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Abstract

 

This contribution investigates the evolution of diet in the 

 

Pan

 

–

 

Homo

 

 and hominin clades. It does this by focusing
on 12 variables (nine dental and three mandibular) for which data are available about extant chimpanzees, modern
humans and most extinct hominins. Previous analyses of this type have approached the interpretation of dental
and gnathic function by focusing on the identification of the food consumed (i.e. fruits, leaves, etc.) rather than
on the physical properties (i.e. hardness, toughness, etc.) of those foods, and they have not specifically addressed
the role that the physical properties of foods play in determining dental adaptations. We take the available evi-
dence for the 12 variables, and set out what the expression of each of those variables is in extant chimpanzees, the
earliest hominins, archaic hominins, megadont archaic hominins, and an inclusive grouping made up of transitional
hominins and pre-modern 

 

Homo

 

. We then present hypotheses about what the states of these variables would be
in the last common ancestor of the 

 

Pan

 

–

 

Homo

 

 clade and in the stem hominin. We review the physical properties
of food and suggest how these physical properties can be used to investigate the functional morphology of the
dentition. We show what aspects of anterior tooth morphology are critical for food preparation (e.g. peeling fruit)
prior to its ingestion, which features of the postcanine dentition (e.g. overall and relative size of the crowns) are
related to the reduction in the particle size of food, and how information about the macrostructure (e.g. enamel
thickness) and microstructure (e.g. extent and location of enamel prism decussation) of the enamel cap might be
used to make predictions about the types of foods consumed by extinct hominins. Specifically, we show how thick
enamel can protect against the generation and propagation of cracks in the enamel that begin at the enamel–
dentine junction and move towards the outer enamel surface.
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Introduction

 

If you know the diet of an extant primate taxon, it is
possible to predict a good deal about its natural history
and morphology. Conversely, if you know enough about
the natural history and morphology of an extant primate
taxon, you can make quite precise inferences about its diet.
If, however, the primate taxon is extinct, not extant, then
dietary inferences are far more challenging. The evidence
available about the natural history of an extinct primate
taxon is indirect and is therefore much more ‘broad brush’
(see Elton, this issue, for a review of attempts to re-
construct the paleoenvironment of extinct hominins).

Information about morphology has to come from whatever
survives of individual members of the taxon, and what the
fossil record of each taxon consists of is determined by a
complex mix of predator behaviour, tissue durability and
the many other factors that result in differential preserva-
tion of the skeleton. Nonetheless, although students of
the diet of extinct hominins (and we are no exception)
ritually complain about the paucity of the available evi-
dence, we are much better served by the fossil record than,
say, those who attempt to reconstruct the language and
social behaviour of extinct hominin taxa (see Sherwood
et al. 2008).

We were asked by the organizers of the 2007 ASGBI
Human Evolution Symposium to make predictions about
the diet of the hypothetical last common ancestors (LCAs)
of the hominin/panin and hominin clades. We were also
asked to trace the subsequent evolution of dietary adap-
tations within the hominin clade, and then speculate
about when in hominin evolution the dietary adaptations
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of modern humans appeared. There are many lines of
evidence [e.g. dental and gnathic (i.e. upper and lower
jaws) morphology, functional analysis, dental microwear,
stable isotopes, archeology, referential and analogical
extant models, etc.] that can be used to help reconstruct
the diets of extinct hominins, and these have been fully
and effectively summarized in recent reviews, some of
them book-length (e.g. Teaford & Ungar, 2000; Ungar &
Teaford, 2002; Ungar, 2007). It is neither possible nor desir-
able to reprise all of these lines of evidence in this contri-
bution, so we have a more modest agenda. We focus on 12
variables (nine dental and three mandibular) for which
data are available about extinct hominins (Table 1). For
some hominin taxa (e.g. 

 

Australopithecus afarensis

 

, 

 

Paran-
thropus boisei

 

,

 

 Homo neanderthalensis

 

) the fossil record is
good enough for us to have data about all of the variables,
but for many early hominin taxa with relatively sparse
fossil records (e.g. 

 

Ardipithecus ramidus

 

, 

 

Australopithecus
garhi

 

) relatively few data are available, and for some of
the variables the evidence is either non-existent, or the
samples are so small that the sample parameters are un-
reliable guides to the characteristics of the taxon. We take
the available evidence for some of the nine dental vari-
ables and review the relevant literature, some of it very
recent and outside evolutionary biology. The combination
of the morphological evidence and the new insights
prompted by developments in cognate research areas have
enabled us to suggest new avenues of research that could
shed light on how these morphological data can be used
to generate testable hypotheses about the dietary adap-
tations of extinct hominins.

One of us has recently argued (Lucas, 2004) that researchers
should take a fresh look at the way morphological infor-
mation about the dentition is used to make dietary infer-
ences. Previous analyses had focused on the identification
of the food consumed (i.e. fruits, leaves, etc.) rather than

on its physical properties (i.e. hardness, toughness, etc.),
and they had not specifically addressed the role that the
physical properties of foods play in determining dental
adaptations. Similarly, the fracture mechanics of foods,
which are fundamental to dental–dietary interactions,
were rarely if at all addressed. In this paper we show that
some of the enigmas about the dietary adaptations of
early hominins might be resolved if the analysis is moved
beyond the descriptive level to incorporate recent advances
in mechanics.

