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The dietary adaptations of Australopithecus anamensis are contentious, with suggestions that range from
soft fruits to hard, brittle, tough, and abrasive foods. It is unlikely that all propositions are equally valid,
however. Here we extend recent finite element (FE) analyses of enamel microstructure (Shimizu and
Macho, 2008) to enquire about the range of loading directions (i.e., kinematics) to which A. anamensis
enamel microstructure/molars could safely be subjected. The rationale underlying this study is the
observation that hard brittle foods are broken down in crush, while tough foods require shear. The
findings are compared with those of Pan and Gorilla.

Eighteen detailed FE models of enamel microstructure were created and analysed. The results high-
light the uniqueness of A. anamensis dental structure and imply that mastication in this species included
a greater shear component than in Pan, as well as a wider range of loading directions; it is similar to that
in Gorilla in this respect. These findings are in accord with microwear studies (Grine et al., 2006a). Unlike
either of the great apes, however, enamel microstructure of A. anamensis was found to be poorly
equipped to withstand loading parallel to the dentino-enamel junction; such loading regimes are
associated with mastication of soft fleshy fruits. This, together with broader morphological consider-
ations, raises doubts as to whether A. anamensis was essentially a frugivore that expanded its dietary
niche as a result of fluctuations in environmental conditions, e.g., during seasonal food shortages.
Instead, it is more parsimonious to conclude that the habitual diet of A. anamensis differed considerably
from that of either of the extant African great apes.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
Introduction

Reconstructing the dietary adaptations of extinct hominins is one
of the enduring endeavours in palaeoanthropology. This is unsur-
prising as diet underlies the ecological, biological, social, and life
history strategies of a species and determines its evolutionary path-
ways. An understanding of the dietary niches of early hominins is thus
essential for an appraisal of the evolutionary history of our lineage.

Dietary inferences of Miocene/Pliocene hominins are largely
based on microwear analyses (e.g., Grine, 1986; Scott et al., 2005;
Ungar et al., 2008),1 appraisals of the masticatory apparatus as
a whole (e.g., du Brul, 1977; Rak, 1983; Demes and Creel, 1988; Strait
et al., 2007,2009), and isotope analyses (e.g., van der Merwe et al.,
acho), daisuke.shimizu.jmc@

one hand, and the contention
nimal’s diet, on the other.
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2003; Sponheimer et al., 2005, 2006a). These approaches yield
different, sometimes even conflicting, results, and conceptual
frameworks to reconcile the findings emanating from these studies
have yet to be developed. Australopithecus anamensis (Leakey et al.,
1995,1998) is a case in point. Based on morphological evidence,
Teaford and Ungar (2000) proposed a shift towards hard, brittle and
abrasive foods, to the exclusion of tough foods, to cope with short-
and long-term climatic fluctuations; they contend that considerable
amounts of soft fruits were also consumed. Ward and colleagues
(2001) hypothesised that this species had broadened its dietary
niche but did not speculate about specific foods and/or their pro-
perties. A biomechanical assessment of enamel structure revealed
the tissue to behave similarly to that of gorillas and indicated
mastication of tough and hard foods (Macho et al., 2005). Based on
microwear features, Grine et al. (2006a) recently also called into
question propositions that A. anamensis masticated hard brittle
foods. Instead, they suggested a tough and abrasive diet for this
species (Grine et al., 2006a). Although such varying dietary infer-
ences for A. anamensis are puzzling, they are not entirely unexpected.
rights reserved.
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The postcanine teeth of A. anamensis are enlarged, low-crowned,
and thick enamelled, while the mandibular corpus is more robust
than it is in the earlier Miocene apes and Ardipithecus (Ward et al.,
1999,2001; Teaford and Ungar, 2000). This morphology is not only
indicative of greater masticatory forces but, more specifically, of
crushing of hard brittle foods. Tough foods, on the other hand, would
require shear to be induced in the foods to lead to break down. Such
shear would be generated by forces acting in parallel along separate
planes, e.g., shearing crests. The bunodont molars of A. anamensis
lack such morphological specialisations, making suggestions of
parallel-directed forces (i.e., shear) improbable. However, in the
absence of steeply inclined blades/cusps a comparable effect could
be achieved by changing the direction of the force vector to make it
more parallel to the orientation of the wear facets, that is, shifting it
from vertical to more lateral. Such considerations are not un-
reasonable given that, even within individuals, mandibular kine-
matics change from vertical to more lateral when the properties of
food change from elastic to plastic (e.g., Foster et al., 2006; Woda
et al., 2006). Hence, if adaptation to different loading angles (i.e.,
kinematic parameters) could be demonstrated for A. anamensis it
may be possible to reconcile apparent contradictory conclusions
from morphological, microwear, and biomechanical analyses. This
possibility is explored in the present study.

