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Traditionally, thick enamel has often been used to infer durophagy (i.e., hard nut and seed consumption)
in extinct hominins. These inferences are based on the hypothesis that thick enamel is primarily an
adaptation to prevent tooth fracture or chipping resulting from high-stress loads produced during the
mastication of large hard foods. An alternative view argues that thick enamel may aid in maintaining
tooth function in the face of gradual dental wear from grit, phytoliths and acid, which may be found in
foods of widely varying hardness. We use estimates of primate dietary abrasiveness and recorded life-
span to test the hypothesis that enamel thickness is selectively responsive to lifetime dental wear
resistance. We use data from the literature to relate enamel thickness to measures of dietary abrasive-
ness, diet profiles, and longevity for 17 primate species and performed linear regression using several
combinations of these variables. We found a positive association between lifetime dietary wear and
enamel thickness, suggesting that thick molar enamel in primates may have evolved as a means to resist
wear apart from selection to resist tooth fracture. Assuming our estimates of lifetime dietary wear are
accurate, we caution against ascribing thick enamel solely to the presence of hard-object feeding in
paleoanthropological contexts without also considering primate lifespan and other aspects of feeding

ecology.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

Teeth are of great interest to evolutionary primatologists
because of their variable forms and correlated diverse functional
capabilities, as well as their abundance in the fossil record (Kay,
1975; Strait, 1997; Ungar, 1998; Swindler, 2002). One dental fea-
ture that varies widely in primates is enamel thickness (Molnar and
Gantt, 1977; Sperber, 1985; Beynon and Wood, 1986; Grine and
Martin, 1988; Dumont, 1995; Teaford, 2007; Lucas et al., 2008a,b).
Because enamel does not remodel or re-grow during a primate’s
lifespan (Hillson, 1986; Janis and Fortelius, 1988; Boyde, 1990; Arola
et al.,, 2010), the initial enamel thickness of the permanent denti-
tion is likely under considerable selective pressure. However,
enamel thickness has also been demonstrated to be an evolutio-
narily plastic trait, capable of rapid adaptation in response to
functional dietary requirements (Hlusko, 2004; Kelley and
Swanson, 2008).
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Enamel thickness has been hypothesized to be adaptively
responsive to several different dietary characteristics. Some re-
searchers have argued that enamel thickness is adaptively
responsive to the mechanical properties of foods (Dumont, 1995;
Lambert et al., 2004; Vogel et al., 2008; Lee et al., 2010; McGraw
et al., 2012), with thicker enamel being associated with harder or
stiffer diets. Research has also revealed correlations between
enamel thickness, dietary guild, and food geometry (Yamashita,
1998; Kelley and Swanson, 2008; Vogel et al., 2008). In particular,
thin enamel is associated with the consumption of leaves or sheet-
like materials. Finally, dietary wear and abrasion (Molnar and
Gantt, 1977; King et al., 2005) have also been linked to enamel
thickness. Determining the covariates and adaptive significance of
thick molar enamel in primates is worthy of further inquiry because
enamel thickness is frequently invoked to reconstruct the diets and
evolutionary history of primate species (e.g., Kay, 1985; Lucas et al.,
2008a), and because thick molar enamel characterizes extinct
hominins (Martin, 1985; Grine and Martin, 1988; White et al,,
2009).

There are two competing arguments concerning the adaptive
function of thick molar enamel: [1] thick enamel helps resist
catastrophic tooth crown failure in durophagous species that could
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result in sudden high volume tissue loss, with subsequent loss of
whole teeth (Kay, 1981; Dumont, 1995; Lambert et al., 2004; Vogel
et al., 2008; Lucas et al., 2008a,b; Constantino et al., 2011); and [2]
thick enamel helps resist wear and abrasion (gradual low volume
tissue loss) in order to maintain masticatory competence over the
lifespan of the animal (Molnar and Gantt, 1977; King et al., 2005).
These two hypotheses are not mutually exclusive. For example,
hard-objects, which could fracture a tooth during mastication, may
also contain adherent grit that could produce wear. In recent years,
considerably more research has focused on the adaptive function of
thick enamel in the context of hard-object feeding (e.g., Lambert
et al.,, 2004; Vogel et al., 2008; Lucas et al., 2008a; Constantino
et al., 2009), rather than alternative hypotheses. Still, wear and
attrition resistance deserves more consideration in light of recent
insights into the benefits of maintaining high dental function for
primate longevity, reproduction, and health (DeGusta et al., 2003;
King et al., 2005).

