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ABSTRACT The common morphological metrics of
size, shape, and enamel thickness of teeth are believed
to reflect the functional requirements of a primate’s diet.
However, the mechanical and material properties of
enamel also contribute to tooth function, yet are rarely
studied. Substantial wear and tooth loss previously docu-
mented in Lemur catta at the Beza Mahafaly Special
Reserve suggests that their dental morphology, struc-
ture, and possibly their enamel are not adapted for their
current fallback food (the mechanically challenging tam-
arind fruit). In this study, we investigate the nanome-
chanical properties, mineralization, and microstructure
of the enamel of three sympatric lemur species to pro-
vide insight into their dietary functional adaptations.
Mechanical properties measured by nanoindentation
were compared to measurements of mineral content,

prism orientation, prism size, and enamel thickness
using electron microscopy. Mechanical properties of all
species were similar near the enamel dentin junction
and variations correlated with changes in microstructure
(e.g., prism size) and mineral content. Severe wear and
microcracking within L. catta’s enamel were associated
with up to a 43% reduction in nanomechanical proper-
ties in regions of cracking versus intact enamel. The me-
chanical and material properties of L. catta’s enamel are
similar to those of sympatric folivores and suggest that
they are not uniquely mechanically adapted to consume
the physically challenging tamarind fruit. An under-
standing of the material and mechanical properties of
enamel is required to fully elucidate the functional and
ecological adaptations of primate teeth. Am J Phys
Anthropol 148:178–190, 2012. VVC 2012 Wiley Periodicals, Inc.

A long history of research, from almost two centuries of
work, illustrates that mammalian teeth are generally
adapted for an organism’s diet (Teaford, 2000; Lucas,
2004; Ungar, 2010). However, examples from living mam-
mals, from the fossil record, and even human paleobiology
indicate that this is not always the case (e.g., Lebel and
Trinkaus, 2002; Jablonski and Leakey, 2008). The com-
plex structure of the tooth is believed to evolve in
response to functional requirements through alteration of
tooth shape, size, and enamel thickness (Gregory, 1922;
Crompton and Sita-Lumsden, 1970; Kay and Hiiemae,
1974; Maas and Dumont, 1999; Lucas, 2004). Tooth func-
tionality and wear also depend on less commonly explored
factors, such as enamel microstructure and mechanical
properties (Maas and Dumont, 1999; Lucas, 2004; He and
Swain, 2008; Xie et al., 2009; Macho and Shimizu, 2010).
Yet, only recently have investigators explored the nano-
mechanical properties of primate enamel (Mahoney et al.,
2000; Cuy et al., 2002; He and Swain, 2008; Darnell
et al., 2010; Lee et al., 2010; see Table 1).
Thick enamel has been linked to hard object feeding in

primates (Kay, 1981; Dumont, 1995) and has been sug-
gested to provide greater wear potential (Macho and
Spears, 1999) or resistance to fracture (Kay, 1981; Lucas
et al., 2008). However, the relationship between thick
enamel and hard object consumption is not direct (Maas
and Dumont, 1999; Teaford and Ungar, 2000; Martin
et al., 2003). New World pithecine primates have thin
enamel with considerable prism decussation, yet are able
to successfully consume hard objects, indicating that
enamel microstructure plays a vital role in the function

of the tooth (Martin et al., 2003; Macho and Shimizu,
2009, 2010). Furthermore, the functionality of the tooth
directly depends on the mechanical properties of enamel
that have been linked to a number of material properties
including: prism orientation, mineralization, microstruc-
ture, and composition (Cuy et al., 2002; Angker et al.,
2004; Shimizu and Macho, 2008; Xie et al., 2009). Thus,
investigation of enamel’s mechanical and material prop-
erties, in addition to more traditional studies of tooth
morphology, will likely improve our understanding of
dental ecology and tooth functionality.
The ring-tailed lemurs (Lemur catta) of the riverine gal-

lery forests of southern Madagascar, where the only long-
term ecological studies of this species have occurred [see
chapters in Jolly et al. (2006)], rely heavily on a hard,
tough fallback fruit from the tamarind tree, Tamarindus
indica (Yamashita, 1996, 2002, 2003; Sauther, 1998;
Cuozzo and Sauther, 2004, 2006; Simmen et al., 2006;
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Sauther and Cuozzo, 2009). Lemur catta has extremely
thin enamel compared to other primates (see Table 2;
Shellis et al., 1998; Martin et al., 2003; Godfrey et al.,
2005). Consumption of this mechanically challenging fall-
back food contributes to extreme tooth wear and frequent
tooth loss (Sauther et al., 2002; Cuozzo and Sauther,
2004, 2006). This damage suggests that L. catta enamel is
not equipped to handle the high stresses associated with
its diet at this locality. As seen in previous work on this
population (Cuozzo and Sauther, 2006; Millette et al.,

2009; Sauther and Cuozzo, 2009), there appears to be an
anatomical mismatch (e.g., evolutionary disequilibrium)
between the dental morphology (e.g. thin enamel) of this
species, and its primary fallback food. Sauther and
Cuozzo (2009) suggest that this disequilibrium is in part
a product of the dramatic changes to Madagascar’s fauna
and environment over the past two millennia.
Although L. catta’s extreme tooth wear has been stud-

ied from a morphological perspective, little is known
about the material properties of its enamel. It is possible

TABLE 1. Comparison of mechanical properties of primate enamel using nanoindentation testing