Enamel microstructure (i.e., prism orientation, deviation, and
decussation) is arguably the most important mechanism that stops
crack propagation (von Koenigswald et al., 1987; Rensberger, 2000).
Although it has long been known that enamel is highly anisotropic
both at the ultra- and microstructural level, mainly due to the
complex arrangement of hydroxyapatite crystals within and
between prisms (Waters, 1980), and that it fractures in tension,
predominantly parallel to the long axes of prisms along the prism
sheaths (Rasmussen et al., 1976), knowledge of where and how
cracks initiate and propagate within the complex crystal/prism
arrangement of decussating enamel is lacking. This is due to diffi-
culties in correlating results from material testing with micro-
structural details of enamel, and the inability of traditional
methods, such as strain gauges and moiré fringe (e.g., Wang and
Weiner, 1998) or laser speckle interferometry (e.g., Zaslansky et al.,
2006), to detect areas of high stress within the tissue. Hence,
inferences about localised stresses are largely based on theoretical
considerations (e.g., Lawn et al., 2009) and on outcomes of
biomechanical testing, such as finite element stress analyses
(Macho et al., 2005; Ichim et al., 2007). Using this latter approach,
detailed analyses of modern human enamel revealed that prism
decussation is apparently arranged to provide strength to the tissue
under loading directions normally encountered during mastication
(Shimizu and Macho, 2008). In itself, this finding is not unexpected,
as cuspal failure is known to occur when teeth are loaded at angles
not normally encountered, (e.g., outwardly in the case of modern
humans [Granath and Svensson, 1991; Panitvisai and Messer,
1995]). However, confirming the interplay between enamel
microstructure and loading directions in accord with kinematics,
on the one hand, and demonstrating the ability to extract this
information from enamel microstructure, on the other, provides
exciting possibilities for the study of kinematics in fragmentary
fossil remains. This is explored for A. anamensis. Specifically,
bearing in mind the varied interpretations of the dietary adap-
tations of this species, the following hypotheses are formulated:
if A. anamensis habitually consumed hard brittle foods, the optimal
force vector with which the tissue should be loaded is (near)
perpendicular to the bulk of the tooth. Conversely, if A. anamensis
consumed tough foods, the optimal force vector is (near) parallel to
the surface. In the absence of information about the protein, water,
and mineral content of various enamels, no predictions about the
absolute fracture strength of enamel will be made. Instead, the
adaptations of the enamel structure are judged on the basis of (a)
the loading angle at which overall stress concentration is lowest
(i.e., optimal loading angle) and (b) the angulation at which the
value becomes statistically different from this minimum, thus
indicating the range of optimal loading angles. This information is
supplemented by data on the number of nodes, which exhibit
tensile stresses. High tensile stresses over a number of nodes may
create areas where prisms are pulled apart and where cracks may
emanate; this is potentially damaging to the integrity of the tooth,
especially if these stresses occur towards the outer enamel surface,
where prisms tend to be straight, and cracks can propagate easily
(Shimizu and Macho, 2008). Hence, information about the number
of nodes in tension will provide additional information about the
optimal loading angle to which A. anamensis molars should have
been subjected.

Materials and methods

Graphical models of decussating enamel were created using the
software developed by Jiang et al. (2003). Underlying the creation of
this software are assumptions about the biophysical processes
governing the formation of prism decussation (Macho et al.,
2003a,2005; Macho, 2004). Put simply, forces exerted at the
developing enamel front will cause the prisms to ‘buckle’ (prior to
mineralisation), whereby the integrity of the advancing enamel
front will be maintained. During the secretory phase, the advancing
enamel front of interconnected ameloblasts is pushed outward, i.e.,
away from the dentino-enamel junction [DEJ] by the newly-formed
enamel matrix, although it remains anchored at the cervical margin.
This will create an ever-increasing sheath of ameloblasts
(ballooning) and will result in tensile forces between ameloblasts,
on the one hand, and in compressive forces between the ameloblast
sheath and the matrix underneath. Both ameloblasts and the
(unmineralised) enamel matrix will respond to these forces and will
create the species-specific pattern of prism deviation and decus-
sation (due to species-specific differences in cell-adhesion and
secretion rates). The interactive computer model thus developed on
the basis of these biophysical principles was found to explain the
enamel structures among all primates studied so far (Macho et al.,
2003a). In addition, the mechanism underlying the concept also
aids in accounting for the integrated nature of prism decussation
(and Schmelzmuster) within species and between teeth (e.g., Maas,
1994; von Koenigswald and Sanders, 1997; Maas and Dumont,
1999); these systematic, species-specific patterns can even be
appreciated when viewing the optical phenomena of decussation,
the Hunter-Schreger bands (Kawai, 1955; Beynon and Wood, 1987).
This is illustrated in Figure 1, which shows the broken surface in
A. anamensis from which the microstructure was reconstructed.

As the crystal orientation within prisms and the interprismatic
matrix (IPM) follow a relatively predictable pattern (Waters, 1980),
the virtual enamel pieces created can be converted to complex finite
element models for biomechanical testing. For the present study,
and in order to limit any confounding factors, only functionally
homologous regions from the mid-crown region (i.e., underneath
the leading edges/Phase I facets) of molars were selected. In general,
Phase I of mastication (i.e., upward, anterior, and medial movement
of the mandible into centric occlusion) is better defined and is
associated with adductor muscle activity (Wall et al., 2006). This
makes these cusps better suited for functional analyses, although
the importance of Phase II in food breakdown must not be under-
estimated (e.g., Krueger et al., 2008; Macho and Shimizu, 2009).
Furthermore, in order to eliminate possible artefacts, only enamel
pieces were used that had been reconstructed from the most
continuous breaks (Macho et al., 2003a) and from comparable
regions at the mid-crown. The enamel pieces used for analyses are