Hypsodonty (high-crowned teeth) and hypselodonty (ever-
growing teeth) are common dental adaptations to wear and attri-
tion resistance in many mammalian groups, yet no primate has
evolved these characters (Janis and Fortelius, 1988) with the
exception of the ever-growing incisors of aye-ayes (Fleagle, 1999).
Given the general absence of hypsodonty or hypselodonty among
primates, enamel thickness becomes fundamentally important to
maintaining masticatory function in the face of dietary wear.
Despite not developing more common mammalian dental wear
adaptations, primate feeding niches are not devoid of dental wear
agents, and these agents potentially impose selective pressures on
primate enamel thickness (King et al., 2005; Cuozzo and Sauther,
2006). Specifically, Cuozzo and Sauther (2006) have noted that
among some groups of ring-tailed lemurs, the amount of sustained
wear is unusually high relative to other primates, such that dentally
old individuals must resort to scavenging partially eaten or pro-
cessed food items from troop mates. Noting the high costs of dealing
with the extreme dental wear in these prosimians, and the relatively
recent introduction of the abrasive yet desirable tamarind fruit to
areas of Madagascar, Cuozzo and Sauther (2006) have concluded
that these animals are maladapted to their current abrasive dietary
regime because of their thin enamel (i.e., an ‘ecological mismatch’).
This circumstantially supports a hypothesis that primates, in gen-
eral, avoid extreme dental wear with thicker enamel caps, and that
enamel thickness may be generally tuned to dietary attrition.

Although researchers have long suspected that high dietary
abrasion plays an important role in selection for increased enamel
thickness among primates (e.g., Molnar and Gantt, 1977), it remains
under-investigated using multi-species approaches. Such tests may
provide insight into the general value of thick molar enamel in
maintaining long-term competent masticatory function in pri-
mates, a clade known for long lifespans (Harvey et al., 1987; Ernest,
2003). Measuring lifetime dietary abrasion is a difficult task
because of the varied nature of primate food abrasiveness, both due
to intrinsic elements of the foods (Baker et al., 1959; Kay and Covert,
1983) and because of habitat differences in adherent grit (Ungar,
1998; Daegling and Grine, 1999). However, it can be theoretically
disarticulated into two separate and potentially measurable com-
ponents: rate and duration. Duration is estimated easily enough as
the maximum recorded lifespan of a species. Recently, a paper
published by Rabenold and Pearson (2011) described a method for
estimating the wear rate of various primate diets. Their method
involves quantifying the volume of phytoliths in primate foods by
measuring the amount of feeding time primates dedicate to high
phytolith content plants as a percentage of their total diet. Using
these two variables, the rate variable (Rabenold and Pearson’s,
2011: phytolith load) and the duration variable (maximum recor-
ded lifespan), one can generate a ‘wear years’ index, which

estimates the expected lifetime dietary abrasion an individual is
likely to encounter.

The purpose of this study is to investigate several factors asso-
ciated with thick enamel in primates. We hypothesize that thick
enamel in primates is a homoplastic trait that can arise as an
adaptive solution to both durophagy and lifetime dietary wear. If
supported, this hypothesis will have implications for interpreting
enamel thickness in the primate fossil record.

Materials and methods

From the literature, we collected data for five variables on 17
primate species:

[1] Relative enamel thickness (RET, Table 1)

Relative enamel thickness is a dimensionless measure devel-
oped by Martin (1985) and is calculated by the following formula:
(AET/{c) x 100 where AET is average enamel thickness (cross-
sectional area of the enamel crown divided by the length of the
enamel dentine junction) and c is the area of the dentine under the
enamel crown (Fig. 1). Martin’s (1985) measure has the advantage
of controlling for body size, making it an ideal variable to use in
a cross-species comparison especially in light of Janis and Fortelius’
(1988) theoretical demonstration that the amount of dental tissue
lost due to wear during each chew stroke scales isometrically with
body size. The number of species for which data on relative enamel
thickness are available is modest. Consequently, the data used here
are averages from any reported post-canine teeth. In some species,
post-canine enamel thickness varies across teeth (e.g., M1 versus
M2), particularly in humans and baboons (Schwartz, 2000a; Grine
et al., 2005). However, it is not known if a consistent pattern exists.
Therefore, we first averaged RET values by tooth and then used
grand means in our analyses (Table 1).

[2] Maximum-recorded lifespan

Maximum-recorded lifespan was collected from published re-
ports, including both wild and captive individuals (Table 2). Where
separate reports document different maximum-recorded lifespan
measures, we used the larger of the two values.

[3] Phytoload

Phytoload is measured as the percentage of high-phytolith
content plants in a primate’s total diet. Rabenold and Pearson
(2011) designed this measure and reported it for 12 species (10
for which we have the additional variables are used in this study).
In order to maximize statistical power, we expanded the phytoload
sample to include an additional seven species, which Rabenold and
Pearson (2011) did not use (Table 3). Using both the phytoload and
maximum-recorded lifespan, we calculated a wear index as the
product of the two variables (units are therefore years * % of phy-
toliths in diet). The availability of phytoload dietary data is another
bottleneck for data collection, ultimately limiting our sample size to
17 species.