Species (common name, sample n) Tooth (location)
Modulus 6 STD

(GPa)
Hardness 6 STD

(GPa) Test method

Homo sapiensa (human, 3) M2 (EDJ to OS) 47–120 2.7–6.4 800 nm
Alouatta palliatab (howler monkey, 1) M1 (EDJ) 77.3 6 7.4 4.75 6 0.70 600 nm
Lepilemur leucopusc (sportive lemur, 2) M2 (EDJ ½) 78.2 6 4.9 4.25 6 0.31 50 mN
Homo sapiensd (human, 8) M1 (100 lm above EDJ) 80.4 6 7.7 4.88 6 0.35 50 mN
Alouatta palliatab (howler monkey, 1) M3 (EDJ) 85.2 6 9.7 4.13 6 0.30 600 nm
Lemur cattac (ring-tailed lemurs, 2) M2 (EDJ ½) 88.3 6 2.8 4.43 6 0.19 50 mN
Propithecus verreauxic (Verreaux’s sifaka, 2) M2 (EDJ ½) 87.4 6 3.4 4.13 6 0.28 50 mN
Homo sapiensc (human, 2) M2 (EDJ ½) 88.7 6 3.4 4.04 6 0.27 50 mN
Homo sapiense (human, 1) M3 (middle 20%) 90.6 6 4.6 4.01 6 0.37 400 nm
Gorrilla gorillae (gorilla, 1) M1 (middle 20%) 93.0 6 3.2 4.40 6 0.20 400 nm
Pan trogldytese (chimpanzee, 1) M2 (middle 20%) 104.0 6 2.8 4.80 6 0.20 400 nm
Pongo pygmaeuse (orangutan,1) M2 (middle 20%) 100.3 6 2.9 4.83 6 0.23 400 nm

Nanoindentation testing method of either max load or max depth are listed in the last column.
a Cuy et al., 2002.
b Darnell et al., 2010.
c This work.
d Mahoney et al., 2000.
e Lee et al., 2010. Also see Constantino et al. (submitted) for more nanoindentation of more species.

TABLE 2. Measured and literature values for RET, prism patterns (PP), and prism width (PW) indicating the presence of
Hunter-Schreger bands (HSB)

Taxon
Worn-RET
mean (std)

RET Lit.
mean (n),
range

Observed
PP (HSB)

Lit. PP
(HSB)

PW (lm)
mean(std)

Body
mass
(g) Diet

H. sapiens Sample 1 5 29.09 (0.18) 22.4 (13)a 3 (HSB) 1, 2, 3 (HSB)b,c 6.33 (0.62) [40,000d Processed foods
Sample 2 5 25.92 (0.15) 13.8–32.3

L. catta Sample 1 5 4.09 (0.02) 6.7–8.1e 3 (HSB) 1, 3 (HSB)f 4.47 (0.37) �2210f,g Fruit, wild figs,
leaves, herbs,
flowersh,i,j,k

Sample 2 5 3.49 (0.08)

P. verreauxil Sample 1 5 11.78 (0.09) 10.7e 3 (HSB) 1, 3 (HSB)f 4.49 (0.71) �3000g,h Leaves, flowers,
bark, some
fruith,i,m,n

Sample 2 5 7.89 (0.56)

L. leucopus Sample 1 5 16.47 (0.18) N.A. 3 (no HSB) 3.87(0.33) �540o,p Leaves, stems,
flowers,
cecotrophq,r

Sample 2 5 15.23 (0.19)

Additionally, literature (lit.) values for the mass and observed diet of each species are listed.
a Martin, 1985.
b Martin et al., 1988.
c Boyde and Martin, 1982.
d Fleagle, 1998.
e Godfrey et al., 2005.
f Maas, 1994.
g Kay, 1975.
h Jolly, 1967.
i Rand, 1935.
j Shaw, 1879.
k Sussman, 1974.
l Malagasy strepsirrhine taxa.
m Hill, 1954.
n Forbes, 1894.
o Harcourt and Thornback, 1990.
p Tattersall, 1982.
q Nash, 1998.
r Schoeninger et al., 1998.
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that variations in enamel microstructure or mechanical
properties mitigate the impact of L. catta’s thin enamel.
In this study, we will determine whether the nanome-
chanical properties, microstructure, and mineralization
of L. catta’s enamel are substantially different from two
sympatric species, indicating that L. catta is not
uniquely adapted to consumption of its hard and tough
fallback food.

MATERIALS AND METHODS

The maxillary second molar (M2) was sampled from
two adults from three lemur species (Lepilemur leuco-
pus, L. catta, and Propithecus verreauxi) and Homo sapi-
ens. Lemur samples were obtained from naturally
deceased animals at the Beza Mahafaly Special Reserve,
southwestern Madagascar (238 300 S latitude, 448 400 E
longitude) by the authors Cuozzo, FP (FPC) and Sauther,
ML (MLS). Specimens were collected from the Beza
Mahafaly reserve forest in 1987 by MLS, as part of the
long-term development and maintenance of a compara-
tive lemur osteological collection. Teeth were removed
from the skulls of the six dental adults, after full dental
impressions were made to preserve a record of these
teeth before the destructive analyses. Teeth from L. catta
and P. verreauxi were noted to have a moderate, nonex-
cessive, amount of wear compared to the average popula-
tion at Beza Mahafaly. Additionally, two adult Homo
sapiens M2s were supplied by the dental school at the
University of Colorado-Boulder. Each tooth was embed-
ded in polymethylmethacrylate (PMMA) under vacuum
and then sectioned along the buccal–lingual direction
through the mesial cusps, using a low-speed diamond-
wafering saw (Isomet: Buehler, Lake Bluff, IL). The low
modulus of PMMA contributes minimally to the meas-
ured mechanical properties of the samples (Ferguson,
2004). The mesial half was then polished with a series of
silicon carbide papers (300, 400, 600, and 1200 grit) and
then with successively finer diamond suspension paste
(Buehler) of particle size 6, 3, and 0.25 lm. The speci-
mens were ultrasonically cleaned with deionized water
to remove polishing debris between each step. As a final
preparation, samples were air dried after ultrasonic
cleaning for a minimum of 72 h before analysis.