Fig. 1. Picture of KNM-KP 35851 from which the virtual models of enamel micro-
structure and FE models were reconstructed. Note the thick enamel and the pattern of
decussation, which is apparent as Hunter-Schreger bands.
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the metaconid in A. anamensis KNM-KP 35851 (M2/3) and the par-
acone in Pan troglodytes (M1) and Gorilla sp. (M1). The c-axis of
prisms, i.e., long-axis of the prism from the DEJ to the outer enamel
surface, tends to form an angle with the apico-cervical direction of
the DEJ; in the specimens analysed, this overall attitude of prisms
from the DEJ in the homologous parts of the tooth crown is highest
in Gorilla (26�), followed by A. anamensis (20�) and Pan (2�). These
data were obtained from SEM analyses when creating the virtual
models (see Macho et al., 2003a) and are based on a number of
repeat measurements for verification.

The graphical models were converted to composite FE models
(Spears, 1997) following the protocol outlined elsewhere (Macho
et al., 2005; Shimizu et al., 2005; Shimizu and Macho, 2008), and
the FE software package used was MSC Mentat (MSC Software,
2005). Model creation was based on the observation that, on an
ultrastructural level, enamel is composed of hydroxyapatite crystals
held together by an inorganic matrix (Maas and Dumont, 1999). As
crystals are considerably stiffer than the matrix, the behaviour of
the tissue under loads will depend on the main orientation of
crystals within the tissue (Spears, 1997; Shimizu et al., 2005). While
the orientation of hydroxyapatite crystals within prisms is re-
latively constant and differs systematically between the prism head
and the interprismatic matrix (IPM)/tail, prisms themselves are
arranged in a complex manner, i.e., they decussate. Here, this
complexity on both the ultra- and microstructural level was
recreated and FE analyses were employed to test the biomechanical
behaviour of dental tissue of different primates. This consistency
between crystal orientation and prisms, on the one hand, and the
constantly changing orientations of prisms, on the other, also
means that the local coordinate system for the input of material
properties has to be at the level of the individual element (Fig. 2;
Table 1). In FE studies, material properties are usually assigned to
specific regions defined by a coordinate system relating to the
whole, or part of, the object, (e.g., the zygomatic region within the
skull [e.g., Strait et al., 2009]). This is not possible for prismatic
enamel. Consequently, as the local coordinate system is the
element, the number of material properties inputted equals the
number of elements defining this prismatic enamel (i.e., several
hundred thousand per model). This makes the creation of the
models highly complex and time-consuming, as well as compu-
tationally expensive. Some simplifications were made, however
(Fig. 2). Within an element (i.e., a relatively small region) crystals
were assumed to be oriented in parallel. This allows enamel within
this small region to be modelled with orthotropic (i.e., a simple
representation of anisotropy) behaviour, in which the material
properties are defined along three directions (x-, y-, and z-axes;
Table 1). Crystal orientation within an element was defined
following Waters (1980). The four elements per prism cross-section
defined and the change in crystal orientation between the elements
thus mimick the changes observed between the prism head to the
IPM/prism tail (Fig. 2b and c). All elements within the block were
joined by ideal bonds, i.e., they were ‘glued’ together.

Although it is acknowledged that Young’s moduli will vary
depending on the volumetric fraction of crystals and may system-
atically differ throughout the tissue (Cuy et al., 2002; Braly et al.,
2007) and/or between species, for the present study the volumetric
proportion was assumed to be constant at 0.9 (Spears, 1997). The
local properties of Young’s modulus (Ex, Ey, Ez), shear, and Poisson’s
ratio (nxy, nyz, and nzx) were calculated using equations based on
composite theory (Fung, 1977). This consistency in model set-up is
also necessary as such detailed information can never be deter-
mined for fossil species. Bearing in mind this simplification, the
focus of interpretation of results must therefore be on the relative,
rather than the absolute, stress values yielded (Huiskes and Chao,
1983). In other words, the data generated do not allow to make
predictions about the absolute fracture strength of the material
(Shimizu and Macho, 2008). Instead, interpretation will focus on
the loading conditions at which the maximum tensile stress levels
are lowest and the number of nodes exhibiting such stresses is also
low (i.e., on the range of loading directions to which the material
may be adapted).

Computational limitations prevent the creation of dynamic
loading conditions. Instead, different loading directions were
mimicked and ranged from �20 degrees (vertical towards unphy-
siological) to þ30 degrees (physiological) in 10 degree intervals,
whereby 0 degrees corresponds to loading parallel to the DEJ
(Fig. 2a). In order to avoid artefacts and bending during loading,
further modifications were made to the enamel blocks (Shimizu
and Macho, 2008). First, to enable the application of differently-
angled loads with regard to the prism arrangement, to be able to
apply a surface normal pressure to study the stress concentration
within the tissue and to overcome computational limitations,
a rectangular block was retained, whereby the enamel block under
investigation was reoriented (see Fig. 2a). Second, to restrict lateral
displacement and bending, mantle dentine (rather than dentine)
was added to the DEJ with an isotropic Young’s modulus of 50 GPa
(Fong et al., 2000) and Poisson’s ratio of 0.3. At the outer enamel
side, elements with isotropic enamel properties of 85 GPa Young’s
modulus and Poisson’s ratio of 0.3 were added (Marshall et al.,
2001). Eighteen models (six per species) were thus created with an
average element size of 434240 þ/� 38278 (A. anamensis), 443386
þ/� 51388 (Pan troglodytes), and 435240 þ/�50954 (Gorilla). The
sizes of the models are a reflection of their complexity, such that
each model is larger than many whole skull models presented in
the published literature (e.g., Dumont et al., 2005). As material
property input could only be partially automated, most of the
model creation needed to be done manually; this labour-intensive
process restricts the number of models that can be created. Re-
orientation of each block to prevent the creation of potentially
confounding artefacts required the creation and set-up of an
entirely new model, thus restricting sample size even further.