 

Hominin fossil record

 

There are currently many hominin species recognized in
some of the more speciose taxonomic hypotheses (Fig. 1;
and see Wood & Lonergan, 2008), and the situation in
hominin systematics is far from static. For example, the
status of 

 

Homo ergaster

 

 as an East African form of early

 

Homo

 

 may soon be revised and the recently discovered
evidence for the long-term sympatry of 

 

H. ergaster

 

/

 

erec-
tus

 

 and 

 

Homo habilis

 

 in East Africa suggests that 

 

H. habilis

 

may not necessarily be a good model for the morphology
of the earliest 

 

Homo

 

, being at least partly an adaptive
response to the presence of another 

 

Homo

 

 species (Spoor
et al. 2007). Consequently, it seems unwise at the present
time to try to identify dietary adaptations within the
hominin clade at the species level. This is not to say that
such an endeavour is impossible in functional terms, but
we believe that at the moment such attempts invite
premature obsolescence. Therefore, we will discuss dietary
adaptations in extinct fossil hominins in terms of four
inclusive grade groupings:

 

(1) Earliest hominins

 

 (coloured green in Fig. 1) ranging
from 7 to 4 Ma. This group includes 

 

Sahelanthropus
tchadensis

 

, the earliest potential hominin yet found, 

 

Orrorin
tugenensis

 

, 

 

Ardipithecus kadabba

 

 and 

 

Ar. ramidus

 

. There

Fig. 1 Hominin fossils, as arranged as Wood 
(2002), and grouped in morphological 
clusters. H., Homo; A., Australopithecus; 
P., Paranthropus. The other names for 
hominin genera are spelt out in full. The 
horizontal scale is qualitative, serving partly 
to space the fossils, but also to indicate 
approximate relationships. The main line of 
descent, which may miss all known fossils, 
runs lower right to upper left.
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Table 1

 

General trends in hominin dental and gnathic morphology

 

Morphological trait

 

Pan troglodytes

 

LCA Stem hominin Earliest hominins Archaic hominins Archaic megadonts Pre-modern 

 

Homo Homo sapiens

 

DENTITION

 

Incisor size large

 

large large

 

* medium medium small medium medium
Incisor orientation procumbent  procumbent procumbent  procumbent (?) procumbent vertical vertical vertical
Incisor to postcanine ratio high

 

high medium  medium medium low medium medium
Canine size large

 

large medium

 

medium medium small small small
Canine sexual dimorphism high

 

high moderate

 

moderate reduced low low low
Relative premolar size (P

 

4

 

/M

 

2

 

) small

 

small small

 

small medium† large medium medium
Molar size small

 

small medium

 

medium large very large small small
Molar size gradient M2 largest

 

M2 largest M2 largest

 

M2 largest M2 largest M3 largest variable M1 largest
Enamel thickness thin

 

thick

 

‡

 

thick

 

‡ thin thick hyper-thick thick thick

 

MANDIBLE

 

Mandibular corpus height (h) at M1 tall

 

tall moderately tall

 

? moderately tall very tall short short
Mandibular corpus breadth (b) at M1 slightly broad

 

slightly broad slightly broad

 

slightly broad broad very broad broad narrow
Mandibular robusticity at M1 (b/hX100) gracile

 

gracile slightly robust

 

? moderately robust very robust robust gracile

Predictions for the last common ancestor (LCA) of modern humans and chimpanzees and the stem hominin are shown in italics.
‘Earliest’ = 

 

Sahelanthropus

 

, 

 

Orrorin

 

 and 

 

Ardipithecus

 

, ‘Archaic’ = 

 

Australopithecus

 

, ‘Megadont’ = 

 

Paranthropus

 

, and ‘Early 

 

Homo

 

’ = 

 

Homo habilis, H. rudolfensis

 

,

 

 H. ergaster

 

 and 

 

H. erectus

 

. 
Data from Brown & Walker (1993), Gabunia & Vekua (1995), Plavcan & Van Schaik (1997), Asfaw et al. (1999), Ward et al. (2001), Brunet et al. (2002), Brunet et al. (2005), and Moggi-Cecchi 
et al. (2006). 
*Predicted to be large because 

 

Sahelanthropus 

 

has large incisors, while the later 

 

Ardipithecus

 

 does not.
†Does not include the large-premolared 

 

A. garhi

 

.
‡See text for explanation.
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is still relatively little known about the dental and gnathic
morphology of all of these taxa.

 

(2) Archaic hominins

 

 (coloured yellow in Fig. 1) ranging
from 4 to 2.5 Ma. This group includes taxa such as 

 

A.
afarensis 

 

and 

 

A. africanus 

 

with substantial dental and
gnathic fossil records.

 

(3) Archaic megadont hominins

 

 (coloured red), ranging from
about 2.5 to 1.1 Ma. The two species with the best fossil
records are the East African hyper-robust species, 

 

P. boisei

 

,
and the southern African species, 

 

Paranthropus robustus

 

.
The dental and gnathic morphology of both species is well
known.

 

(4) Pre-modern 

 

Homo

 

 

 

(blue), ranging from about 2 Ma
to approximately 18 ka. The dental and gnathic gestalt is
broadly similar in these taxa although there are substantial
differences in overall tooth size within this grouping.
Table 1 lists the 12 dental and mandibular traits and gives
the expressions of those traits for each of the above hominin
groupings, and its predicted states in (a) the stem hominin,
(b) the LCA of the combined hominin and panin clades and
(c) the observed state in both living common chimpanzees
and modern humans.

 

Dental and gnathic characteristics of the LCA 
of 

 

Pan

 

–

 

Homo

 

In most aspects, it is probably wisest to assume that the
dentition of the LCA of chimpanzees/bonobos and homi-
nins resembled that of the modern common chimpanzee.
The incisors were likely to have been large and, when first
erupted, procumbent (i.e. with the occlusal margins of the
sloping crowns projecting forwards). The canines were sexu-
ally dimorphic, with much more projection beyond other
teeth in males than females (as is true of all great apes; see
Lucas et al. 1986b). The premolar crowns were relatively
small, with the largest of the molars being the second (M2),
as is also true of the other great apes. Haile-Selassie et al.
(2004) suggest that the upper canine of 

 

Ardipithecus

 

 had
its posterior edge sharpened against an anterior extension
of the anterior lower premolar (P4), as in great apes and most
Old World and New World monkeys (Zingeser, 1969). The
only characteristic that might vary from this inferred chimp-
like form is the thickness of enamel over the postcanine
teeth. It is entirely possible that modern chimpanzees have
reduced the thickness of their enamel (Vogel et al. in press),
just as it is possible that modern gorillas may have done
(Suwa et al. 2007). This makes enamel thickness an impor-
tant character for functional analysis, as it is under genetic
control (Hlusko et al. 2003), yet it is apparently quite labile
and responsive to selective pressures (Hlusko, 2004).

 

Dental differences among hominin taxa

 

The dental differences among the actual and predicted
taxa are set out in Table 1. In the section that follows we

make specific comments about either the state of the
morphology as observed in a specific extant or extinct
taxon, or the predicted state of the morphology in an as
yet hypothetical taxon.