Mechanical testing

Investigation of the nanomechanical properties of
enamel within and between species was performed by
nanoindentation testing (NANO Indenter XP, MTS Sys-
tems Co., Oak Ridge, TN). The enamel of each PMMA-
embedded sample was loaded over 30 s to a maximum
load of 50 mN (depth � 800 nm) using a Berkovich
(three-sided pyramidal) tip giving a constant loading
rate of 1.667 mN/s. At maximum load, the indenter was
held for 30 s to minimize the creep response during
unloading allowing measurement of primarily elastic
properties. Because biological materials possess inher-
ently time-dependent behavior, it is a common practice
to minimize viscous behavior on unloading through an
extended creep hold (Ferguson and Olesiak, 2010; Feng
and Ngan, 2002). An example of a nanoindentation load-
displacement curve is given in Figure 1B. Data were an-
alyzed using a modified version of the ‘‘Oliver-Pharr
method’’ (Oliver and Pharr, 1992) to determine Hardness
(H) and plane strain modulus (hereafter referred to as
modulus or E0). Plane strain modulus is calculated from

the slope of the first 80% of the unloading curve, the tip
area function Ac (calibrated using a fused silica stand-
ard), and the known elastic parameters of the Berkovich
tip (given by the Young’s modulus and Poisson’s ratio of
diamond: Ei 5 1140 GPa and mi 5 0.07, respectively)
(Oliver and Pharr, 1992). The indentation hardness (H)
can be determined from the maximum load and the tip
area function. All indentation points near a visible crack
or void were discarded from this primary data set (cate-
gory 1).
Indent arrays were four indents wide for all lemur

samples (with 20 lm spacing). Array was placed perpen-
dicular to and covering the area from the enamel dentin
junction (EDJ) to the occlusal surface (OS). Indent
arrays were placed on the two main cusps (or nearby
when cusps had been worn away) and through the cen-
tral valley (see Fig. 2). To cover the entire area from the
EDJ to OS lemur teeth required 5–19 rows of indents

Fig. 1. Image A is a BSE image of substantial cracking pres-
ent in L. catta sample 2 demonstrating cracking category classi-
fication on an indentation array. The indentation array covers
the area from the EDJ (enamel dentin junction) to the OS (oc-
clusal surface). Image B provides the load-displacement nanoin-
dentation curves for a representative indent in each cracking
category. Nanoindentation data were classified into four catego-
ries based on location of indent test site to a microcrack. Cate-
gory 1 5 ideal indent location with no visible damage, Category
2 5 indent site is >1 and �3 indent widths from a crack, Cate-
gory 3 5 indent site is �1 indent width from a crack, and Cate-
gory 4 5 indent is directly on a crack or visible damage.
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depending on enamel thickness at the location of the
array. Arrays placed on Homo sapiens samples had 50
lm spacing and only three indents per row due to the

substantially thicker enamel, yet still required 28–44
rows of indents to cover the complete area from EDJ to
OS.
To further understand the variation in mechanical

properties, each nanoindentation array was spatially di-
vided into halves, the half of enamel thickness adjacent
to the OS and the half adjacent to the EDJ, based on the
percent distance of the enamel thickness at each array
location. Data were taken from the EDJ half permitted
comparison of properties between species from unworn
and undamaged enamel.

Quantitative backscatter electron imaging

Quantitative backscatter electron (qBSE) imaging was
used to analyze the relative mineral content of each in-
dentation location and enabled examination of tooth
microstructure and microcracking. Following nanoinden-
tation testing, the PMMA-embedded teeth were coated
with carbon, and each indentation array was imaged
using an SEM with backscatter detector (JEOL 6480LV)
operated at 20 kV with a 15-mm working distance and a
spot size of 60. Gray-level images, with pixel values
ranging from of zero for black to 255 for white, of each
indentation array were taken at 5003 after an hour of
SEM warm up time to insure stabilized conditions. The
gray-level value of an individual pixel is dependent on
the number of measured backscattered electrons, which
is directly related to the mean atomic number of the

Fig. 2. Schematic of the cross-section of a tooth with
enamel, dentin, pulp, occlusal surface (OS), and enamel dentin
junction (EDJ) (e) labeled. Gray rectangles indicate the approxi-
mate location of indentation test arrays placed on each tooth.
Additionally, this image shows the measurements recorded in
this study used to calculate the RET: c the cross-sectional area
of the enamel cap, b the cross-sectional area of the dentin
enclosed by enamel cap, and e the length of the EDJ.