All models were fixed inferiorly at the x-z plane (Fig. 2a) and
a compressive load of 3 MPa was applied parallel to the y-direction
of the enamel blocks. This value is arbitrary and does not relate to



Fig. 2. Mediolateral cross-section of a maxillary molar (a) showing the enamel pieces within the tissue subjected to biomechanical testing (adapted from Shimizu and Macho,
2008). Arrows denote direction of movement of the mandible. In (b) the simplified geometry of a 3 FE block of enamel is shown to highlight the position (node) from which the data
are taken and how changes in crystal orientation change throughout the tissue. (c) Gives the angulations of crystals in detail for the x-y and x-z plane (see also Table 1). The
complexity of the model is thus the combined effect of systematic changes in material properties at the rod/inter-rod level and the prism deviations resulting in prism decussation.
(d) A simple illustration of how the data were collected from within the loaded enamel block.
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presumed bite forces and/or properties of foods. The focus of this
study is not on contact stress but on the relative stress within the
tissue and the actual pressure employed is therefore irrelevant.
Also, the models were subjected to static rather than the dynamic
loads as would be encountered during mastication. During masti-
cation loads would change dynamically, while the contact area
Table 1
Crystal orientation and material properties used within each elementa.

(A) Crystal orientation within each element (see Fig. 2)
Element number

1 2 3 4
x-z plane 90 90 90 90
y-z plane 90 75 30 5

(B)Material properties
Plane
Young’s Modulus (E/GPa) x y z

32.1 32.1 109
Shears Modulus (G/GPa) xy yz zx

13.6 31 31
Poission’s Ratio (n) xy yz zx

0.177 0.0976 0.313

a For explanation of prism geometry and crystal orientation within each element
see Figure 2b and c.
between tooth-food-tooth would also change as the food is broken
down and formed into a bolus. Neither of these aspects is modelled
here. Rather, this study takes a heuristic approach and investigates
the functional adaptations of different enamel microstructure, that
is, within the tissue, irrespective of foods consumed. Owing to the
modifications and boundary conditions applied to the model,
bending of the whole tooth, as would normally occur in vivo, is not
considered either. In any case, such bending would mainly lead to
stress concentration towards the cervical margin (e.g., Ichim et al.,
2007), where prisms are relatively straight and where chipping is
thus known to occur. Consequently, the results only reflect the
stress build-up within the tissue during certain instances of the
chewing cycle in the mid-crown region underneath the Phase I
facets (i.e., leading edge).

Post processing, normal stresses directed perpendicular to the
c-axis of the prism were calculated (Fig. 2d); such stresses are
considered most damaging to the tooth (Rensberger, 2000). As
prisms commonly break along the prism sheaths of prism heads
(Rasmussen et al.,1976; Boyde,1989), a node on the lateral side of the
prism head was chosen for data collection (Fig. 2b). Under (near)
axial loading, i.e., the loading conditions employed here [Shimizu
and Macho, 2008], the tensile stresses would occur in a horizontal
direction, thus pulling the prisms apart anddpotentiallydleading to
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longitudinal fractures. More laterally-directed loads would lead to
bending of the tooth in vivo, and the tensile stress would be oriented
apico-cervically, resulting in radial fractures. Inspection of our results
revealed that the direction of tensile stresses was almost exclusively
laterally-directed, although there was a slight, albeit statistically
insignificant, increase in apico-cervically directed tension at more
oblique loading angles. Hence, only the results for lateral values are
presented here. Data were collected along a number of prisms
throughout their lengths (i.e., 29 nodes along the 28 elements) and
representing the entire cycle of prism decussation (i.e., for five
equally spaced prisms in the y-direction). Care was taken that the
prisms were not located close to the loaded surfaces, where artefacts
occur. As all of the species studied here also exhibit a slightly off-set
prism arrangement along the x-direction (Macho et al., 2003a,2005)
data were collected along a parallel set of prisms (n¼ 5), spanning
one cycle of the prism deviation also. The total number of prisms
analysed for each block is thus 10. The results are presented in
Table 2 and Figure 3.
Limitations