 

Incisors

 

The incisors were probably also procumbent on eruption
in both the earliest and archaic hominins (Asfaw et al. 1999).
However, archaic megadont hominins, along with members
of the genus 

 

Homo

 

, had more vertically implanted and rela-
tively smaller incisors (McHenry, 2002). Incisal reduction in
the archaic megadonts was coupled with enlargement of
the premolars and molars (Grine, 1981).

 

Canines

 

In the earliest hominins, the canine teeth are said to have
been relatively small (see Brunet et al. 2002 for information
about 

 

S. tchadensis

 

), and further size reduction continued
within this time period (Haile-Selassie et al. 2004). The
greatest relative canine reduction is seen in the megadont
archaic hominins, but there is some evidence that the
premolars and molars are abnormally large in these taxa,
especially when compared with the relatively modest size
of the canine (Wood & Stack, 1980).

 

Molars

 

The second molars were generally the largest of the molar
teeth in the earliest and in the archaic hominins, but there
was a distinct tendency for M3 to be as large, if not the
largest, of the molars particularly with respect to the
mandibular dentition of the archaic megadonts (Wood &
Abbott, 1983; Wood et al. 1983; Wood, 1984). In modern

 

Homo

 

, the first molar is usually the largest of the molars
(van Reenen, 1982; Townshend & Brown, 1983), following
extensive reduction in overall tooth size (Brace et al.
1987). Hominins all tend to have low blunt cusped molars
and premolars – the so-called bunodont type of dentition.
It is generally agreed that the earliest hominins to have
had thick enamel were the archaic hominins (Martin,
1985), and that enamel became even thicker in the ‘hyper-
thick’ archaic megadonts (Beynon & Wood, 1987; Grine &
Martin, 1988). Even in modern humans, the enamel of the
postcanine teeth is much thicker than in the equivalent
teeth of the extant apes (Kono, 2004; Smith et al. 2005).

 

Food physics

 

We suggest that these observations can best be explained
against a knowledge of the physical properties of the
ingested foods. Two aspects of the physical properties of
foods exert a strong influence on tooth form. Their external
physical characteristics, which describe the form of the
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external surface of the food item, and its internal mechan-
ical properties. These are the properties of a food that
determine how resistant the food is to being fractured
(Lucas et al. 1986c). Food fracture creates larger external
surface areas, and thus the external physical characteristics
of a food are always in flux inside the mouth as the food
is broken down. However, unless food dissolves in the
mouth, melts, is acted on by enzymes or else undergoes a
deformation transition (see later in this section), its inter-
nal mechanical properties will remain the same.

When a food particle is loaded by a force, that force
creates stresses in the particle (a stress is a force divided by
the area over which it acts). These stresses may cause the
particle to deform. The extent of such deformation in the
direction of the force can be normalized to the size of
the particle to produce another size-independent variable,
called strain. In foods where the stress is more or less pro-
portional to the strain, at least initially, the most important
property that defines the ease of deformation is simply the
stress/strain ratio. This ratio is called the Young’s (or the
elastic) modulus, and is usually symbolized as 

 

E

 

. Once a
particle fractures, then its most important property is its
toughness, 

 

R

 

, which is defined as the energy expended
during the growth of a crack of unit area.

But things are not always so straightforward. Foods can
have complex microstructures with consequent anisotropy
(variation in properties with the direction of loading), and
they also often do not have strain proportional to stress at
any point during loading. Foods with these more complex
physical properties stretch the capacity of current methods
of analysis in materials science. Nevertheless, Ashby (1989,
1999) defined two indices that have an important bearing
on the fracturability of foods that exhibit approximately
linear behaviour. He suggested that when the force is limit-
ing, the quantity (

 

ER

 

)

 

0.5

 

 effectively defines the resistance
of foods to fracture, and when deformation is limiting, it
is (

 

R

 

/

 

E

 

)

 

0.5

 

. Lucas et al. (2000) give a simple illustration of such
force and displacement limitations and adopted these indices
as a way of looking at the behaviour of plant tissues under
different loading conditions.

As plant foods have dominated much of the debate about
primate diets, and because the ingestion of plant foods has
featured in some hominin dietary adaptive scenarios, these
indices could aid our consideration of such scenarios. Lucas
et al. (2000) suggested that (

 

ER

 

)

 

0.5

 

 is very close to what is
understood by biologists as ‘hardness’, while the quantity
(

 

R

 

/

 

E

 

)

 

0.5

 

 is close to what biologists term ‘toughness’. There
is some evidence from feeding experiments in modern
humans that these quantities apply to foods being loaded
by the dentition (Agrawal et al. 1997, 1998, 2000; Lucas
et al. 2002; Vincent et al. 2002; Agrawal & Lucas, 2003).

Those used to more traditional accounts of mechanics
may not follow this and wonder where, for example, frac-
ture stress comes into the discussion. The problem with
fracture stress as an independent fracture-controlling

parameter is that its value is dependent on intrinsic flaws
in a material. The larger the flaws, the lower the fracture
stress (Griffith, 1920; Atkins & Mai, 1985; Lawn, 1993). In
fact, fracture stress depends roughly on (

 

ER

 

/

 

c

 

)

 

0.5

 

, where 

 

c

 

 is
the length of the largest flaw. In general, results from
materials testing suggest that the larger the specimen, the
lower the strength because the larger the flaw sizes
present within it (Atkins & Mai, 1985; Kendall, 2001). Thus,
fracture stress is not a basic parameter, but a variable that
depends on 

 

E

 

 and 

 

R

 

. A materials scientist may measure
toughness as 

 

R

 

. In a mechanical test, 

 

R

 

 is isolated by factor-
ing out any elastic deformation not used in crack growth.
However, in any practical loading situation, energy is stored
via elastic deformation, and thus it is the ratio of 

 

R

 

 to 

 

E

 

that matters in any practical assessment of ‘toughness’.
Even more confusingly, some materials scientists measure

toughness as (

 

ER

 

)

 

0.5

 

, a parameter that may be symbolized
as 

 

K

 

 or 

 

T

 

 (Lawn, 1993). Calling (

 

ER

 

)

 

0.5

 

 here the scientific
colloquial equivalent of hardness reflects our opinion that
‘hard foods’ in the hominin and primate literature are very
often those with a high (

 

ER

 

)0.5. Foods described in the
literature as ‘tough’ nearly always have a high R to E ratio.