[4] Diet hardness

Diet hardness is treated as a binary factor in our analyses. Spe-
cies were categorized as either durophagous or non-durophagous
based on presence or absence of hard-object mastication reports

from field studies.

[5] Folivory
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Table 1
Enamel thickness data.

Species Source N-tooth type Tooth RET* X +S.D. RET species” weighted-X
Daubentonia madagascariensis Shellis et al., 1998 1-M, 21.70 21.70
Lemur catta Shellis et al., 1998 1-M, 8.12 8.12
Nycticebus coucang Shellis et al., 1998 2-M! 10.26 10.29
1-M; 1032
Cacajao calvus Martin et al., 2003 1-M? 119 11.53
1-M; 9.84
1-M3 12.83
Cebus apella Dumont, 1995 1-M; 19.68 19.45
Martin et al., 2003 2—-M;
Shellis et al., 1998 1-M, 19.21
Cebus capucinus Dumont, 1995 3—-M; 15.13 + 1.58 15.13
Chiropotes satanas Martin et al., 2003 1-M? 7.92 9.13
2—-M, 10.35
Cercocebus atys Daegling et al., 2011 2-Py4 19.13 19.56
3-M, 19.66 + 2.41
4-Ms 19.90 + 3.03
Cercocebus torquatus Dumont, 1995 3—-M; 12.89 + 1.65 17.86
McGraw et al., 2012 1-M, 22.84
Erythrocebus patas Shellis et al., 1998 2—-M, 12.28 12.28
Lophocebus albigena Dumont, 1995 2—-M; 16.85 18.32
McGraw et al., 2012 1-M, 19.79
Macaca mulatta Shellis et al., 1998 3-M, 13.15 13.58
3-M;3 14.01
Papio cynocephalus Shellis et al., 1998 1-M; 15.10 15.38
1-M, 12.43
1-m3 18.62
Theropithecus gelada Shellis et al., 1998 1-M; 13.90 15.58
3-M, 14.66
3-M3 18.19
Gorilla gorilla Shellis et al., 1998 4-M! 8.10 10.08
Martin, 1983 3-M!
Shellis et al., 1998 3-M; 9.84
Martin, 1983 1-M;
Shellis et al., 1998 3-Mm2 9.61
Martin, 1983 3-M?
Shellis et al., 1998 1-M, 10.59
Martin, 1983 4-M,
1-m3 9.88
1-M; 12.45
Pan troglodytes Smith et al., 2005 1-M! 10.59 12.95
Shellis et al., 1998 3-M; 13.17
Smith et al., 2005 17-M,
1-M? 11.08
9-M, 13.40
Shellis et al., 1998 1-M,
Smith et al., 2005 1-m3 14.59
5-M;3 14.89
2-M;3
Pongo pygmaeus Shellis et al., 1998 3-M! 13.73 15.65
Smith et al.,, 2005 8-M!
Shellis et al., 1998 1-M; 13.33
Smith et al., 2005 9-M,
8-M? 17.04
8—M, 16.33
4-m3 17.22
Shellis et al., 1998 2-M;3 16.33
Smith et al., 2005 6—Mj3

@ Relative enamel thickness (RET) is calculated as the average thickness of the enamel cap divided by the square root of the area of the underlying dentine multiplied by 100.

Standard deviations, when available from sources, are included.

b Species weighted average is the grand mean for each measure as weighted by tooth type.

Folivory is the percentage of feeding time dedicated to eating
leaves. Some researchers have proposed that primate molar
enamel is ‘designed to wear’ (Ungar and Williamson, 2000; Ungar
and M’Kirera, 2003). That is, in cases of folivorous specialization, it
is hypothesized that enamel will be distributed unevenly
throughout the enamel cap so as to induce beneficial shearing
capabilities as the teeth wear (see also Rensberger, 1973; Walker
and Murray, 1975; Kay, 1981; Schwartz, 2000b). In other words,
selection for thin enamel may be important in some folivorous
primates. If this hypothesis is valid, folivory (or selection for the

processing of tough foods in general), as well as other dietary guild
specializations may be contributing factors that could negatively
impact a more elegant modeling of enamel thickness selective
pressures. Furthermore, RET, the summary measure employed
here is an estimate of the thickness of enamel over the entire
crown and is incapable of assessing homogeneity of enamel
thickness across the crown. Thus, species with pockets of thin
enamel over their tooth crowns may register smaller RET values
even if their enamel is relatively thick throughout the rest of the
crown.
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Figure 1. (a) Area of the enamel cap. (b) Thin line indicates enamel dentine junction
(EDJ). (c) Dentine area under the enamel cap hemmed by both lines.

