputs. Occlusal pressure
can be roughly approximated as the bite force at a given tooth
divided by the occlusal area of the tooth, estimated as the
product of the tooth’s width and length.

Strain, MA and occlusal pressure can all be extracted from
finite element analysis (FEA) (e.g. [14-17]), a physics-based
modelling and analysis technique that can be used to examine
how objects of complex geometry and material properties

respond to load. Prior FEA [18-20] of one gracile and one [ 2 |

robust australopith, as well as a sample of chimpanzees (the
non-human ape that is the closest living relative to hominins),
produced results that appeared to be consistent with the
strength and efficiency predictions, above, but inconsistent
with the occlusal pressure prediction. However, the predictions
have yet to be evaluated against the full range of australopith
morphology. Here, we show that biomechanical analysis of
the A. afarensis cranium requires a re-interpretation of why
australopith facial features evolved.

A finite element model (FEM) of fossil specimen A.L. 444-
2 [12] (an adult male A. afarensis) was constructed (electronic
supplementary material) and compared to already existing
models of specimens Sts 5 (an adult female A. africanus
[18]), MH1 (a subadult male A. sediba [21]) and OH 5 (an
adult male Paranthropus boisei [20]). The former three speci-
mens are gracile australopiths, while the last specimen is a
robust australopith. The hominin models were compared to
models of six chimpanzees chosen to represent extremes of
chimpanzee craniofacial morphology following shape-space
principal component analysis of a matrix of 709 Procrustes
coordinates (digitized onto 21 specimens) to identify the indi-
viduals at the extremes of the first three principal components
[19]. Insofar as morphological variation may produce biome-
chanical variation, this sample provides a coarse estimate of
the range of mechanical variation that might be expected
within a single ape species, thereby providing a comparative
context for interpreting biomechanics within and between
fossil hominins. All models were subjected to external
forces and constraints simulating maximal bites on the third
premolar and second molar. A common set of bone material
properties collected from chimpanzee and gorilla crania was
assigned to all models. Forces representing the muscles of
mastication were scaled to remove the effects of size, meaning
that all strain differences between the models are a conse-
quence solely of differences in shape [22]. Note that in this
context, ‘shape’ includes ‘relative size’. Thus, a change in pro-
portion in particular cranial elements (as when bony features
evolve to be larger or smaller in relation to the rest of the
skull) would be associated with stress and strain differences
that would be detected using this scaling method.

Strain maps of the FEMs (figure 1; electronic supplementary
material, figures S5-S9) indicate that although the fossil
specimens represent four different species of australopiths,
they exhibit variation in the magnitude and distribution of
strain that is broadly comparable to that seen within a mor-
phologically diverse sample of chimpanzees. Strain maps
summarize strain magnitudes from thousands of elements
while preserving spatial information about how those strains
are distributed. These maps demonstrate that chimpanzee
crania differing profoundly in shape can differ markedly
in strain magnitude while exhibiting similar distributions
(i.e. spatial patterns) in strain [19]. Strain magnitudes in
australopiths also vary (with strains generally being highest
in A. africanus), although the magnitude of these differences
is not obviously greater than that seen among chimpanzees.

Strain data extracted from the FEMs corroborate these
observations (figure 2). When strains are sampled from hom-
ologous locations across the face, it is clear that von Mises
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Figure 1. Colour mapping of von Mises strain in FEMs of chimpanzees (a—f), gracile australopiths (g—i) and a robust australopith ( j) during maximal bites on the
upper third premolar. Chimpanzee crania were intentionally selected to be morphologically different from each other [19] and are labelled according to whether or
not they represent the extreme positive or negative ends of the range of variation along three principal components of shape. Colours correspond to strain
magnitude, with white indicating strains greater than 1000 microstrain. (Online version in colour.)

strain magnitudes in A. africanus (Sts 5) fall within or just
above the chimpanzee range, with the exception that strains
are notably higher in A. africanus at the anterior pillar
during premolar biting (figure 2a, location 12) and at the
zygomatic root during molar biting (figure 24, location 8).
Strain magnitudes at several of these locations in A. afarensis,
A. sediba and P. boisei are lower, falling near or just below the

chimpanzee range. A. afarensis specimen A.L. 444-2 often
exhibits the lowest-magnitude strains.