Creating the graphical models necessitates analyses of broken
surfaces. Inducing controlled fractures in fresh (i.e., extant) material
is difficult and is compounded by their protein and water content,
which provides strength to the tissue. This, together with the
destructive nature of the process limits the number of teeth
available for analyses (Jiang et al., 2003; Macho et al., 2003a).
Hence, no lower molars of extant primates could be used for
analyses. Nonetheless, the regions analysed are functionally
homologous and are from comparable regions of the tooth crown.
Furthermore, it should be borne in mind that antero-posterior
specialisations in molar functions and biomechanical behaviour are
much less marked in nonhuman primates (Macho and Spears,
1999) than they are in modern humans (Spears and Macho, 1998),
thus making the choice of material (i.e., upper and lower molars)
less problematic than would be the case for modern humans and/
or, presumably, later hominins that have retracted the palate.
Regardless, one caveat remains. Due to their position away from the
fulcrum, i.e., the temporo-mandibular joint or TMJ, anterior teeth
are expected to show adaptations towards a greater range of
loading angles than posterior teeth. For the present study, it
therefore needs to be considered that the enamel blocks of the
great apes may show a somewhat greater range of acceptable
loading orientations than do those of A. anamensis because of their
position within the mouth alone, i.e., first vs. second molar.
Table 2
Descriptive statistics of the maximum tensile stress (MPa) for each enamel block and one
290.

Angle of loading

�20 �10 0

Gorilla gorilla
Mean (MPa) 0.031 0.025 0.021

Std 0.021 0.019 0.017
No. of nodes(tension) 175 105 85

Pan troglodytes
Mean (MPa) 0.062 0.039 0.037
Std 0.045 0.029 0.028
No. of nodes(tension) 50 146 131

Australopithecus anamensis
Mean (MPa) 0.030 0.028 0.026
Std 0.019 0.018 0.015
No. of nodes(tension) 128 118 117
When interpreting the results, a number of methodological
limitations inherent in all finite element studies need to be borne in
mind as well; these have been outlined in greater detail elsewhere
(Spears and Macho, 1998; Macho and Spears, 1999; Macho et al.,
2005; Shimizu et al., 2005). Limitations specific to the present
experimental set-up are discussed in Shimizu and Macho (2008)
and, briefly, concern the loading conditions employed (i.e., static
rather than dynamic loading), the composition of enamel (i.e.,
chemically homogenous rather than heterogeneous; Braly et al.,
2007; Cuy et al., 2002), modelling the DEJ as a simple bond (contra
Shimizu and Macho, 2007), and the omission of modelling the
protein-rich prism sheaths (He et al., 2006; Xie et al., 2008), which
will influence the propensity for crack initiation and propagation
and will affect the plastic behaviour of the tissue. Inclusion of these
features is not possible because such data cannot be obtained for
extinct taxa and/or because such input would have resulted in the
models exceeding the computational capabilities. Similarly,
because of the complexity of the enamel blocks, reconstruction of
larger pieces, whole cusps, or teeth is not possible. The complexity
also puts a limit on exploring in greater detail the variation within
species. However, both tooth morphology and prism deviation/
decussation are species-specific (Macho et al., 2003a,2005). It
logically follows that the tissue’s behaviour is likely to be species-
specific too. Also, we have no evidence that the tooth fragments
from which the models were recreated stem from individuals with
abnormalities or pathologies, which could have led to aberrant
results. This, together with the choice of functionally homologous
regions, should make it possible to extract species-specific patterns
in biomechanical behaviour, although some inter-individual vari-
ation is acknowledged to probably occur as well. Finally, the loading
angles applied only varied in mediolateral orientation, thereby
neglecting the anterior component of Phase I during mastication.
However, as the main direction of mandibular movement is
predominantly latero-medial, this simplification is deemed
acceptable and is not expected to affect the outcomes and inter-
pretations of analyses significantly.

With these simplifications in mind it needs to be emphasised
that the actual values of stress within the tissue should be ignored
while interpretations should focus on the relative values (i.e., at
which loading angles the maximum stress values are lowest and
the fewest number of nodes are affected [see also Shimizu and
Macho, 2008]). Given the consistency of all aspects of the models
(i.e., material properties, applied pressure, boundary conditions)
other than the loading directions with regard to prism angulation,
comparisons of relative magnitudes and concentration of stress
among models seem justified.
-way ANOVA between loading angles. Total number of nodes examined per block is

ANOVA

10 20 30 F p

0.019 0.016 0.033 9.346 1.86E-06
0.016 0.020 0.041
99 46 75

0.052 0.056 0.062 20.21 2.62E-11
0.041 0.044 0.053
175 150 408

0.021 0.017 0.018 14.37 6.09E-09
0.015 0.011 0.013
100 75 121



Fig. 3. (a) The average tensile stress for each prism sampled throughout the depth of the decussating enamel at different loading angles. The red line denotes the total average for
each model. Loading angles which did not differ in ANOVA (Tukey’s pairwise comparison) are also indicated (N.S.). Overlaid are the percentages of nodes exhibiting tensile stress. (b)
The results are transferred to respective molar outlines obtained either from histological sections (great apes) or from published outline of M2 of A. anamensis (Ward et al., 1999). (c)
In order to better appraise the findings with regard to their potential to shear and crush, the optimal force vector determined by the finite element analyses is shown against the
stylised angulation between the leading edge and the cervical margin.
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Validation