The analyses were performed in log-space and the described
data and the following models were all tested for phylogenetic non-
independence; analyses impacted by phylogenetic non-
independence incorporated phylogenetic statistical controls. In
this study, it is important to account for phylogeny because our
hypothesis predicts that separate selective pressures are capable of
producing thick enamel independent of phylogenetic covariation of
the model variables. It is possible to have a homoplastic trait that
shows phylogenetic covariation, if the covariation is manifested by
the pairing of the dependent variable to particular independent
variables. In other words, the phylogenetic covariation tests and
corrections are aimed at detecting and eliminating phylogenetic
artifacts in the relationships between our model variables, not the

Table 2
Longevity data.
Species Maximum Source
recorded age?®
Daubentonia 243 Hakeem et al., 1996
madagascariensis
Lemur catta 373 de Magalhaes and Coasta, 2009
Nycticebus coucang 25.8 de Magalhaes and Coasta, 2009
Cacajao calvus 358 de Magalhaes and Coasta, 2009
Cebus apella 46 de Magalhaes and Coasta, 2009
Cebus capucinus 55 Ernest, 2003
Chiropotes satanas 19.6 de Magalhaes and Coasta (2009)
Cercocebus atys 26.8 Hakeem et al., 1996
Cercocebus torquatus 46 de Magalhaes and Coasta (2009)
Erythrocebus patas 283 de Magalhaes and Coasta (2009)
Lophocebus albigena 36 de Magalhaes and Coasta (2009)
Macaca mulatta 40 de Magalhaes and Coasta (2009)
Papio cynocephalus 35.1 Hakeem et al., 1996
Theropithecus gelada 36 de Magalhaes and Coasta (2009)
Gorilla gorilla 55.4 de Magalhaes and Coasta (2009)
Pan troglodytes 60.5 Ernest (2003)
Pongo pygmaeus 59 de Magalhaes and Coasta (2009)

2 Ages recorded in years. Where sources reported different ages, the larger of the
two values was used.

model variables themselves. We ran three different analyses. First,
we ran a generalized linear model (GLM) testing three variables
(Wear Index, Folivory, and Durophagy) against RET. Because our
hypothesis asserts that thick enamel may result from adaptations to
dealing both with high lifetime dietary wear and durophagy, we
also tested both variables independent of each other to deal with
the potential confounding effect these variables may be having on
one another. The durophagy measure is a binary factor, either
a species is considered durophagous or not. Accurate testing of
binary factors controlling for phylogeny is best performed using the
BRUNCH algorithm developed by Purvis and Rambaut (1995) based
on Felsenstein (1985). We performed a BRUNCH analysis on the
data set to test if durophagy was significantly correlated with RET.
Finally, while the proposed wear index and durophagy are not
mutually exclusive in theory (i.e., a species may have both a high
wear index and be durophagous), it is nevertheless predicted that if
a species is durophagous it will have thick enamel (Kay, 1981, 1985;
Dumont, 1995; Lucas et al., 2008b, 2009). We agree with this con-
clusion regardless of a species’ potential lifetime dietary wear.
Therefore, to avoid the potentially confounding effects of dur-
ophagy on our wear index variable, we dropped the seven dur-
ophagous taxa from the GLM analysis and re-performed it testing
only wear index and folivory against RET. We used the open source
R-platform (R Development Core Team [2011]) for all statistical
analyses.

Results

Results of the GLM incorporating all three variables (Wear Index,
Durophagy, and Folivory) are summarized in Table 4. An analysis for
phylogenetic non-independence revealed a significant effect of
phylogeny, and a Pagel’s A correction of 0.835 was incorporated into
the model (Pagel, 1999; Freckleton et al., 2002). Similarly, we tested
our model variables, including the decomposed elements of the wear
index (i.e., longevity and Phytoload B) for collinearity and did not find
any of them to be correlated. While the model overall showed sig-
nificance (F-statistic = 4.464, p = 0.017, r*> = 0.507), neither dur-
ophagy nor wear index showed a significant relationship to RET.
Folivory did show a significant, although weak, negative relationship
with RET. Results of the BRUNCH algorithm are summarized in
Table 5, and are described in a non-phylogenetically corrected box
plot in Fig. 2. Binary treatment of durophagy revealed a significant
positive relationship with RET (T-value = 2.927, p = 0.042,
2 = 0.681). Dropping the durophagous taxa from the analysis and re-
performing the GLM with just wear index and folivory against RET
(Table 6) revealed a significant positive correlation between our
wear index and RET (p = 0.018), and a significant negative correlation
between percentage of time spent on leaf consumption and RET
(p = 0.017). Additionally, the GLM showed significant and strong
predictive accuracy (F-statistic = 5.84, p = 0.026, 12 = 0.625, Fig. 3).
Testing for phylogenetic effect revealed no phylogenetic signature
(4 =0.00), and phylogenetic correction was therefore not necessary
in the non-durophagous subset.