Materials scientists do not define hardness as (ER)0.5. For
them, hardness (H) is an indirect measure (obtained via
empirical indentation) of the boundary between elastic
behaviour that produces recoverable deformations after a
load is removed, and plasticity which is when a permanent
change in external dimensions is observed. The stress at
the boundary between these behaviours is thought to be
a fundamental property and is termed the yield stress (Y).
It is a feature of solids that their behaviour changes with
respect to their particle sizes at a threshold in size (linear
measurement) given by (ER)0.5/Y (Kendall, 2001), sometimes
written as K2/H2, with H = 3Y for many materials (Lawn,
1993). This threshold is called the ‘deformation transition’
(Atkins & Mai, 1985), and is of great potential importance
in understanding the evolution of dental macrostructure
and microstructure (Agrawal et al. 2008). There are con-
stants of proportionality involved in construction of pre-
cise relationships for all the above, but the emphasis here
is only on the dimensional form of these relationships.

Going back to the definitions of Lucas et al. (2000), it is
clear that a food cannot be both hard and tough. In prac-
tice, hard foods with a high (ER)0.5 are dominated more by
a high E than a high R. In fact, R in hard objects is often
very low, although it need not be. In contrast, tough foods
with a high (R/E)0.5 are dominated generally by high R and
usually by a low E.

Tooth shape

The foregoing analysis is useful for understanding the
potential for crack formation in foods with different inter-
nal mechanical properties. Dentitions designed to break
down hard foods look very different from those that are
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designed to break down tough foods (Lucas, 2004). Tough
foods are very difficult to fragment (i.e. to fracture into
separable pieces) without very sharp features on tooth
crowns. Due to their usually low modulus (low E), the areas
of teeth in contact with such food particles are extensive,
and as the load is increased, the food particle spreads
across the tooth. Sharp features are needed continually to
re-initiate (re-sharpen) crack tips that otherwise tend to
blunt, stop moving and frustrate fragmentation. Such
crack tips may or may not jump slightly ahead of the sharp
tooth feature that produces them – this depends on the
level of R/E and also on the microstructure of the food –
but their progress will always arrest quickly without the
proximity of these sharp features. Such teeth are usually
not pointed because cracks will not spread laterally. So, in
order to subdivide such food particles, teeth need to have
bladed features – sharp points that are extensive in one
plane. In contrast, hard foods fragment very easily because
R is low. Contact areas stay small as the load is increased
because of the high E of such foods. Sharp features on
teeth would be quickly lost because of the locally high
energy densities that lead to fracture. Further, cracks spread
laterally very easily. So, the design for teeth optimized to
break down hard foods involves low, blunt points (i.e.
what we refer to as ‘cusps’).

To summarize, foods with high values of (ER)0.5 crack
easily. The dentition of a mammal that consistently loads
these hard foods with their molars is most likely to possess
low, blunt cusps – the sort of postcanine dentition that all
hominins have. In contrast, foods with high values of (R/
E)0.5 are very resistant to cracking. The loads of such par-
ticles against teeth are generally spread out over large areas
of the tooth crown surface localized because the modulus
of the food is low and the high value of R means that
strains at failure will be high. The dentition of a mammal
that consistently loads these tough foods with their molars
is most likely to possess prominent blades (or crests) on
their teeth.

Ingestion – incisor function

The first bite is a critical element of the feeding process.
However, there have been remarkably few attempts at a
tooth–food contact analysis. Despite this, a single bite is
likely to have a much more stereotyped action and contact
geometry than the ordered chaos of particle size reduc-
tion during mastication, and thus it should be simpler to
analyse.

Most anthropoid primates differ from other mammals in
having a broad ‘spatulate’ edge to their incisors. Anthro-
poids probably evolved in the Eocene as diurnal frugivores
(Ross, 2000; Dominy, 2004). Spatulate incisors could have
evolved quite early in relation to fruit eating (Lucas, 1989,
2004; Lucas & Corlett, 1991). The argument rests on the
characteristic covering of the fruits that primates eat as a

minority of their diets in tropical rain forest – the fruit peel.
Removing a thick peel involves controlling a crack along
the peel–flesh interface. This can be difficult without the
type of broad bladed edge that spatulate incisors have,
and which can guide the crack along the interface. From
the plant’s point of view, this restricts access to its fruit
from other frugivores and thus ensures they are subject to
a particular pattern of seed dispersal that only the primates
‘armed’ with spatulate incisors have.

Much of the efficiency of spatulate incisors is considered
to lie in the extent of their mesiodistal breadths (Hylander,
1975; Eaglen, 1984). Hylander (but not Eaglen) found that
primates with more fruit in their diets often have broader
incisors than those that concentrate on leaves. However,
relating this finding to the physiological action of incisors
is difficult because of the wide variety of other tasks for
which they can be used (Osborn et al. 1987; Ungar, 1992).

Analysis of incisor function is made easier by boiling
down these other activities to one of two distinct physical
forms: generally, they either involve grip, or grip plus frac-
ture (Lucas, 2004, et al. in press a; Ang et al. 2006). If the
incisors are used solely for grip, then the coefficient of fric-
tion between the tooth surface and the plant part is all
important. At a macroscopic level, friction is independent
of the area of contact and thus narrower incisors serve just
as well as broader ones. Many leaf-eating primates seem
to use their incisors to grasp small branches, drawing these
through the gap between the teeth to detach leaves (Ungar,
1996). The incisors grip the branches, but also allow them
to slip. Broad incisal edges may not benefit these primates
very much, suggesting that small incisors could represent
an adaptation to a leaf-eating diet. In contrast, the rate of
removal of the peel of a large fruit is a fracture activity and
probably depends very much on the length of an incisal
edge (i.e. the breadth measurement of spatulate incisors).

The incisors of anthropoids differ not just in their mesio-
distal dimensions, but also in their heights (which are
undoubtedly related to wear rates) and in their orientation.
This is particularly relevant to hominins. The incisors of the
members of the genus Homo in particular are reported as
being much closer to the vertical than those of great apes
(McHenry, 2002). Incisal orientation does change with age,
becoming more vertical (Lysell, 1958; Hylander, 1977; Dean
et al. 1992), but perhaps this – as with dental features that
wear – is unavoidable.