Mechanical testing of different enamels, inducing controlled
fractures, and relating the finding to particular structures is difficult
(Rasmussen, 1984). For validation, a small piece of straight, parallel
enamel prisms was therefore created and the Young’s modulus was
calculated. Details of model creation are given elsewhere (Macho
et al., 2005; Shimizu et al., 2005). This validation, although appar-
ently simplistic, is considered sufficient in light of standard practice
to validate against more simplistic models before carrying out tests
on complex structures (e.g., Huiskes and Chao, 1983). Also, for these
simple enamels experimental data are available, whereas they are
not for decussating enamel. Most importantly, however, the infor-
mation of interest in this study, i.e., stress within the tissue, cannot
be obtained through experimentation; it can only be assessed after
using destructive methods. Comparisons of the FE results with
published experimental data for Young’s moduli (Stanford et al.,
1960; Craig et al., 1961; Xu et al. 1998) using paired t-tests, however,
yielded statistically significant results at the 0.5% probability level
(see Figure 4c in Macho et al., 2005). This was considered
satisfactory, and the enamel properties were thus used for the
creation of the cuboid blocks of decussating enamel. It is note-
worthy that the validation results for this model, which represents
the prism cross-section by four elements, do not differ statistically
from that given in Shimizu et al. (2005), which used 14 elements
per cross-section. Four was, however, the lower limit beyond which
we could not simplify the prism geometry further without
compromising the outcomes of the analyses. Regardless, this
reduction was sufficient to enable the creation of enamel blocks
that included more than one full cycle of deviating prisms in the z-y
plane. The build-up of stress within the tissue during loading, i.e.,
away from the loaded surface where artefacts are expected, could
thus be analysed.

Results

Table 2 gives the descriptive statistics and the results of the
ANOVA between loading angles, while Figure 3a displays the results
graphically; the results of Tukey’s pairwise comparisons are also
shown in the latter. Each species exhibits a distinct pattern of stress
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concentration, whereby the range of loads at which values are
comparatively low are narrowest in Pan, followed by A. anamensis
and Gorilla. The highest average tensile values in all models was
consistently obtained for negative loading angles (�20�), but the
position for the lowest value varied between species. Pan exhibits
the lowest value at about 0� loading (i.e., parallel to the DEJ),
whereas it was at about þ20� in Gorilla and A. anamensis; at more
positive angles (i.e., lateral loading) the values increased. This
increase at more positive angles is least apparent in A. anamensis
(ANOVA), but the disadvantageous nature of a wide loading angle is
apparent when the number of nodes exhibiting tensile stresses are
taken into account (Fig. 3a). For Pan the number of nodes affected
shows a peculiar trend: they are lowest at extreme loading angles
(Fig. 3); at the optimal loading angle (i.e., 0�) they are also
comparatively low but are high at all other angles.

In order to place the findings within a functional context, the
results were transferred to the outlines of molars (Fig. 3b) and
assessed against the angulation of the functional cusp in relation to
the cervical margin (Fig. 3c). Zero degree loading always corre-
sponds to loading parallel to the DEJ. For Pan and Gorilla reference
to histological sections allows us to put the enamel blocks and its
loading angles into a functional context (Fig. 3b). For A. anamensis,
only an outline tracing of an M2 was available (Ward et al., 1999);
employing general considerations about the tapering of enamel
along the tooth wall, it is however considered that the reference
block of enamel is placed fairly reliably. The relationship between
the optimal loading angle and the inclination of the occlusal surface
of the cusp is more contentious and is used for illustrative purposes
only; it was redrawn from Figure 3b. The latter angle serves as
a suitable approximation for the loading of molars in vivo for
comparison and functional interpretation. This compilation (Fig. 3)
illustrates the greatest parallel-directed (i.e., shear) component in
Gorilla, followed by A. anamensis. Pan molars are apparently poorly
suited to be subjected to laterally-directed loads.

Discussion

The masticatory apparatus forms an integrated structure, but it
is teeth that concentrate stress and must be able to resist the bite
forces applied to a relatively small area. Given this mechanical set-
up it is unsurprising that tooth fracture is common in both human
(Bader et al., 2001) and nonhuman (Cuozzo and Yamashita, 2006)
primates, whereas bone fracture during biting has not been
reported. Such fractures usually occur when biting on hard and
unexpected objects at an angle not usually encountered (Granath
and Svensson, 1991; Panitvisai and Messer, 1995). Hence, the range
of loading directions to which teeth are adapted is limited, as also
indicated by experimental studies (Popowics et al., 2001,2004), and
reflects the directions habitually encountered. Through recent
technological developments information about the response of
enamel to differently-angled loads can be obtained non-destruc-
tively (Shimizu and Macho, 2008) and insights into the kinematic
parameters of fragmentary fossil taxa are thus possible.

Before interpreting the findings of the present study it is worth
reiterating that the results of these finite element analyses do not
inform about the ultimate strength of the tissue and its potential to
resist fracture. For such predictions to be made knowledge of the
protein and mineral content would need to be obtained and
included in the models (Shimizu and Macho, 2008); this is not
possible. Conversely, the range of loads which yield the lowest
overall stress levels and fewest number of nodes in which poten-
tially damaging tensile stresses occur was found to be relatively
insensitive to this information (Shimizu and Macho, 2008).
Comparisons of these variables across taxa thus allow an appraisal
of the optimal angle of loading of the tissue, i.e., kinematics. Despite
numerous further limitations (see above), distinct patterns emerge
with regard to the apparent interplay between tooth morphology,
diet, and enamel microstructure, which, as regards extant taxa, are
also in accord with behavioural observations. The findings and
interpretations for A. anamensis are therefore well supported, even
though aspects must be regarded as working hypotheses until
further comparative insights into the importance of kinematic
parameters in food fragmentation within and between species
become available.