Finer scale sampling of strains along transects across the
face reveals the extent to which strains in australopiths
overlap with each other and with chimpanzees (figure 3; elec-
tronic supplementary material, figure 510). Although it is
possible to find sections along the transects in which strains
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Figure 2. Plot of von Mises strain generated during maximal (a) premolar (P%) and (b) molar biting (M) using bilaterally symmetrical muscle forces, recorded from
14 homologous locations across the craniofacial skeleton of FEMs of chimpanzees, and gracile and robust australopiths. Vertical grey bars represent the range of
variation seen in chimpanzees, while horizontal coloured lines represent the values observed in individual hominin FEMs. (Online version in colour.)

in the australopiths are notably lower than those in chimpan-
zees, there are also transect sections in which australopiths
exhibit the highest strains. Sections in which strains are
lowest in robust australopiths, intermediate in gracile austra-
lopiths and highest in chimpanzees are rare and sample only
small regions of the face.

If one were to focus only on regions of high strain, then it
might appear that the face of the robust australopith P. boisei
is stronger than those of the other taxa because high strain
regions appear to be absent in this species. However, if one
examines regions other than those typically of interest in
studies of primate feeding biomechanics (e.g. [23,24]), then
one finds that the face of this species is, in fact, subjected to
high strains. During molar biting in the OH 5 model, an
expansive area of the lateral wall of the maxilla superior to
the alveolae and posterior to the zygomatic root is highly
strained (electronic supplementary material, figure S12).
This strain concentration occurs because the zygomatic root
is both mediolaterally and anteroposteriorly offset relative
to a molar bite point in this specimen, so the maxilla experi-
ences shear and bending in both the coronal and sagittal
planes. By contrast, the zygomatic root in most other
models is positioned more nearly above the M? so that
although the maxilla still experiences shear in coronal and
sagittal planes, sagittal bending moments and associated
strains associated with the bite force are reduced. Hence,
strain is concentrated on the alveolar process between the
inferior margin of the root and the bite point. The anteropos-
terior position of the root is intermediate in A. sediba
specimen MH1, and this specimen experiences slightly elev-
ated strains posterior to the root, as in P. boisei. Thus, the
face of P. boisei does not lack high strain areas but rather
those areas are atypically positioned.

The efficiency of bite force production (as measured by MA;
electronic supplementary material, table S1) is broadly equival-
ent in all models during premolar biting, but is greatest in P.
boisei, intermediate in A. afarensis, A. africanus and A. sediba,
and least in Pan troglodytes during molar biting. By contrast,

occlusal pressures in australopiths are at or below the bottom
of the chimpanzee range during both molar and premolar
biting (electronic supplementary material, table S1).

The results obtained here are inconsistent with the prediction
that the faces of robust australopiths are stronger than those
of gracile australopiths, which are in turn stronger than
those of non-human apes. Rather, two gracile australopith
crania (MH1 and A.L. 444-2) are roughly as strong as that
of a robust australopith (OH 5), with a gracile specimen
(A.L. 444-2) not infrequently being the one that exhibits the
lowest strains (figures 1-3). Moreover, a different gracile aus-
tralopith cranium (Sts 5) often exhibits strain magnitudes that
are within or above the chimpanzee range. In addition, the
dispersion of australopith strain values is often less than
that of chimpanzees, even though the former data are being
sampled from four species while the latter are intraspecific.
One could reasonably conclude that the three specimens
(A.L. 444-2, MH1, OH 5) with the most robust zygomatic
bones are stronger than chimpanzees in that region of the
face, but otherwise the strain data do not allow species to
be sorted simply into obvious categories of cranial strength.
Our earlier work [20] did not allow us to reject the cranial
strength hypothesis because we had not modelled as many
gracile australopith crania. The addition of A.L. 444-2 to
our sample has been informative in this regard.

At present, therefore, one cannot conclude that australo-
pith facial features evolved to make their crania structurally
stronger overall. What, then, explains the evolution of such
derived morphology? Our results are consistent with the
hypothesis that certain aspects of australopith cranial form
evolved instead to increase the efficiency of bite force pro-
duction. During molar biting, gracile australopiths exhibit a
higher MA than any chimpanzee, but a lower MA than the
robust australopith. These species do not differ in MA
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Figure 3. Line plots of von Mises strain were recorded along six transects across the face of each model during maximal P* biting. Transects are shown (a) on A.L.
444-2, and line plots of the strain data in each model are shown separately by transect (b—g). Grey areas represent the range of variation seen in chimpanzees, while
coloured lines represent the values observed in individual hominin FEMs. (Online version in colour.)
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during premolar biting, but the australopiths have a much
longer cheek tooth row owing to the large size of their
molars and premolars. Thus, biting efficiency remains constant
even though the load arm of the premolars has increased in
australopiths. These data suggest that, as in other primate
and mammalian taxa [25-32], a major influence on the evol-
ution of australopith form is selection for bite force generation.