The influence of incisal orientation on the efficiency of
incisor use is still best seen in the form of a fracture mechanics
analysis of the tip of the incisal crown with respect to crack
tips, and this is due to Ang et al. (2006). In this analysis the
optimal orientation of the incisal edge to the surface of
the object to be incised is not necessarily vertical. Ang
et al. (2006) suggest that this depends primarily on the
coefficient of friction involved. If friction is low, then the
optimal angle could be markedly inclined to the food
surface – an orientation that equates to procumbency –
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while if friction is high, more vertically implanted incisors
are definitely favoured.

Protection against the fracture of tooth parts

The incision analysis of Ang et al. (2006) provides some
support for the results of the experiments of Sui et al. (2006),
which suggest that the greater the toughness, the higher
is the force required during food fracture. The potential
for these forces instead to produce fracture of the incisal
crown can be resisted by bulking up the crown (Fig. 2).

Until wear exposes the dentine, it is the outermost tissue,
the enamel, which actually contacts food particles, their
inedible coverings (such as peels and seed shells) and/or

any grit associated with them. As such, the properties,
structure, dimensions (particularly the thickness) and the
overall shape of the enamel cap of tooth crowns must be
the subject of intense selective pressure. It is a general fea-
ture of sharp-bladed (or crested) postcanine teeth that the
enamel that covers them is quite thin, the sharpness being
generated by the enamel ridge standing proud of the
dentine. In contrast, the low, blunt cusps typical of most
hominin postcanine teeth are coated with relatively thick
enamel.

Mammalian enamel is the most heavily mineralized
tissue of the body, and it provides a durable coat over the
tooth crown which is otherwise made up of a dentinal core
(Osborn, 1981). Yet, enamel does not last forever. The

Fig. 2 Schematic view of size trends in the 
permanent dentition during hominin 
evolution susceptible to functional analysis, 
illustrated by archaic megadonts and modern 
humans as dental extremes. Postcanines are 
shown in red, canines in yellow and incisors in 
blue. Incisors have generally reduced in size, 
procumbency and bulk. Permanent canines 
were reduced in the earliest hominins, while 
postcanines expanded in archaic megadonts, 
but reduced in the genus Homo. The lower 
diagrams contrast the long, narrow tooth 
rows of archaic megadonts with the short, 
wide row of modern humans.
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thickness of the enamel is very variable in primates. Several
groups of extinct primates, including Miocene apes, had
thick enamel, and in at least some groups, hard object
feeding has been linked to this pattern (Martin et al. 2003;
Smith et al. 2003; Godfrey et al. 2004). Thus, enamel thick-
ness may be a crucial characteristic for understanding
hominin dietary evolution.

The following theory is a brief version of the arguments
set out in Lucas et al. (in press b), and this in turn is based
on a series of papers on the physics of bilayered solids due
to Lawn (the landmark papers are: Lawn, 1993; Lawn et al.
2001; Rhee et al. 2001; Rudas et al. 2005; Qasim et al.
2007). There are two hypotheses about why enamel might
be thickened in some mammals: (1) that it strengthens the
tooth crown in mammals that feed on hard objects (Kay,
1981) or (2) that it provides extra wear potential, thus
extending the life of the tooth (Molnar & Gantt, 1977).
Food hardness is often taken as the key component of wear
resistance in both theories, but the most important point
here is that contacts between hard food objects and teeth
are going to result in small (concentrated) areas of loading.

The first theory has attracted most support, but Fig. 3
shows why, at first glance, it does not look very reasonable.
Consider a flat isotopic ‘enamel’ surface contacted by a

hard particle of effective radius r (Fig. 3A,D). A ‘cone crack’
is forming beneath the contact in the enamel (this is basi-
cally true for both static and sliding contacts, see Lawn,
1967, 1993). This crack grows stably with a rising force
given by

Pc = C1Rr (1)

where R is the enamel toughness (in J m–2) and C1 is a
dimensionless constant (Lawn et al. 2001). This formula
changes not at all if, as in Fig. 3B, this surface crack is con-
sidered to be growing in an enamel coat, of thickness t, on
a dentinal base.

There have been various attempts to model surface
damage as in wear, but none of them involves coat thick-
ness (Sharp et al. 1993). So is the ‘thicker is stronger’
theory wrong? The answer is not necessarily. Most teeth
consist of a relatively thin, stiff enamel coat laid over a
much more compliant core made from primary dentine. In
fact, the dentine found for ~100 μm directly under the
enamel, the mantle dentine, is probably more compliant
than the rest (Osborn, 1969; Renson & Braden, 1971). The
‘design secret’ is in varying the loading regime to match
the properties of food objects. Hard food objects will

Fig. 3 Explanation of the adaptive value of enamel thickness. (A) The loading F endured by enamel [pictured in (B) and (C) with a thickness t] produced 
by a spherical particle of effective radius r. (D–F) The types of cracking behaviour likely to result. (D) A cone crack. In (E), the crack actually starts deep 
from the enamel–dentine junction and runs up to the surface. In (F), the crack starts around the cervical margin of the tooth (where the enamel meets 
the cement) and may result in a fragment falling from the side of the tooth. See text.
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make small areas of contact with teeth. Under concen-
trated loading on a bilayered structure, the thin coat can
easily bend on its compliant support and start to crack on
its undersurface, i.e. at the enamel–dentine junction (EDJ)
(Fig. 3C,E) (Lawn et al. 2001). As stated by Lucas et al. (in
press b), one way to understand this is to rest a glass micro-
scopic coverslip on a piece of elastic foam and press from
above on the centre of the coverslip with a pencil tip. The
glass will break easily, but via a crack initiating from its
undersurface. The force for the initiation of these deep
‘radial’ cracks is given by

Pi = C2σFt
2/log(EE/ED) (2)

where σF is the enamel fracture stress, t is the enamel thick-
ness, EE is the Young’s modulus of enamel while ED is the
dentinal modulus and C2 is a dimensionless constant
depending on the curvature of the enamel surface (Rhee
et al. 2001; Rudas et al. 2005). Some points can be made
immediately. For hard food objects, the enamel strain
energy that can lead to fracture is localized under the
point of contact. The highest stress lies at the EDJ. While
the strength of the enamel is taken as a constant in Eq. (2),
the force at which the enamel cracks rises as the square of
its thickness. The enamel thickness here would be meas-
ured simply by dropping a line from the point of contact
to the EDJ in the direction of the force. This method
(Molnar & Gantt, 1977; Beynon & Wood, 1987; Kono, 2004)
has now fallen out of favour somewhat because it is subject
to error in orientating sections properly for measurement
(Martin, 1985; Smith et al. 2005); however, inaccurate
though some of the measurements may be, this ‘plumb
line’ type of measure is clearly what is relevant to hard
object feeding.