Fig. 3. Compilations of backscattered electron images of the cross-section of a molar for each species: L. leucopus, P. verreauxi,
L. catta, and H. sapiens. Images were taken in backscatter mode at 20 kV, with 15 mm working distance, and a spot size of 60.
Clear wear patterns are present on L. catta and P. verreauxi.
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sample at that location (Lloyd, 1987; Howell et al.,
1998). To permit comparison between imaging sessions,
novel lithium–rubidium borosilicate glass standards of
the composition (0.25 2 x) Li2O

� xRb2O
� 0.30B2O

�

0.45SiO2 (with x 5 0.05 and 0.15) were imaged at
the start, every 10 min, and again at the end of each
imaging session. The histogram for each image of
enamel was stretched over the 256 gray levels where the
measured gray level of the glass standard x 5 0.05 was
set to zero and x 5 0.15 was set to 255 to encompass the
range of gray scale values of enamel. Similar methods of
qBSE analysis have been used often with the use of poly-
meric and metallic materials (Boyde and Jones, 1983;
Skedros et al., 1993; Boyde et al., 1995; Vajda et al.,
1995).
Site-matched measurements of qBSE-weighted mean

gray level (WMGL) were performed within a circle
around each nanoindentation site. The WMGL is the av-
erage of gray-level values from each pixel within the
region of interest. The effective volume of material con-
tributing to the overall mechanical response depends on
factors that include the indenter contact depth and the
size of the tip and can be described by a paraboloid of
revolution with radius 3a and depth 5a (where a 5 ra-
dius of circle of contact between the tip and the surface)
(Ferguson et al., 2003). The contact radius, a, was calcu-
lated from the calibrated tip area function (Ac) assuming
a circular contact at the maximum depth of contact

(�800 nm). WMGL was measured within a circular
region (radius 5 3a or 6 lm) around each indentation
site (see Fig. 1A). Using NIH Image J (U.S.A. National
Institutes of Health, Bethesda, MD), the residual inden-
tation imprint, cracks, and any other void spaces were
removed from analysis though a threshold routine
(Campbell, 2010).

Cracking analysis

Analysis of nanoindentation tests taken near micro-
cracks, and not included in the primary data set, allows
for quantitative measurements of damaged regions of
enamel. Backscattered electron images of each indenta-
tion array were used to bin each indent location into
four cracking classifications based on the distance of the
test site to the nearest crack: Category 1 5 ideal indent
location with no visible damage, Category 2 5 indent
site is [1 and �3 indent widths from a crack, Category
3 5 indent site is �1 indent width from a crack, and
Category 4 5 indent is directly on a crack or visible
damage. Figure 1A demonstrates the categories assigned
to indents in an example array. All analyses only include
category 1 or ideal indent locations except where specifi-
cally stated to include categories 2–4. The extent of
cracking in each sample was defined as the number of
indentation sites within three indent-widths of a crack
(the sum of groups 2, 3, and 4) divided by the total num-

Fig. 4. Nanoindentation modulus of three lemur species and human dental enamel. Open circles and closed triangles each rep-
resent an individual sample. Three indentation arrays were placed on each sample perpendicular to and covering the area from
EDJ to the OS. Each data point represents the mean 6 standard deviation of four (three for human sample) indentations taken in
a row at equal distance from the EDJ (distance 5 0) to the OS. Rows were spaced at 20 lm in lemur and 50 lm in human samples.
Linear fit equation for all data points is listed.
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ber of indentation sites 3100%. It should be noted that
cracking was present in the majority of samples near the
EDJ. The authors have commonly observed similar
cracking artifacts as the result of dehydration. To
remove these artifacts from our analysis, all data points
near an EDJ crack have been removed from both crack-
ing and primary analysis sets.
Backscatter electron images of the cross-section of

each sample were used to measure the enamel thickness
(see Fig. 3) using Image J. The measurement of the rela-
tive enamel thickness (RET), a dimensionless index,
allows for comparison of enamel thickness independent
of the size of the tooth (Martin, 1985). Calculation of the
RET is given by the area of the enamel cap (c) divided
by the length of the EDJ (e) and then divided by the
square root of the area of the dentin (b) multiplied by
100. For each sample, the lengths and areas (c, e, and b)
were measured (see Fig. 2) three times and averaged to
reduce measurement error. Differences in measured val-
ues were minimal as the mean coefficient of variance
(COV) was 1.8%. Although RET measurements are gen-
erally made on unworn samples, measurement on our
samples allowed for a quantitative assessment of gross
wear. The L. leucopus sample 2 was fractured and miss-
ing a portion of the tooth (see Fig. 3); therefore, RET
measurements were made using only half the tooth to
the midline and doubled; nevertheless, this produced a
result similar to that of L. leucopus sample 1. Measure-

ments made on worn teeth are called worn-RET values
hereafter and can be used to quantify the amount of
wear when compared with non-worn RET values from
the literature.
After all other analyses, one sample from each species

was etched to allow visualization of microstructure fol-
lowing the method of Boyde et al. (1978) using 0.5%
H3PO4 for 60 s and then coated with a conductive carbon
coating. Samples were reimaged using secondary elec-
tron (SE) imaging with a JEOL 6480LV SEM operated
at 10 kV with an 18-mm working distance and a spot
size of 30. SE images were used to determine prism pat-
tern and orientation at the EDJ and OS of one represen-
tative sample from each species. Average prism width
for each species was measured near the OS on 10 ran-
domly selected prisms from an SEM image taken near
the cusps of each sample.