Discussion

Our results indicate both a positive relationship between our
wear index and RET, as well as between durophagy and RET, thus
supporting our hypothesis that thick enamel is a homoplastic trait
that can arise as an adaptive response to either factor. Additionally,
our results support the hypothesis that folivory, or the mastication
of tough sheet-like materials, is negatively correlated with enamel
thickness. While controlling for phylogenetic non-independence,
these results suggest that thick enamel in primates may be
a response to at least two different selective pressures.
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Table 3
Dietary data.
Species Phytoload B? Leaves % % Unknown phytoload® Durophagous® Sources
Daubentonia madagascariensis 49.13 0 0 No Rabenold and Pearson, 2011
Lemur catta 24.73 34.03 3491 No Sussman, 1974
Nycticebus coucang 8.6 0 43 No Wiens et al., 2006
Cacajao calvus 38.17 335 26.82 Yes Ayres, 1989
Bowler and Bodmer, 2011
Cebus apella 61.07 0 7.27 Yes Rabenold and Pearson, 2011
Izawa and Mizuno, 1977
Cebus capucinus 39.38 1.97 1941 No Rabenold and Pearson, 2011
Chiropotes satanas 32.05 1.72 47.68 Yes Rabenold and Pearson, 2011
Kinzey and Norconk, 1990
Cercocebus atys 20.59 1.25 124 Yes McGraw et al., 2011
Cercocebus torquatus 38.11 5.74 19.19 Yes Rabenold and Pearson, 2011
McGraw et al., 2012
Erythrocebus patas 3535 4.05 5.45 No Isbell, 1998
Nakagawa, 1989
Lophocebus albigena 36.7 3.9 19.46 Yes Rabenold and Pearson, 2011
McGraw et al., 2012
Macaca mulatta 31.26 78.37 17.23 No Goldstein and Richard, 1989
Papio cynocephalus 77.02 24 13.47 No Rabenold and Pearson, 2011
Theropithecus gelada 98.04 1.68 2.66 No Dunbar, 1976
Gorilla gorilla 47.08 49.16 25.51 No Rabenold and Pearson, 2011
Pan troglodytes 68.45 17.47 10.0 No Rabenold and Pearson, 2011
Pongo pygmaeus 40.32 15.65 26.28 Yes Rabenold and Pearson, 2011

Lee et al., 2010

¢ Rabenold and Pearson (2011) also describe a ‘Phytoload A’ variable as the percentage of high phytolith containing plants among the plant-based portion of the primate’s

diet. We did not include this measure in our analyses.

b percentage of diet where the phytoload was unable to be assessed either because the plant species have not been examined for phytoliths, or the field data was unable to

identify the food.

¢ Species were classified as durophagous if they were known to orally process hard foods, regardless of which teeth were used in the processing (see discussion).

One interpretive limitation of our models is the low number of
species sampled (N = 17), particularly in the non-durophagous
subset (N = 10). These small samples are the result of several fac-
tors, including the number of species for which enamel thickness is
available, and a general lack of reliable data on primate longevity.
Primarily, however, the data set was limited by a dearth of reports
on botanical lists for field feeding data. The biogenic silica content
(e.g., diatoms, sponge spicules and phytoliths) of aquatic plants and
sediments is routinely determined with basic dissolution (i.e., 1%
NaCOs3) and colorimetric analysis (see Kenney et al., 2010). These
methods are readily adaptable to the terrestrial plant materials
contributing to primate diets. Using these techniques, we were able
to expand our data set to include information on the sooty man-
gabey diet, directly determining their phytoload, but a lack of
specimens for other species limited our ability to expand our data
set further. Thus, while having additional species in our sample
may increase the statistical certainty of our results, more data on
the various factors in our models are simply unavailable at the
present time, but hopefully will become available in the future. One
additional problem with our approach is the proxy measures we
used to calculate our wear index. Recall that the wear index is
produced by multiplying the ‘rate’ variable (percentage of high
phytolith containing plants in the diet, i.e., Rabenold and Pearson’s,
2011: Phytolith load B) against the ‘duration’ variable (maximum
recorded lifespan of each species). It should be noted, however, that
Rabenold and Pearson’s (2011) ‘Phytolith load’ measures do not

incorporate extrinsic wear agents. Adherent grit and other particles
may well play a significant role in wearing teeth, and the amount of
extrinsic wear agent consumption across species, whether because
of dietary or habitat differences, may differ enough to confound our
analyses. Therefore, the rate variable could be improved by incor-
porating information on extrinsic wear agents, some of which have
been shown to cause dental wear among primates (e.g., Daegling
and Grine, 1999). However, accounting for these extrinsic wear
agents proved too difficult to address in our current study.
Regardless of the issues outlined above, our analyses demonstrated
enough statistical power to return significant associations between
our wear index and enamel thickness, as well as between dur-
ophagy and enamel thickness.