Lawn and co-workers have shown that deep ‘radial’
cracking is more complex than this. Deep cracks tend to
arrest with the force to make them grow catastrophically
towards the surface (Rudas et al. 2005) being

Pf = C3(ER)0.5t1.5/log(EE/ED). (3)

The above is all limited to concentrated loadings (Fig. 3D,E),
such as those that a food object with a high modulus
might produce. A major difference between chewing on a
large food item with a high modulus versus one that has a
much lower value is that when the latter is loaded, it will
tend to wrap around the tooth and thus distribute the
load over a larger surface area (Fig. 3F). This has been
shown to result in tensile stresses spreading round to the
margin of the crown (Qasim et al. 2007). These result in
fractures dentists call ‘abfractions’, wherein the sides of
the tooth crown fracture (Fig. 3F) (Grippo, 1991). Note
that in Eq. (3), while the dependence of the force on the
enamel thickness is still there, the thickness exponent is
less than for initiating cracks.

Several points emerge directly from the above. Restrict-
ing consideration to ‘blunt’ contacts on hard objects, a
comparison of force calculations in Eqs (1) and (2) gives,
for any given enamel thickness, a predicted food particle
size at which a transition between a surface crack and a
deep (‘radial’) crack might be found. For Eq. (1), we take
C1 = 8600 (Lawn et al. 2001) and R = 13 J m–2 for enamel
between the rods (Rasmussen et al. 1976), while in Eq. (2),
C2 = 2 (Lawn et al. 2001), σF = 30 MPa (Waters, 1980), t =
1.5 mm (to take some initial thickness relevant to hominin
evolution), EE = 90 GPa and ED = 20 GPa (He et al. 2006).
We predict that, in contacts with small food particles of
r < 5 mm, enamel is likely to crack on its external surface.
It would certainly crack that way against small objects like
grass seeds, quartz grit or phytoliths. If particles are larger,
though, then it seems more probable that cracks will start
from the EDJ. This calculation is consistent with microwear
data, where the diameters of the enamel features, be
they pits or scratches, are generally of micrometre scale
(Teaford, 1988, 1994). The damage caused by larger hard
objects to enamel may be deep and, thus, not visible.

Thus, it can be concluded that a mammal feeding on
small hard objects, or on a diet that contains lots of grit or
phytoliths, may need thick enamel to extend tooth life,
whereas a mammal feeding on larger hard objects may
need thick enamel to increase the force at which internal,
EDJ, cracks are initiated. In this sense, both of the theories
seeking to explain enamel thickness may be correct; they
just apply to different diets. This might explain why some
large object feeders such as sea otters do not tend to show
especially marked surface wear (Walker, 1981). In contrast,
hominin postcanine teeth tend to show evidence of exten-
sive wear (Grine, 1981; Kay & Grine, 1988; Scott et al. 2005;
Ungar et al. 2006).

A comparison of forces in Eqs (2) and (3) is instructive.
Taking C3 = 60 (Kim et al. 2007), and R = 13 J m–2 (Rasmussen
et al. 1976; Okasaki et al. 1989) shows that the force
required to make deep cracks grow is much greater than
that required to start them off. Thus, cracks may form, but
stall. It can be predicted that the teeth of hard object
feeders may have enamel full of half-grown deep cracks.
Just one loading event, one bite out of the thousands
made per day, could produce such a deep crack, providing
a permanent record of the load on a tooth.

The role of enamel microstructure

If such cracks are found in enamel, then it may be impor-
tant for them to be stopped because of the selective pres-
sure on enamel integrity discussed above. This is probably
where the value of enamel microstructure comes in. Mam-
malian enamel contains elongate multi-crystalline struc-
tures called rods or prisms averaging several micrometres
in width. At least partially bounded by organic sheaths,
rods begin close to the dentinal junction coursing to close
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to the outer surface of the enamel cap. Sometimes straight,
rods may also ‘wave’ in one plane. Further, the wave of
adjacent rods is often slightly out of phase, with a progres-
sive change across a region being dubbed rod ‘decussa-
tion’ (i.e. crossing). Such patterns are readily detected
under the light microscope by an optical illusion whereby
the enamel appears to be striped. Alternating light and
dark stripes are called Hunter–Schreger bands, the width
and spacing of which reflects the characteristics of the
wave (Boyde, 1964; Osborn, 1973).

Decussation is a feature of the enamel of many mammals
including hominins, and a wide variety of decussation
patterns have been documented (von Koenigswald, 2000).
In some primates, the enamel rods are always straight, an
enamel pattern that is called radial (Martin et al. 2003).
When decussation is seen, it is not always equally marked
and there is a tendency in hominins for it to be restricted
to the innermost enamel, next to the dentine, rather than
near the outer surface of the enamel (Beynon & Wood,
1987). This is not inevitable: decussation is seen close to, or
on, the enamel surface in many herbivores (Rensberger &
von Koenigswald, 1980; Fortelius, 1985; Boyde & Fortelius,
1986). The value of the decussation of the rods (prisms) in
inner enamel is that it would help to stop cracks that arise
at the EDJ. Given values for R in the literature (Rasmussen
et al. 1976; Okasaki et al. 1989), there is the possibility of
a four-fold rise in the force required to fracture strongly
decussated enamel compared with the radial form.

In addition, enamel thickness, measured at locations on
a tooth where a load with a hard food is sustained (and we
predict in hard-food eaters that these locations may have
deliberately thickened enamel), provides a predicted
maximum bite force on that tooth. This point is amplified
below. A conservative guide of maximum bite force esti-
mation is given by Eq. (2) because the enamel of the crown
is damaged at the point by a crack initiating near to the
EDJ. The upper limit at which the enamel fails catastrophi-
cally is that of Eq. (3). It should be noted such a catastrophe
does not result in the fragmented crown of experiments
such as those of Popowics et al. (2001, 2004): it is more
likely to produce what is termed a ‘lamella’.