RESULTS

Nanomechanical measurements

Nanomechanical property trends were similar in all
species, except L. catta, where E0 and H values signifi-
cantly increased (P \ 0.001) from the EDJ toward the
OS. Alternatively, L. catta showed decreased modulus
values and unchanging hardness values (Figs. 4 and 5).
Similarly, the modulus and hardness values from the

Fig. 5. Nanoindentation hardness of dental enamel of three lemur species plus humans. Open circles and closed triangles each
represent an individual sample. Three indentation arrays were placed on each sample perpendicular to and covering the area from
the EDJ to the occlusal surface. Each data point represents the mean 6 standard deviation of four (three for humans) indentations
taken in a row at equal distance from the EDJ (distance 5 0) to the OS. Rows were spaced at 20 lm in lemurs and 50 lm in human
samples. Linear fit equations for all data points are listed.
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OS-half were 1.08–12.97% greater than that of the EDJ-
half (significance shown in Table 3) for all species except
L. catta. Comparison of the unworn enamel within the
EDJ-half demonstrated little species variation, as the
mean modulus was 88.15 6 0.65 GPa for all of the spe-
cies except L. leucopus, which had a mean modulus of
78.18 6 0.42 GPa (Table 3). Yet, variations of mechanical
properties between species were evident in the mechani-
cal properties of the OS-half. The mean moduli of L.
catta, P. verreauxi, and L. leucopus were reduced com-
pared to human enamel by 6.1, 9.4, and 17.5%, respec-
tively (Table 3).

Mineralization and microstructural variations

Figure 3 contains SEM images of the whole enamel
surface for one sample of each species investigated.
Severe wear was clearly visible on both L. catta and P.
verreauxi M2 teeth. Minor amounts of wear were evident
on L. leucopus sample 1 and P. verreauxi sample 1 (not
pictured), and the remaining samples had little evidence
of wear. Measurements of worn-RET listed in Table 2
clearly reflect the severe wear present on both L. catta
samples and P. verreauxi sample 2 with reduced values
compared to those reported previously in the literature
(Godfrey et al., 2005).
qBSE-imaging WMGL, a relative measure of mineral

content, was calculated for each indentation point and
grouped into OS and EDJ halves (Table 3). WMGL
slightly increased from the EDJ to the OS with a mean
increase of 1.3% for all species (Table 3). Yet significant
increases in WMGL were only observed in humans and
L. leucopus, the two species that displayed little to no
wear.
Additionally, prism orientation varied from the EDJ

with more randomly oriented prisms with Hunter–
Schreger bands (HSB) to radially oriented prisms at the
OS for all samples except L. leucopus (see Fig. 6). There
was no evidence of HSB in the L. leucopus samples. Both
prism patterns and prism width observed in each species
are reported in Table 2. Prism width scaled with the mass
of the species as human enamel had the widest prisms,
and L. leucopus, the lightest species, had a 48% reduction
in prism width compared to humans. Prism widths were
similar to those previously reported ranging from 3.5 to 6
lm for a variety of lemur species (Maas, 1994).

Detection of microdamage with nanoindentation

Nanoindentation test sites within one indent width of
a crack (categories 3 and 4) had increased depth of pene-
tration or plastic deformation in load-displacement
curves (Fig. 1B). Furthermore, indentation testing
within three indent widths of the testing site (categories
2–4) resulted in reduced modulus and hardness values
reported in Table 5 as grouped by species. For all spe-
cies, there was an average decrease in modulus of 5%
and hardness of 7% from category 1 to 2. Further reduc-
tions in mechanical properties were observed with
decreased distance from the indent site to a crack. For
example, in group 4, an average 44% decrease in modu-
lus and 58% decreases in hardness were observed com-
pared to group 1.
Microcracks were visible on all samples and were pri-

marily located near the EDJ except in L. catta (Figs. 1
and 7) where substantial cracking was also visible at the
OS (Table 4). Microcracks near the EDJ are likely the
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result of dehydration as authors have previously
observed similar cracking in laboratory controlled dehy-
dration processes. In L. catta, 43% of all test locations
landed within three indent-widths of a crack (categories
2–4) compared to an average of only 14% of testing sites
on the other samples. Additionally, microcracks on L.
catta were located at a distance of 73% of the enamel
thickness from the EDJ compared to an average distance
of 49% of the enamel distance in the other species.

DISCUSSION

The complex functionality of primate teeth depends on
mechanical and material characteristics as well as other

properties including size, shape, and enamel thickness
(Gregory, 1922; Crompton and Sita-Lumsden, 1970; Kay
and Hiiemae, 1974; Maas and Dumont, 1999). Although
whole tooth morphology has been widely characterized
in studies of primate diet and microwear [see reviews in
Ungar (1998, 2002) and Teaford (2000a)], investigation
of mechanical properties has been limited (Constantino
et al., 2009; Darnell et al., 2010; Lee et al., 2010). In this
study, variations in enamel microstructure, mineraliza-
tion, and mechanical properties were explored within
single molars and between lemur species and humans.
Comparison of enamel at the EDJ revealed similar mean
properties between species except L. leucopus. However,
significant intratooth variability was evident as the COV

Fig. 6. Secondary electron images taken at 10 kV of etched enamel for one sample from each lemur species. HSB are present in
all species except L. leucopus, which has only radially (R) oriented prism. Radially (R) oriented prisms were also present at the OS
of all species.
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within each sample ranged from 4.0 to 11.9% for H and
E0, indicating the heterogeneity of enamel that is inher-
ently linked to variations in mineralization and micro-
structural properties.