Cacajao calvus and Chiropotes satanas represent an interesting
case for understanding enamel thickness. There is a good deal of
evidence suggesting that these species are durophagous (e.g.,
Ayres, 1989; Kinzey and Norconk, 1990) but these species are not
durophagous in terms of mastication; they process the hardest
portions of their foods, the seed husks, with their anterior denti-
tion. The softer more pliable seeds are chewed with their post-
canine teeth (Kinzey and Norconk, 1990; Martin et al., 2003). This
is a different processing technique than that exhibited by Cercoce-
bus atys, which crushes hard objects with its post-canine teeth
(McGraw et al., 2011). Thus, the feeding behavior of C. calvus and
C. satanas suggests that there may not have been a strong selective
pressure for thick post-canine enamel in these species. Martin et al.
(2003) specifically cite the feeding behavior data in explaining why
these species have thinner than expected enamel given their dur-

Table 4 o ) ophagous diets. The analyses presented here focused on the post-
Results of generalized linear model controlling for phylogeny.
Coefficients Estimate Standard error T-value p-value Table 5
Intercept 2.1188 0.2413 8.779 <0.001 Results of ‘BRUNCH’ phylogenetically controlled test for durophagy effect.
Wear index 0.1281 0.0790 1.620 0.129 - -
Durophagy 0.1825 0.1032 1.768 0.101 Coefficients Estimate Standard error T-value p-value
Folivory —0.0278 0.0116 —2.394 0.033" Durophagy 0.6653 0.2273 2927 0.042*
A = 0.835, model F-statistic: 4.464 p-value = 0.0173, r* = 0.507. 2 = 0.6817.
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Relative Enamel Thickness vs Durophagy
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Figure 2. Box plot of RET values for durophagous and non-durophagous species.
BRUNCH correction for phylogeny revealed a significant association between dur-
ophagy and RET.

canine dentition, and thus, a case could be made for treating the
pitheciines as ‘non-durophagous.” However, re-conducting our
analyses with the pitheciines classified as non-durophagous did not
alter the outcomes of our tests. In fact, this iteration strengthened
the r- and p-values in demonstrating associations between our
wear index, and RET, as well as RET and durophagy (p = 0.003,
12 = 0.614). Thus, while these species may not routinely crush hard
foods with their post-canine teeth, classifying them as dur-
ophagous does not significantly impact our models; furthermore,
their post-canine enamel thickness may be tuned to their relatively
low amount of lifetime dental wear.

One other statistical result is worth briefly mentioning. Drop-
ping the durophagous taxa from the data set, and testing for phy-
logenetic effect, showed that phylogeny did not have a significant
impact on the covariation of wear-index and RET. It is tempting to
argue then that the phylogenetic effect in the data set is contained
within the durophagous taxa. However, it may also be a by-product
of the small size of the non-durophagous subset. At any rate, in
spite of the smaller sample size of the non-durophagous subset, the
signal between our wear index and enamel thickness was large
enough to manifest in a significant p-value (p = 0.018).

Adaptive value of thick enamel

Our results are consistent with the interpretation that thick
enamel helps tooth crowns resist fracture during high loading,

Table 6

Results of generalized linear model without durophagous species.
Coefficients Estimate Standard error T-value p-value
Intercept 1.7771 0.2651 6.704 <0.001
Wear Index 0.2831 0.0932 3.038 0.018"
Leaves —0.0414 0.0135 —3.080 0.017"

Predicting RET in Non-Durophagous Taxa
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Figure 3. Plot shows predicted RET values (based on results presented in Table 6)
against actual measures for RET among the non-durophagous species. * = 0.625,
p = 0.026.

a point particularly significant for durophagous primates (Table 5,
Fig. 2). This is not a new conclusion; abundant evidence suggests
that thick enamel is associated with the processing of hard foods
(e.g., Kay, 1981; Dumont, 1995; Shellis et al., 1998; Lambert et al.,
2004; Lucas et al., 2008a; Lee et al., 2010). However, our results
also demonstrate an association between enamel thickness and
dietary wear such that primates who have more abrasive diets, and
live for a substantial period of time, have thicker enamel caps.