Based on various lines of evidence, the following foods (or
properties) have been proposed for A. anamensis: hard and brittle
(Teaford and Ungar, 2000), hard and tough (Macho et al., 2005),
tough and fibrous (Grine et al., 2006a), fleshy fruits (Teaford and
Ungar, 2000), more varied (Ward et al., 2001). Such differences in
opinion are due to the fragmentary nature of the fossil record, the
limitations inherent in each method of investigation, and, most
importantly, the unique combination of morphological features not
seen in extant species. The results of the present analyses further
confirm the uniqueness of A. anamensis, highlight both similarities
and differences with extant apes, and make it possible to reconcile
previous contradictions within a coherent framework. Perhaps
most unexpectedly, despite morphological similarities between A.
anamensis and chimpanzees, Pan appears most distinct in dental
adaptations.

The enamel microstructure of Pan exhibits the narrowest range
of loading angles, whereby the optimal loading is parallel to the
DEJ. Inspection of overall tooth morphology and sectioned teeth
reveals that the leading edge (Phase I) is (near) perpendicular to the
DEJ (Fig. 3b). The optimal loading of chimpanzee teeth is thus
almost perpendicular to the leading edge/occlusal basin too, while
at more positive and negative loading angles the maximum tensile
stresses increase substantially (Fig. 3). The number of affected
nodes does not increase, and is even smaller, in regions where the
stress values are high (i.e., creating potentially damaging areas of
high stress concentration). This differs from the findings for
modern humans (Shimizu and Macho, 2008), Gorilla, and A. ana-
mensis (this study), but may also be the result of the species’ dietary
adaptations.

Chimpanzees are frugivores and are highly reliant on fruits even
in times of scarcity (Tutin et al., 1997) and/or when living in more
open environments (Sponheimer et al., 2006b). Ripe fruits do not
require a shear component to be broken down. Often chimpanzees
swallow fruits whole and/or they process food poorly before
swallowing, while more demanding foods are wadged, mostly
anteriorly in the mouth (Lambert, 1999). The optimal force vector
indicated in Figure 3 therefore almost certainly does not reflect the
angle of approach of the mandible but the force exerted by the food
particle/bolus as it is squashed between the occluding tooth
surfaces. In light of the species’ dietary and masticatory habits the
peculiar pattern of nodes exhibiting tension seems explicable also.
Prismatic enamel tends to fail in tension and the low attitude of
prisms from the DEJ (i.e., 2 degrees) and, consequently, near-
parallel orientation with the wear surface would make the tissue
susceptible to tension under vertical loading. However, such an
arrangement would also guard the tooth surface against acid
erosion (Macho and Shimizu, 2009), and enamel organisation in
Pan molars may thus conceivably be an adaptation to soft fruit
frugivory. That this low prism attitude is likely to render the tissue
less stiff and abrasion resistant may not matter much, as ripe fruits
are not normally abrasive nor do they require high bite forces to be
squashed. Furthermore, overall dental morphology predicts the
force vector to be directed into the bulk of the dental tissue, thus
reducing potential damage to the tissue even further (Macho and
Spears, 1999). Although A. anamensis presumably consumed
considerable amounts of fruit too (Teaford and Ungar, 2000),
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similar arguments cannot be made for the behaviour of its enamel
microstructure. In fact, enamel of A. anamensis appears to resemble
that of Gorilla to a certain extent, although there are some notable
differences.

The diet of gorillas is generally considered more varied and
mechanically demanding than that of chimpanzees (Tutin et al.,
1991). This is reflected in their tooth morphology, which exhibits
high-cusped molars with shearing crests and thin enamel, and their
distinct microwear features (Grine et al., 2006a). The wide angle
between the optimal force vector and the DEJ/leading edge clearly
confirms the importance of shear in the diet of gorillas (Fig. 3).
Despite these specialisations, however, gorilla molars are appar-
ently also relatively well-suited to dissipate forces directed more
parallel to the DEJ (i.e., more perpendicular to the Phase I facet).
They are similar to chimpanzees in this regard. Lowland gorillas, in
particular, consume large amounts of fleshy fruits like chimpan-
zees, as well as insects and termites (Deblauwe and Janssens, 2008),
although they nonetheless supplement their diet with herbaceous
matter year-round (e.g., Rogers et al., 2004; Marshall and Wrang-
ham, 2007). The present results are in line with such behavioural
data, highlight the adaptation of mastication of tough foods, and
reveal that enamel microstructure is indeed able to cope well with
a considerable range of loading conditions associated with different
food properties (Table 2; Fig. 3). The results for A. anamensis simi-
larly imply a greater dietary breadth compared to Pan (Ward et al.,
2001); this is particularly the case when one considers that the
enamel piece of A. anamensis was derived from a more posterior
molar (i.e., closer to the TMJ) than that of Pan and Gorilla. The fact
that the range of optimal loading angles does not include loading
parallel to the DEJ as in apes (Table 2; Fig. 3) raises a number of
questions, however.