Property variations between species

Our reported mean E0 and H values fit within the
range of values in mammalian enamel previously meas-
ured by nanoindentation (Table 1). Furthermore, our
human data corresponds with previous studies of the
nanomechanical properties of human enamel (Habelitz
et al., 2001; Cuy et al., 2002; Zhou and Hsiung, 2007)
(Tables 1 and 3). Although variations in the mechanical
properties of the teeth of several species have been
reported, meaningful comparison is difficult as these
studies have low n-values and often only report a mean
value for an entire tooth. As shown here and elsewhere,
large variations in mechanical properties exist from the
EDJ to the OS in primate enamel (Constantino et al.,
submitted; Cuy et al., 2002; Darnell et al., 2010), indicat-
ing that average mechanical values are not representa-
tive and are not an ideal way to compare species. Addi-
tionally, large variation in mechanical properties exists
between different teeth within one animal (i.e., M1 vs.
M3, see Table 1) (Darnell et al., 2010). An alternative
comparison of mechanical properties between species
might be made through values near the EDJ (Table 3),
especially when considering samples that have been
worn by mastication. In this study, comparison of the
moduli near the EDJ demonstrated little variation

between samples, as the modulus was similar for all of
the species except L. leucopus. Recently, Darnell et al.
(2010) proposed a similar method of comparison between
samples and reported Alouatta palliata (howler monkey)
buccal cusp modulus values near the EDJ to have modu-
lus values of 85 and 77 GPa for M3 and M1, respectively.
Although these values are in the range of our measured
values, a direct comparison is difficult as we sampled M2

and large variations in mechanical properties clearly
exist between different molars (Darnell et al., 2010).

Mechanical property gradient

In addition to a mean value for E0 and H, the gradient
in mechanical values from the EDJ to OS needs to be
considered when comparing species. There was a general
increase in mechanical properties from the EDJ to the

TABLE 5. Nanoindentation data were classified into 4 groups
based on location of indent test site to a micro crack

Crack category (n) H 6 SD (GPa) E06 SD (GPa)

H. sapien 1 (578) 4.34 6 0.48*,** 92.73 6 6.14*,**,***
2 (9) 3.99 6 0.57 85.22 6 3.04
3 (4) 4.08 6 0.12 83.44 6 1.39
4 (2) 0.93 6 1.13 37.12 6 31.30
P. verreauxi 1 (215) 4.26 6 0.33*,** 89.54 6 3.98**,y

2 (28) 3.97 6 0.29 85.58 6 3.14
3 (24) 3.92 6 0.22 83.85 6 2.49
4 (8) 2.07 6 1.04 60.23 6 15.26
L. catta 1 (92) 4.48 6 0.21***,y 87.73 6 5.36**,y

2 (13) 4.43 6 0.27 86.23 6 7.95
3 (25) 3.88 6 0.62 76.07 6 14.16
4 (32) 2.53 6 1.53 54.12 6 28.08
L. leucopus 1 (261) 4.57 6 0.48***,y 78.89 6 5.87*,***,y

2 (13) 4.09 6 0.70 75.97 6 10.97
3 (32) 3.98 6 0.36 71.21 6 5.55
4 (7) 2.00 6 1.83 42.74 6 22.41

Categories represent: 1 5 perfect indent location with no visible
damage, 2 5 crack distance greater than one to three indent
widths away from indent location, 3 5 crack located within one
indent width for test site, and 4 5 indent on top of crack or visi-
ble damage. One-way ANOVA with a Bonferroni follow on test
was used to compare difference between species on grouped
data from the two samples with category 1 data. Significant dif-
ferences between groups indicated for P \ 0.05 where * 5 ver-
sus H. sapien, ** 5 versus P. verreauxi, *** 5 versus L. catta, y
5 versus L. leucopus.

Fig. 7. BSE image of L. catta sample 1 demonstrating extreme cracking present at the OS. Images taken of non-etched enamel
at 20 kV with a 15-mm working distance. Image B gives an enlarged view of the boxed region in image A.

TABLE 4. Data from the two samples within each species were
grouped to determine the percent cracking and location based on