In a post hoc analysis of our data set, we took the five thickest-
enameled durophagous primates and the five thickest-enameled
non-durophagous primates and compared enamel thickness be-
tween them (Table 7). We performed a 10,000-iteration bootstrap,
which pooled all 10 observations (species RET-values) sampling
two sets of five with replacement. Means differences in RET were
then calculated between the bootstrapped sets and the number of
times they exceeded the original observed mean difference (dur-
ophagous RET mean minus non-durophagous RET mean) was
recorded. The number of iterations exceeding the original mean
difference was divided by 10,000 (the number of bootstrap itera-
tions) to provide a p-value. This analysis of RET means showed no
significant difference in the enamel thickness of these ten species
(p = 0.11). This is consistent with the hypothesis that thick enamel
may arise as an adaptation to two different sets of feeding demands.
The close association between enamel thickness and the mechan-
ical challenges of diet and food processing likely contributes to
enamel thickness’ high degree of evolutionary plasticity, partic-
ularly among primates (Hlusko, 2004; Kelley and Swanson, 2008).
Additionally, most mammal clades that have a large degree of di-
etary wear to cope with (e.g., Equidae, Castoridae), have evolved

Table 7

Species included in the post-hoc bootstrap analysis.
Durophagous species RET Non-durophagous species RET
Cercocebus atys 19.565 Daubentonia madagascariensis 21.702
Cebus apella 19.450 Theropithecus gelada 15.585
Lophocebus albigena 18.325 Papio cynocephalus 15.380
Cercocebus torquatus 17.869 Cebus capucinus 15.130
Pongo pygmaeus 15.650 Macaca mulatta 13.585

Tests for phylogenetic effect returned no significant phylogenetic constraint on the
subset not including durophagous taxa. Model F-statistic: 5.84, p-value = 0.026,
2 = 0.625.

Post-hoc 10,000 iteration bootstrap analysis revealed no significant differences
between durophagous and non-durophagous RET values among the 10 thickest
enameled species in the data set (p = 0.11).
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hypsodonty and hypselodonty (Janis and Fortelius, 1988), but
primates—for some reason—have been constrained from devel-
oping these adaptations in spite of their unusually long lifespans
(Harvey et al., 1987). Perhaps the only available adaptive recourse
for dealing with dental wear among primates is to thicken the
enamel caps.

Enamel is a highly complex composite material constructed of
long prisms of varying shapes, integrated via a variety of different
patterns, and containing variable material properties; i.e., enamel is
unlikely to be structurally identical across taxa (Maas and Dumont,
1999; Teaford, 2007). For this reason, several researchers have
argued that the type and orientation of prism patterns expressed in
enamel will impact not only the speed at which wear occurs (Maas
and Dumont, 1999; Teaford, 2007), but also enamel’s ability to halt
fractures and prevent catastrophic tooth failure (von Koenigswald
et al., 1987; Martin et al., 2003). Teaford (2007) argues that these
are competing demands, either an enamel pattern is best suited to
resist surface wear, in which case the enamel prisms are un-
decussated and radiate out towards the occlusal surface, or it is
best suited to halt enamel crack propagation with a high degree of
decussation, and enamel prisms oriented more horizontally with
reference to the occlusal surface. In other words, there is no enamel
pattern ideally suited to do both. This also means that enamel
pattern may offer an alternative selective target for tuning teeth to
particular dietary requirements (von Koenigswald et al., 1987;
Rensberger, 1993). This complication in enamel tissue variation was
not controlled for in our analyses and any attempt to include in-
formation on the degree of enamel decussation would have further
limited our already small data set. However, we believe this to be
a potentially fertile area for future research, particularly in refer-
ence to enamel’s differing microstructure, and the ability of those
various microstructural patterns to resist a lifetime of dietary wear.

Lastly, our analyses indicate that enamel thickness is negatively
associated with degree of folivory. Ungar and colleagues’ (Ungar
and Williamson, 2000; Ungar and M’Kirera, 2003) investigations
of enamel wear and surface crenulations have provided some evi-
dence for a potential benefit to thin enamel, or at least an uneven
thickness of the enamel cap, in folivorous species (see also,
Rensberger, 1973; Kay, 1981). This suggests that enamel is ‘designed
to wear’ so that exposed enamel dentine interfaces can act as sharp
cutting surfaces during leaf mastication. Our multi-species com-
parison provides circumstantial support for this hypothesis.

Enamel thickness and the paleontological record

What implications do these results have for inferring the diets of
fossil taxa? Ungar (1998) noted that in order for a dental trait to
have value in interpreting the paleontological record, it must be
uniquely linked to a specific diet, or usage pattern, or be a part of
a unique suite of characteristics associated with a specific diet or
usage pattern (see also Kay, 1984). While interpretations of thick
enamel as part of a unique suite of characters used in durophagy are
still valid, our models demonstrate that thick enamel also has
adaptive value in resisting wear over the lifespan of an individual.
Therefore, our analysis suggests that thick enamel by itself is not
a diagnostic characteristic of durophagy. Modern humans are an
example of a thick-enameled primate that does not appear to be
adapted to hard or stiff diet (RET = 21.47 [Shellis et al., 1998]).
Indeed, in terms of hardness or stiffness, the most challenging food
items consumed by humans tend to be pre-orally processed with
simple tools or cooking, and this cultural adaptation may have
arisen as far back as 1.9 million years ago with the rise of Homo
ergaster (Wrangham and Conklin-Brittain, 2003). In fact, only
a small amount of roasting dramatically changes the mechanical
properties of the most masticatorily demanding foods in the Hadza