One might argue that these data imply that the robust
australopith face is relatively stronger than that of gracile austra-
lopiths, which is relatively stronger than that of chimpanzees
because stresses and strains are maintained at similar levels
while being exposed to proportionally greater bite forces. This
line of reasoning, however, depends critically on MA (which
converts muscle force into bite force) and thus is in fact a
further argument in favour of the hypothesis that australopith
facial form is adapted to increase the efficiency of bite force pro-
duction. Moreover, bite force is a reaction force, not an applied
load. To consider strength in response to an applied load, one
must normalize muscle forces rather than bite force, and in ana-
lyses presented here these are normalized in that all of the
models are being subjected to isometrically scaled muscle
forces. Thus, we do not view our findings as being consistent
with the strength predictions tested here.

Finally, results are inconsistent with the hypothesis that
high efficiency in bite force generation evolved to maintain
occlusal pressures in australopiths relative to a non-human
ape-like ancestral condition. Among the australopiths, occlu-
sal pressure is greatest in specimen OH 5, but its value is only
81% of the chimpanzee average during premolar bites, and
72% during molar bites.

Do these results mean that australopith facial features tra-
ditionally thought to be structural reinforcements that
strengthen the face are not, in fact, related to load bearing?
Not necessarily. It has previously been found [33] that traits
that increase MA can expose the facial skeleton to proportion-
ally higher bite forces and change the bending moments
around which the masticatory muscles act, potentially elevat-
ing stress and strain in the face and weakening it. Reinforcing
features may then have evolved to compensate locally for the
weakening caused by higher MA and/or bending moments.
In engineering, compensation refers to the systems or struc-
tures designed to control or manage the side-effects of the
primary function of a device. For example, heat might be a
side-effect of the normal functioning of a transistor; if the
heat is not managed, then the transistor might fail. Similarly,
if evolution in the early hominin feeding apparatus has been
driven primarily by selection to enhance the efficiency of bite
force production, then elevated stress can be viewed as a side-
effect related to elevated bite force and changes in shear
forces and bending moments related to the positioning of
the zygomatic root on the maxilla. The associated evolution
of bony traits that structurally reinforce the facial skeleton
can be thought of as compensatory mechanisms that ‘control’
or reduce what would otherwise be markedly elevated stres-
ses. Thus, these traits do, in fact serve to reduce stress, but
structural strength across the cranium remains broadly com-
parable to that of non-human apes. In this view, natural
selection favoured the evolution of traits that increased MA
for bite force production, requiring the evolution of traits
that reinforce the facial skeleton to avoid it being weakened.

In this scenario, the elevated efficiency of bite force pro-
duction in australopiths is related to the position of the
masseter origin. Gracile and, especially, robust australopiths

have a zygomatic root that is positioned further forward on
the postcanine tooth row than in chimpanzees and gorillas
[1,12,34], meaning that origin of the masseter muscle is posi-
tioned further forward as well. This increases the lever arm of
the masseter relative to the temporomandibular joint and in a
simple lever model should increase bite force outputs for a
given muscle force input [35]. Modelling experiments con-
firm this principle in australopiths [33]. Moreover, simple
metrics demonstrate that, in gracile australopiths compared
to Pan and Gorilla, and robust compared to gracile australo-
piths, a greater proportion of the total length of the tooth
row is ‘covered’ by the masseter muscle (electronic sup-
plementary material), implying greater masseter leverage.
An anterior positioning of the zygomatic root imposes a
mechanical cost, however; modelling experiments show that
such a root position is associated with elevated strains in
parts of the face [33].

To compensate for elevated strains, it is proposed that aus-
tralopiths evolved an inferolaterally expanded zygomatic root,
the rounded inferior margin of which acts as a strut to resist
shear as the masseter muscle deflects the zygomatic arch infer-
iorly relative to a more medially positioned bite point.
Modelling experiments show that this reduces strains across
the infraorbital region and zygomatic root [33]. Furthermore
some australopiths (although not A.L. 444-2) exhibit an exter-
nally swollen anterior pillar along the lateral margins of the
nasal cavity that acts as a strut in compression during premolar
loading [33]. Modelling experiments show that removal of the
pillar increases strains along the nasal margin and zygomatic
root [33]. Moreover, the inferior aspect of the frontal process
of the zygomatic flares laterally in most australopiths which
should reduce stresses in the zygomatic angle as the masseter
pulls down on the zygomatic arch. In addition, it has been
hypothesized [36] that some robust australopiths evolved a
posteriorly expanded zygomatic root to reduce shear stresses
caused by bites on teeth that are positioned behind an
anteriorly positioned zygomatic root.