Canine and postcanine tooth sizes and their 
interactions

The size of the permanent canines in anthropoid primates
differs considerably. An estimate of this depends on how
it is measured. Lucas (1981) and Lucas et al. (1986b) em-
ployed the angle of rotation of the jaw joint at which the
tips of the cusps of the unworn upper and lower canines just
clear each other. This indirect but dimensional measure-
ment scales canine crown height to the size of the jaws. In
most species, these angles are much larger in males than
in females. The upper and lower canine tips of most female
primates clear each other at about 5–7° of jaw joint rota-

tion (the exception in hominoids are the gibbons), while in
catarrhine males the range is from about 11 to 24°. The
lower values are found in orangutans, gorillas and chim-
panzees. Lucas et al. (1986b) showed that the higher the
jaw joint, the smaller are the canines in males.

The reason for this concerns the alignment of the canines
at gapes at which they would be used: the higher the jaw
joint, the more a lower canine moves backwards in rela-
tion to the upper, thus misaligning it during a bite. The
jaw joint is relatively high in hominoids in general, and
thus the canines of males might be smaller as a result.
None of this, though, explains why hominin males have
such small canines. Plavcan & Van Schaik (1997) elect to use
conventional measures of crown sizes, and they interpret
canine size reduction in hominins in behavioural terms.
Rather than resort to well-known behavioural models, we
suggest that the size of the postcanine teeth might be
implicated in canine reduction.

There are several theories concerning the dietary influ-
ences on postcanine tooth size in mammals. One strain of
theory would have it that tooth sizes correspond to differ-
ences in the internal mechanical properties of foods; thus,
for example, molar tooth sizes would co-vary with the
magnitude of bite forces (Demes & Creel, 1988; Spencer,
1999; Lucas, 2004; Grine et al. 2005). The other view,
emphasized here, is that tooth size is an adaptation to the
surface characteristics of foods (Lucas et al. 1986a). For
the latter, though, which is based on the pattern of food
comminution in modern human mastication, the pattern
of adaptation is not necessarily intuitive. Large cheek teeth
may be an evolutionary response, not to an enlargement
in the mouthful (volume) of food taken into the mouth,
but to a mouthful of small food particles (Lucas & Luke,
1984; Lucas, 2004), where ‘small particle’ here means
‘small by volume’. This is based on the following probabi-
listic argument. Food particles are not certain to be broken
by postcanine teeth in any one chew because tooth
surfaces only form a small proportion of the oral surface.
Particles can thus get ‘lost’ in the mouth, and this is why the
cheek muscles and the tongue play such an important role
in chewing by keeping food particles between the teeth.
Smaller particles have lower probabilities of being broken
than larger ones. If small particles of food are ingested,
and which will not be digested unless broken, one adap-
tation that can increase this probability is an increase in
the surface area of the postcanine teeth (Lucas et al. 1986a).

Such small particles do not necessarily have to be tiny in
all dimensions: they could be in ‘sheet’ or ‘rod’ form. Thus,
some leaves and seeds can be considered small. One of the
dominant early ideas in human evolution in fact was that
hominins in general and archaic megadonts in particular
were ‘small object feeders’ (Jolly, 1970). Despite this, there
is no organized body of field data from living primates on
the dimensions of food objects available for morphological
correlation and so the argument cannot be taken further
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in a direct manner. However, Lucas et al. (1986c) con-
structed an argument that considered all leaves and seeds
in the diet of modern primates as small objects. As an esti-
mate of tooth size, they employed the ratio of the size of
the first molar (M1) to that of the most posterior molar
(M3), this ratio encapsulating much of the variation in
the molar row. In Fig. 4, a regression is shown, with two
influences on this ratio apparent: the amount of leaves
plus seeds in the diet, and also the degree of terrestriality.
The bounds on the values of M1/M3 ratio follow Teaford
et al. (2002) and overlap with values for other terrestrial
primates.

None of the above mentions variation in the contribu-
tion of premolars to the postcanine tooth row, but the last
premolar (P4) tends to contribute more to the row when
the M1/M3 ratio is higher (Lucas et al. 1986c), and this is
correlated to some degree with a decrease in canine size
(as assessed by the angular method above). Possibly, this is
because larger premolars require the cheeks to be extended
anteriorly, thus diminishing the size of the mouth slit
(Lucas et al. 1986b).

Jaw movement and the shape of the 
mandibular corpus

In experiments on modern human subjects, Agrawal et al.
(2000) found that the mastication of hard foods (foods of
low R/E) was associated with larger lateral excursions of
the mandible than was the case with softer foods. Such
hard foods are exactly those that would be predicted
above to lead to thicker enamel in order to resist deep
(radial) EDJ-type cracks. To the extent that jaw structures
might be linked to such dietary patterns, then it is possible

that a hard diet requiring wider excursions might lead to
the development of a relatively broader mandibular corpus.

Predicted dietary adaptations of fossil 
hominins

In terms of a general adaptive pattern, we believe that
most hominins were adapted to cope with hard foods [i.e.
foods with high (ER)0.5] even if such items were only
ingested for a small part of the year (Laden & Wrangham,
2005). Some of the ingested objects were likely to have
been very small in order to explain the extensive surface
wear of the tooth surface: these particles could easily have
been grit or phytoliths (Baker et al. 1959; Sanson et al.
2006) rather than foods. The low, blunt cusps of the post-
canine teeth of hominins attest to this dietary specializa-
tion, as does the thickness of the enamel and the tendency
for rod decussation only to be present in inner enamel.
Such decussation would restrict cracking at the EDJ, while
the outer radial enamel with its parallel rods might better
withstand scratching (Boyde & Fortelius, 1986).