diet, a group thought to exhibit a very primitive diet (Dominy et al.,
2008). Chimpanzees also frequently use simple tools to process
difficult to chew food items prior to ingestion (Boesch and Boesch,
1982). Therefore, it is conceivable that thick-enameled hominins,
phylogenetically bracketed by tool-using chimps and humans,
would have pre-orally processed hard food objects with simple
tools rather than break them down with their post-canine teeth.
The thick molar enamel observed in several species of Austral-
opithecus, Homo, and Paranthropus could be related to an abrasive
diet (Laden and Wrangham, 2005) or a mildly abrasive diet coupled
with an ape-like lifespan (Teaford and Ungar, 2000).

The available evidence for the genus Paranthropus suggest
arange in RET values for Paranthropus robustus of 23.82—29.61, and
a range for Paranthropus boisei of 30.97—38.58 (Grine and Martin,
1988). Traditionally, these hyper-thick enamel measures have
been used in support of durophagy in this genus (e.g., Kay, 1985;
Constantino et al., 2009). However, recent isotopic insights suggest
that the genus may have been more dietarily diverse than originally
supposed. While P. robustus may well have been adapted to dur-
ophagy (Kay, 1985; Constantino et al., 2009), grains, sedges or other
types of C4 biomass appear to have made up a considerable portion
of the diet of P. boisei, suggesting that at least this extinct taxon was
not durophagous (Cerling et al., 2011). While it is possible that
adherent grit and other wear agents were involved in the selection
for thicker enamel in P. boisei, grasses and sedges, respectively, fall
into the plant families Gramineae and Cyperaceae, both of which
are known for high phytolith production (Piperno, 1988). Our
model would predict that a species with a phytolith load similar to
that of Theropithecus and with an ape-like lifespan of 50—60 years
would have an RET higher than any taxa in our current data set.
Indeed, if our model and hypothesis are correct, lifetime dietary
wear could effectively explain the adaptive value of hyper-thick
enamel seen in at least some members of Paranthropus and may
be a useful tool for exploring the feeding ecology of other extinct
primates generally. Perhaps some of the ideas on hominin origins
and adaptations originally posited by Jolly (1970) and Du Brul
(1977) should be revisited.

It is important to point out that recently Rabenold and Pearson
(2011) have investigated the role of phytolith consumption in
thickening enamel caps in primates. Indeed, their ‘Phytolith Load B,
which is a measure of the percentage of the total diet composed of
phytolith rich plants, was employed here in generating our wear
index, enabling a more thorough investigation of the several se-
lective pressures influencing enamel thickness. Rabenold and
Pearson (2011) also report and use in their analyses ‘Phytolith
Load A, which is the percentage of the plant-only portion of the
diet rich in phytoliths. However, because only Phytolith Load B was
incorporated into the present study (in addition to the way it was
integrated to form our wear index), the conclusions reached here
are slightly different from theirs and are worth outlining. Rabenold
and Pearson’s (2011:7) analyses and results cause them to argue
that “in thick enameled primates, Phytolith Load B must be sub-
stantially lower than Phytolith Load A, a pattern that correlates
with decreased percentage of plant foods in the diet.” Under this
interpretation, a hyper-thick enameled species like P. boisei should
have a large portion of their diet composed of non-plant based
materials, because Phytolith Load B is an assessment of the amount
of phytoliths consumed as a percentage of the entire diet, and their
analyses indicate that Phytolith Load B is negatively correlated with
enamel thickness. Rabenold and Pearson’s (2011) results therefore
suggest that meat or some other type of food was an important part
of P. boisei’s diet, although they explicitly argue that P. boisei was
probably adapted to consuming the pith of sedges. Our finding of
positive correlation between wear index and enamel thickness
prompts us to posit the slightly different argument that the thick-
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enameled P. boisei was a true C4-plant specialist, using its large
bunodont teeth as mill stones for grasses and sedges. More
importantly, we argue that it is the interaction between longevity
and abrasive diets that generated the thick enamel seen in P. boisei
and that this interaction effect may well have played a role in
thickening hominin enamel caps generally.

Conclusion

Results from comparative analyses of extant primates indicate
that enamel thickness can be linked to lifetime dietary wear and
that primates who have both long lifespans and high-wear diets
tend to have thick enamel. The results presented here also
demonstrate an association between enamel thickness and dur-
ophagy. We hypothesize that thickening of the enamel cap is an
adaptation for both maintaining masticatory competence of the
dentition in the face of lifetime dietary wear and a durophagous
diet (i.e., is a homoplastic trait). Thus, enamel thickness, which
seems to be an evolutionarily plastic trait, is influenced by an
array of diet-related factors and by itself is an opaque indicator
for the diets of extinct taxa.
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