This scenario implies that the evolution of australopith facial
form can be explained by understanding why australopiths
would need to efficiently generate bite force. In other
words, what aspects of the australopith diet may have induced
selection pressure leading to the evolution of enhanced mastica-
tory MA? Foods like nuts and seeds (including grass seeds)
would clearly be suitable candidates because they are stress-
limited [37], meaning that they fail under the application of
high external forces (which in turn create high stresses within
the food object). Such foods are often considered ‘hard’,
although hardness is more precisely defined as resistance to
plastic deformation (e.g. as observed during an indentation
test) whereas in this context hardness may be considered a sen-
sory perception of objects that are both stiff and crack resistant
[38]. Increases in MA should, for a given set of muscles, increase
maximum bite force and potentially expand the range of
stress-limited food items that could be consumed. This ought
to provide a selective advantage, especially during periods
when other food resources might be scarce. However, anterior
placement of the masseter muscle constrains gape [39] so the
extraordinary anterior placement of this muscle (and the conco-
mitant high overall MA) in P. boisei suggests that selection
to consume stress-limited foods may have been confined to
items on the smaller end of the size spectrum.

An alternative hypothesis would be that high MA and high
bite force evolved as adaptations for bulk feeding, namely, the
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processing of high volumes of food on large cheek teeth with
expanded occlusal areas [3,4]. In this view, increased bite
force allowed australopiths to maintain occlusal pressures
while processing foods like whole fruits (including exocarp,
pulp and seeds). However, our estimates of occlusal pressures
in australopiths would have been at or below the lower limit of
values observed in chimpanzees, who are not obviously
adapted for bulk feeding (electronic supplementary material,
table S1). Thus, although australopiths may have engaged in
bulk feeding behaviours, the biomechanical premise under-
lying this hypothesis seems unsupported. Bulk feeding,
therefore, seems unlikely to have been an adaptation.

Another possibility would be that high MA evolved as
an adaptation to process foods that are both compliant and
crack resistant. These foods are displacement-limited in the
sense that they fail not because of especially high levels of
stress but rather because they are so deformable that their
mechanical strength is exceeded only after their tissues are
substantially displaced [37]. Such foods are often considered
‘tough’, although toughness is a term that, confusingly, is
used differently in different mechanical contexts [37]. High
force levels are not necessarily needed to fracture these
foods, but the muscles of mastication must work over an
extended time to propagate cracks through the food item.
High MA may allow muscles to work at lower activity levels
in order to provide the requisite work, thereby sparing the
muscle from fatigue. This might be especially useful when
masticating foods that are broken down only after many chew-
ing cycles. The key argument against the hypothesis that early
hominins are adapted to consume displacement-limited foods
derives from tooth morphology (e.g. [18]). Among primates,
folivorous species that are adapted to eat displacement-limited
foods exhibit teeth with long, high, sharp ridges (so-called
‘shearing crests’, although they do not necessarily act to
shear foods [37]). These ridges promote displacement of the
plant tissues, making it easier to reach the strength limit of a
given food during a chewing cycle. However, australopiths
(and especially robust australopiths) have derived, bunodont
teeth with rounded cusps that wear flat over time. These
teeth are especially poorly configured to promote displace-
ments within compliant foods, which would mean that at
precisely the same time that the masticatory apparatus
would have been evolving high MA to consume compliant/
tough foods, the teeth would have been changing to be
almost perfectly maladapted for processing those items. The
contradiction inherent in this hypothesis is seemingly difficult
to justify. It has been suggested [40] that loss of occlusal relief is
a developmental by-product of having thick tooth enamel,
and that the latter is an adaptation to prolong tooth life in
the face of an abrasive diet. However, it is acknowledged
[40] that there is no comparative evidence from living primates
that is compatible with this hypothesis.

The primary objection to a hypothesis in which australo-
piths are adapted to consume stress-limited foods is that few
australopith species exhibit a pitted, complex dental micro-
wear signal that would indicate frequent consumption of
such foods. However, traditional interpretations of dental
microwear data have been challenged on mechanical grounds
insofar as theoretical models and experimental evidence
suggest that microwear signals are less strongly influenced
by food material properties than they are by the mechanical
properties of ingested non-food particles [41—46]. It has also
been suggested that the ability of dental microwear analysis