the percent distance from the enamel dentin junction

Species % cracking % distance

L. catta 43.2 73.2
P. verreauxi 22.1 46.6
L. leucopus 16.6 38.4
H. sapiens 2.5 60.5

The % cracking was calculated as the sum of all indents within
three indent widths or less of a crack (categories 2, 3, and 4) di-
vided by the total number of indent sites [(category 2 1 3 1 4)/
(total no. of indents)]. Percent distance (% distance) is calcu-
lated as the location of the indent divided by the total distance
from the EDJ to OS for each array.
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OS in modulus and hardness for all species except
L. catta (Figs. 4 and 5). The difference seen in L. catta is
unexpected and is likely the result of the extreme crack-
ing present at the OS (further discussed later). A similar
gradation in mechanical properties toward the OS has
been observed in many primates (Constantino et al., sub-
mitted; Cuy et al., 2002; He and Swain, 2009; Darnell
et al., 2010; Lee et al., 2010). Gradation of mechanical
properties may help transmit load into the supporting
dentin and possibly prevent crack formation. The steep-
ness of the gradation of nanomechanical properties is
variable between the species as demonstrated by the per-
cent difference in E0 and H between the EDJ and OS
half (Table 3). H. sapiens displayed the largest gradient
of mechanical properties with 12.7% increases in hard-
ness and an 8% increase in modulus from the EDJ to
OS. Lemur species had smaller differences in intratooth
mechanical properties, which may be linked to thinner
enamel or wear of the outer surface. The large mechani-
cal property increases and associated higher values of
modulus and hardness are likely one advantage of pos-
sessing thicker enamel. Both L. catta samples and P. ver-
reauxi sample 2 had the most measurable wear and the
smallest increase in mechanical properties, suggesting
that the hardest outer portion of the enamel surface had
been removed though the wear process. This is not a
surprise, given the wear that occurs in these two species
at Beza Mahafaly, especially the dramatic wear seen in
ring-tailed lemurs, which far exceeds that in Verreaux’s
sifaka (e.g., Cuozzo and Sauther, 2006, Cuozzo et al.,
2008).
A general trend of increasing WMGL was present

from the EDJ to the OS, which corresponds with the
increase in mechanical properties in all species except L.
catta. The human molars had the largest increase in
WMGL, which corresponded with the largest increase in
mechanical properties (Table 3). Our findings corroborate
previous results, which correlated increased mechanical
properties to increased mineral content (Robinson et al.,
1995; Cuy et al., 2002; Angker et al., 2004). In human
enamel, weight percent mineral has shown to increase
from 84% at the EDJ to 96% at the OS (Robinson et al.,
1995). Variations in mineral density have also been
observed in Alouatta palliata (howler monkey) enamel
where mineral content (P2O5 and CaO) was highest at
the hard OS and decreased toward the EDJ, correspond-
ing with mechanical properties (Darnell et al., 2010).

Mineralization and microstructure

Although increased mineralization can account for
general E0 and H increases from the EDJ to the OS, the
difference in WMGL between species was minimal and
cannot explain the lower modulus values in L. leucopus.
The microstructure of enamel is also known to contrib-
ute to the measured mechanical properties through
prism orientation (Spears, 1997; Jiang et al., 2005) and
prism size (He et al., 2006). Prism orientation in all
species except L. leucopus was randomly oriented near
the EDJ with the presence of HSB and radially oriented
at the OS. It has been suggested that the majority of
primates with a body mass less than 2000 g generally
do not display HSB (Maas and Dumont, 1999) and L.
leucopus is no exception. HSB are thought to help stop
crack propagation and may provide increased toughness
to the whole tooth. The layer of radially oriented prisms
at the OS might act as a stiff functional surface for

mastication as anisotropic enamel prisms have higher
mechanical properties in the axial direction than longi-
tudinal direction (Spears, 1997; Jiang et al., 2005). As
this functional layer is worn away, more randomly ori-
ented prisms are revealed, which are less stiff and may
be prone to higher rates of wear. In this study, no me-
chanical property variations were attributed to prism
orientation as all prisms were tested in the primarily
transverse direction. A similar conclusion was reached
using nanoindentation of human molars (Braly et al.,
2007). Nanoindentation is a multiaxial test (averaging
properties in x, y, and z) and therefore less sensitive to
anisotropy and small changes of prism orientation as
created by HSB. Further, our data were averaged over
three to four indentation points with variable prism ori-
entations, effectively averaging out the effect of anisot-
ropy in the underlying tissue.
Variation in prism size may have resulted in L. leuco-

pus’s reduced modulus values. Recently, using AFM-
based nanoindentation, Ge et al. (2005) have reported
that the modulus and hardness of the prism sheaths
were about 73.6% and 52.7% lower than those of the
prisms. In indentation testing, the volume of deformed
material increases with the depth of penetration of the
indenter tip (Johnson, 1985). Thus, a low depth indent
(similar to those reported with AFM indentation) when
placed at the center of a prism will test only the crystals
within that single prism. As the depth of the indent
increases, a larger volume may include both prisms and
sheath, and the resultant mechanical properties will be
reduced compared to a test that only samples the mate-
rial within the prism. This concept has been demon-
strated in human enamel where mechanical properties
decrease with an increasing indentation depth and thus
also increasing contact radius (a) (He et al., 2006; Zhou
and Hsiung, 2007). In the current study, an indentation
depth of about 800 nm results in a 5 2.2 lm or diameter
of 4.4 lm. Every randomly placed indentation site likely
mechanically tests the combined properties of the prisms
and surrounding sheaths. For H. sapiens with the larg-
est average prism diameter (6.3 lm), there is a chance
that an indent may fall directly in the center of a prism
and test primarily the prism’s and not the sheath’s me-
chanical properties. However, for L. leucopus, with the
smallest prism diameter (�3.8 lm), every test volume
included sheath material potentially explaining L. leuco-
pus’s reduced modulus values. Furthermore, AFM inden-
tation showed the sheath to experience a larger decrease
in modulus than hardness values compared to the prism
(Ge et al., 2005), which may indicate a potential mecha-
nism for reduced modulus, but not hardness, values in
L. leucopus.