In orofacial morphology A. anamensis is comparable to Pan
(Leakey et al., 1995,1998; Ward et al., 1999,2001), and functional
similarities between the two species could thus be expected, even
though anatomical modifications indicate a trend towards masti-
cation of hard brittle foods (Teaford and Ungar, 2000). Yet, the
optimal force vector with which the molar should be loaded is
apparently more parallel with the wear facet, indicating a greater
shear component. This shear component is similar to, but less
marked than in, Gorilla and is in accord with microwear analyses
(Grine et al., 2006a). The lesser degree of shear is not surprising as
A. anamensis was clearly not a folivore and in need of breaking
down tough (2-dimensional) foods. However, the exclusion of
(near) parallel loading to the DEJ appears to rule out a high degree
of soft fruit frugivory, at least when the results for the great apes are
used as a yardstick. It is, of course, conceivable that A. anamensis
masticated soft fleshy fruits in a manner different from either of the
great apes. Alternatively, mastication of less demanding foods may
not select for certain enamel microstructures and decussation
patterns; the latter would render the results of biomechanical
analyses less informative with regard to soft fruit frugivory (or less
demanding foods in general). If this argument were true, the
finding that Gorilla enamel is well-suited to be loaded parallel to
the DEJ could be an artefact and/or could point towards mastication
of foods other than fruits, which require near-parallel loading with
regard to the DEJ. Such considerations are reasonable. However,
broader morphological considerations argue against such
a scenario for A. anamensis.

The high prism angulation with regard to the DEJ in A. anamensis
(i.e., 20�) would most certainly result in a high(er) prism angulation
at the leading edge (i.e., underneath Phase I facet) compared to Pan.
For Gorilla with its predominantly herbaceous (i.e., demanding)
diet a high angle and, consequently, high degree of abrasion would
be advantageous as such abrasion would aid in maintaining sharp
shearing crests; the thin enamel facilitates this process further. To
what extent the enamel underneath the Phase I facet in A. ana-
mensis was susceptible or resistant to wear is unknown (Macho and
Shimizu, 2009), but it is almost certain that it was poorly suited to
withstand acid erosion. This would be problematic if large quan-
tities of fruits were consumed, i.e., habitually,. Although it could be
argued that the thick enamel would counterbalance such short-
comings, evidence from both biomechanical (Macho et al., 2005)
and microwear analyses (Teaford and Ungar, 2000; Grine et al.,
2006a) imply that the thick enamel in A. anamensis probably pro-
tected against hard and abrasive foods. Perhaps more importantly,
the reduction in anterior tooth size vis-à-vis the increase in post-
canine tooth size (Ward et al., 2001) emphasises the relative
insignificance of ingestion (and possible wadging) of fleshy fruits
over mastication. Furthermore, the lateral flare/buttress of A. ana-
mensis molars (Ward et al., 1999, 2001), which is far less
pronounced in either of the apes (Macho and Spears, 1999), attests
to laterally-directed loads in this species, as would be expected
when masticating tough foods (Foster et al., 2006; Woda et al.,
2006). A broad base (and low crown) would protect the tooth
against bending which, in turn, would lead to tension in the cervical
part of enamel, where prisms are relatively straight. The conse-
quences of such tensile stresses may be cervical (radial) fractures
and chipping. Given this multi-faceted and complex nature of
morphological changes in A. anamensis it is reasonable to infer that
this species has habitually shifted towards a tougher, and probably
harder and abrasive, diet, while brittle and acidic foods may have
been consumed only infrequently, if at all. Such foods may have
included termites, sedges, and underground storage organs (USO),
as proposed for later australopiths (Sponheimer et al., 2006a, Yea-
kel et al., 2007). Indirect evidence further supports a dietary shift
coupled with some niche expansion, as opposed to occasional
reliance on demanding (fallback) foods.

Despite spatial and temporal fluctuations in environmental
conditions (Leakey et al., 1995,1998; Wynn, 2000; Macho et al.,
2003b; Bonnefille et al., 2004), A. anamensis and A. afarensis
showed remarkable fidelity in food choice, as judged by microwear
features (Grine et al., 2006a,b). To dismiss these findings as being
due to chance seems illogical. Rather, a switch to more abundant
foods (with different food properties) and broadening of the dietary
niche is more parsimonious. Such a shift may have reduced intra-
specific competition, especially during harsh periods, and would
have limited the average day ranges with potential consequences
for group cohesion, infant care, and predator avoidance, as is the
case in gorillas (Doran and McNeilage, 1998; Yamagiwa and Basa-
bose, 2006). The fact that (body) size dimorphism in A. anamensis
(Ward et al., 2001) and A. afarensis (e.g., Gordon et al., 2008) was
similar to that in gorillas may therefore attest to similarities in
socioecology between species due to the exploitation of a broader
and more abundant dietary niche, even though the actual foods
eaten by these two species were almost certainly different (Macho,
submitted). While speculative, it is further conceivable that such
a shift may subsequently have enabled hominins to consume
sufficient high-quality foods year-round, thus laying the foundation
for the evolutionary pathway towards extended juvenile period
and large brains.
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