The thickness and microstructure of enamel has long
been thought to have a critical role in hominin evolution
(Martin, 1985; Hlusko, 2004). One conclusion of the above
review, contrary to Grine et al. (2005), is that enamel thick-
ness may be a better guide than overall tooth size for the
purpose of understanding bite forces. Even if a tooth were
to be small (e.g. in modern humans where the smallest,
but thickest-enamelled, molar is the M3), it would be
expected to be capable of withstanding high forces (Macho
& Berner, 1993). The thickness of archaic megadont hominin
molar enamel near, or at, the cusp tips may have exceeded
3.5 mm (Beynon & Wood, 1987). The equations above can

Fig. 4 The maxillary M1/M3 ratios (the ratio of the areas of the smallest rectangular box that will fit around each tooth in occlusal view) for maxillary 
molars in anthropoid primate species (triangles = cebids; circles = cercopithecoids; squares = hominoids) plotted against the percentage of leaves plus 
seeds reported in their diets (after Lucas et al. 1986c). Species shown in blue are mainly terrestrial, while those in green are predominantly arboreal. 
The lower the value of this ratio, the larger their molar tooth row. Approximate hominin molar ratios are also indicated. From the earliest hominins, 
overall molar size increased (and thus the M1/M3 ratio decreased), reaching its maximum among the archaic megadonts, overlapping those of 
terrestrial primates and suggesting heavy abrasive wear. In the genus Homo, molar size decreased. H. sapiens is represented by the San population. 
Hominin molar areas are calculated from data in van Reenen (1982) (H. sapiens); Wood & Engleman (1988) (P. aethiopicus, P. boisei, H. habilis, 
H. rudolfensis and H. ergaster); White et al. (1994) (Au. afarensis); Haile-Selassie (2001) (Ar. kadabba); Ward et al. (2001) (Au. anamensis); and 
Moggi-Cecchi et al. (2006) (Au. africanus and P. robustus).
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be used to generate bite force estimates. Thus, if t =
3.5 mm, then Eq. (2) for the initiation of a crack against a
hard food object gives 1100 N, while Eq. (3) gives 22 000 N.
Quite how those forces would be affected by wear is dif-
ficult to say.

The ecological question is what type of foods would fit
this physical description? Analysis of the dentition cannot
answer this, but hominin diets are now being suggested by
a range of approaches beyond the use of gross morpho-
logical evidence. For example, a combination of ecological
and isotopic analyses suggests that underground storage
organs were probably a key part of the diet of archaic and
archaic megadont hominins (Sponheimer et al. 2005; Laden
& Wrangham, 2005), with specificity traced to corms and
bulbs in the diets of specific groups of mole rats (Yeakel
et al. 2007). The seeds of grasses, a diet suggested parti-
cularly for archaic megadonts (Jolly, 1970), are not excluded
and the pattern of general tooth size in these hominins is
consistent with this dietary scenario (Lucas, 1989).

Discussion

Other than a short section on mandibular corpus shape,
this paper has kept rigidly to a discussion of the dentition.
It might be felt that this ignores the constraining effect of
the bony form of the jaws and face and of the bite forces
that the masticatory muscles are capable of delivering.
However, it can also be argued that the best estimate of
bite force in a fossil would come from a structure and a tis-
sue that is actually in contact with food particles. For hard
food contacts, we offer two possible estimates of this from
the thickness of the enamel.

Although every effort has been made here to provide
a consistent dietary argument starting from tooth–food
contacts, some readers may feel that the inferred func-
tional advantages explored here have plausible alternative
explanations. The commonest alternatives invoke develop-
mental constraints. These ultimately link back to patterns
of development proposed by D’Arcy Thompson (1917,
edited and reprinted 1961), but Gould & Lewontin (1979)
are commonly cited as overall support together with the
results of specific experiments. The following is an attempt
to set the analysis of molar size gradients and dental
reduction set out above in the context of the evolution of
development.

Predictions about tooth size reduction are undeniably
affected by the coordinated growth of tooth germs that
produce morphological gradients of shape and size (Butler,
1939; Sofaer, 1973, 1977; Osborn, 1978). These gradients
appear to result from common connection of tooth germs
to the dental lamina, the downgrowth of the oral epithe-
lium from which the enamel organs of teeth develop.
Thus, for example, the molars of the mouse have been
shown to grow in a series and are not individual organs
(Lumsden, 1979).

The set of tooth germs connected to a strip of dental
lamina can be called a family (Osborn, 1971), the number
and spacing of its members being dictated by inhibitory
zones around germs that prevent the fusion of neighbour-
ing teeth (Osborn, 1978). This seems to apply to all denti-
tions, even those of non-mammals (Osborn, 1971). Evidence
from modern human dental development suggests that
mammals differ in that there are two natural breaks in the
lamina, one on either side of the deciduous canine (Ooe,
1957). Experimental severing of the lamina between the
molars of mice perturbs the molar size gradient, removing
some developmental controls (Kavanagh et al. 2007), con-
sistent with the above view. There are thus formed three
natural tooth families: incisors, canines and postcanines,
each of which has an internal gradient of size and shape.
Their boundaries are clearly indicated in the erupted denti-
tion by visible ‘breaks’ in form, and the order in which
they form affords a basis for homology (Osborn, 1978). This
being so, there would, for example, be no developmental
basis for assuming that the size of each molar is independent
of that of its neighbours, or that the form of the canine
might influence the incisors or postcanine teeth. The
apparent disparity between premolar and molar form is
explained by their being from different generations. There
are two generations in the mammalian dentition: decidu-
ous and permanent. The deciduous and permanent molars
appear to form a single series from the first ‘deciduous’
generation, while the premolars in this scheme belong to
the second generation (Osborn, 1973). The difference in
appearance between the last premolar and first perma-
nent molar is due then to difference in generation, intra-
familial gradients within a single generation appearing
smooth (Osborn, 1978).

This paper, however, has made no such assumptions.
The sizes of incisors, canines and cheek teeth are treated
as independent. The molars are treated as a set, the molar
size gradient analysis of Lucas et al. (1986c) resembling
that of Kavanagh et al. (2007), except that the gradient is
encapsulated here in a single M1/M3 value, allowing this
to be regressed against dietary variables (as in Fig. 4). The
size relations of the molars are remarkably variable in
primates, with (in terms of crown area), M1 < M2 < M3 in
cercopithecoids, with M1 < M2 > M3 in apes and M1 >
M2 > M3 in modern humans. It is difficult to regard the
development of molars as a growth series as in any way
constraining.
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