to discriminate among primates with known diets is less effi-
cacious than is generally supposed [20,47]. Consequently, a
vigorous debate about the mechanics of microwear formation
has ensued [44-46,48-60]. Key recent findings include obser-
vations of wild chimpanzee populations corroborating the
hypothesis that microwear patterns are strongly influenced
by the amount and nature of abrasive particles in the
diet [57], and experiments on sheep and guinea pigs showing
that the size of grit particles can dramatically affect
microwear signals independent of diet [58,59]. In vitro exper-
iments have further shown that even the hardest seed shell
particles are nonetheless too soft to meaningfully abrade
enamel to create marks on the scale of typical microwear fea-
tures [46]. Thus, there is a reasonable (albeit contested) case to
be made that an absence of pitted, complex microwear tex-
tures in many early hominins cannot be interpreted to
mean that hard foods were not consumed by them.
Interestingly, there is one class of stress-limited foods that
appears to be consistent with many aspects of australopith
feeding biomechanics and dietary ecology: grass and sedge
seeds. These seeds, when consumed several at a time, require
high forces to process [46] yet would require highly repetitive
chewing (thereby risking bone fatigue) because many seeds
would need to be processed in order to satisfy daily dietary
requirements. Such seeds are best processed with large,
somewhat flat occlusal surfaces [61]. The feeding apparatuses
of robust and, to a lesser extent, gracile australopiths are well
suited to meet these mechanical demands. The seeds them-
selves are too soft to create pitted microwear textures, but
the seeds of some species are populated with phytoliths
that would be displaced in a radial fashion as the seed was
compressed between occluding teeth [46], leading to micro-
wear textures characterized by unaligned (i.e. isotropic)
grooves, as is seen in some early hominins [62,63]. Many
grass and sedge seeds are also produced by plants using
the C4 photosynthetic pathway, which would lead to elev-
ated stable carbon isotope values, as is observed in many
australopiths (e.g. [64,65]). Moreover, the simultaneous con-
sumption of multiple grass seeds would distribute bite
force across many points of contact, making grass seed con-
sumption unlikely to damage teeth through chipping and
possibly explaining why chips are rare in some early homi-
nins [66]. We hypothesize, as have others [20,46,67], that
grass and sedge seed consumption may have been an
adaptively significant behaviour for some early hominins.

We reconstructed the Australopithecus afarensis cranium of A.L.
444-2 using the toolkit of virtual anthropology and geometric
morphometrics [68-71], including mirror imaging, reflected rela-
belling and thin-plate splines (electronic supplementary
material). Our reconstruction uses a prior reconstruction [12] as
a base guideline and augments it by virtually correcting for
asymmetries and distortions of individual parts, and using a
quantitative approach for reconstructing missing regions by
reference specimens [69,70].

Details regarding the construction and analysis of FEMs of OH 5,
Sts 5, MH1 and the chimpanzees are provided elsewhere [19-21],
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and the FEA of A.L. 444-2 followed the same procedures. Briefly,
a watertight, tessellated surface model was converted into a
mesh of tetrahedral finite elements. The model was assigned
the material properties of bone and loaded with forces simulat-
ing the jaw adductor muscles. Muscle forces were applied to
all FEMs for the anterior temporalis, superficial masseter, deep
masseter and medial pterygoid. Force magnitudes were esti-
mated from the physiological cross-sectional area of each of
these muscles in an adult female chimpanzee [18], but were
scaled to bone volume to the 2/3 power in each FEM to
remove any size-related differences in strain pattern or magni-
tude [22]. This focuses our comparisons on the functional
consequences of differences in shape alone. The muscle forces
applied to the A.L. 444-2 model are as follows: anterior tempor-
alis = 775.46 N; superficial masseter = 797.62 N; deep masseter =
118.63 N; medial pterygoid = 263.57 N. The forces applied to the
other models are reported elsewhere [19-21]. These forces are
coarse approximations of the forces that were produced in this
specimen, and indeed all of the muscle forces applied to all of
the fossil hominin models are first-order approximations at
best. Indeed, no FEA of any fossil taxon can reconstruct strains
corresponding to naturalistic feeding behaviour with especially
high confidence. However, the isometric scaling of muscle
forces [22] allows a modelling experiment that can confidently
assess the biomechanical consequences of skeletal shape differ-
ences (electronic supplementary material). Nodes at the two
articular condyles and a bite point on either the M? or P* were
constrained from moving, producing reaction forces at those
nodes. The reaction force at the bite point is the bite force. Maxi-
mum principal, minimum principal and von Mises strains were
recorded at selected nodes throughout the model (see electronic
supplementary material for more details).

Our data, in the form of FEMs, are currently available
for download from Dryad: https://doi.org/10.5061/dryad.
4b8gthtd7 [72].

The data are provided in the electronic supplementary material [73].
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