Lemur catta microcracking and wear

L. catta displayed substantial wear in both samples
as evident from worn-RET compared to literature RET
values (Table 2). Furthermore, L. catta had substantial
cracking compared to other species (Table 4). The Beza
Mahafaly L. catta population have been shown to ex-
hibit extreme tooth wear and antemortem tooth loss as
a result of processing a mechanically challenging fall-
back food (tamarind fruit) with their extremely thin
enamel (Sauther et al., 2002; Cuozzo and Sauther,
2004; Cuozzo and Sauther, 2006; Sauther and Cuozzo,
2009). Yamashita et al. (this volume) directly measured
the mechanical properties of individual food parts in
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the diet L. catta over 4 different years. The tamarind
fruit is the toughest and hardest food ingested by L.
catta and the most frequently eaten by volume. Fur-
thermore, the tamarind fruit shell was observed to
require high and repeated loads to crack (Yamashita
et al., this volume).
It has been suggested that frequently consumed fall-

back foods, such as the tamarind fruit, contribute rap-
idly to alterations of dentition (Kinzey, 1987; Yamashita,
1998; Lambert et al., 2004; Cuozzo and Sauther, 2006,
2009). Because the morphology of L. catta molars indi-
cates an adaptation to folivory (Seligsohn, 1977; Yama-
shita, 1998), dependence on tamarind fruit in these
gallery forests of southern Madagascar likely has only
recently occurred. Our study supports this finding, as L.
catta’s enamel mechanical properties are most similar to
P. verreauxi, a more dedicated folivore, with dental mor-
phology clearly adapted for a diet dominated by leaves
(e.g., Yamashita, 1998; Cuozzo and Sauther, 2006;
Cuozzo et al., 2008). P. verreauxi’s dietary toughness is
not significantly different from that of L. catta (Yama-
shita, 2008). Furthermore, P. verreauxi has been
observed to consume the tamarind fruit at Beza Maha-
faly, although they typically consume the seeds from the
unripe fruit (Yamashita, 2008). The unripe fruit has
been shown to be less tough than the ripe fruit, which
may contribute to the wear observed in L. catta (Yama-
shita et al., submitted). Given the similarity in these
species’ enamel and average diet toughness, it is likely
that L. catta’s tooth morphology (e.g., thin enamel) along
with consumption of the ripe tamarind fruit is the pri-
mary culprits for the observed tooth wear and antemor-
tem tooth loss at Beza Mahafaly.
Notable cracking present in the OS half (Table 4 and

Fig. 7) corresponds to significantly reduced modulus and
hardness values (Table 5) of the L. catta samples in this
study and further points to the extreme wear and dam-
age caused by the consumption of the tamarind fruit. It
should be noted that all lemur tooth samples were col-
lected under similar conditions (i.e., from the forest floor
at Beza Mahafaly). The human samples were dehydrated
in laboratory-controlled conditions though a series of
ethanol solutions, yet displayed similar cracking trends
to L. leucopus and P. verreauxi with cracking along the
EDJ. These similarities emphasize that the unknown
dehydration conditions in Beza Mahafaly are secondary,
and the substantial cracking present near the OS in L.
catta (as depicted in Figs. 1 and 7) is unlikely to be the
result of dehydration conditions. There was no change in
WMGL within the cracked region indicating that
reduced mechanical properties are not the result of
demineralization from the acidic tamarind fruit, but
were more likely a result of mechanical abrasion. Data
on the potential buffering capacity of lemur saliva, which
likely mitigates tooth erosions from acidic tamarind fruit
(Cuozzo et al., 2008), provide further support for this
assertion.
Cracking in enamel is a cumulative process as no

remodeling of the tissue occurs over the lifetime of the
animal. The process of cracking likely accelerates the
rate of wear as reduced mechanical properties were evi-
dent in L. catta at test sites away from visible micro-
cracks (see Fig. 1). It is likely that subsurface cracking
contributed to the reduced modulus values near the OS.
Furthermore, nanoindentation provides a novel tool that
may be used to detect such non-visible damage within
mammalian enamel.

These data have broad implications for interpreting
ecology through an organism’s teeth. It is well known
that enamel thickness and organization (e.g., enamel
decussation) correlate with diet, ecology, and behavior,
although the exact relationships can, at times, be some-
what messy (e.g., Martin et al., 2003). Among the
recently extinct fossil lemurs of Madagascar, enamel
thickness and organization have been used to extrapo-
late the diet of the animals (e.g., Godfrey et al., 2005).
For example, the thick enamel and complex decussation
in the extinct archaeolemurids (e.g., Archaeolemur and
Hadropithecus) have been linked to specific diets (e.g.,
Godfrey et al., 2005). Our data suggest that the mechan-
ical properties of extant lemurs can inform questions
related to diet among the extinct forms, if assessed using
nanoindentation methods. This method transcends
lemurs and can be applied to other extinct primates.
One example is Cercopitehcoides kimeui, which displays
a pattern of severe tooth wear at the end of the Pliocene,
thought to be related to the shifting ecology of East
Africa approaching the Plio-Pleistocene transition
(Jablonski and Leakey, 2008). Collection of nanoindenta-
tion data from this species, when compared with sympa-
tric, related forms, which did not become extinct, could
elucidate ‘‘weaknesses’’ in the enamel structure of this
species, which may explain the inability of this primate
to adjust to a rapidly changing environment. This one
example illustrates the potential for nanoindentation
data to inform questions about primate paleobiology.

CONCLUSION

A complete understanding of functional adaptations of
the tooth requires knowledge of the microstructure, min-
eralization, and nanomechanical properties of enamel in
addition to the more commonly investigated morphology
and enamel thickness. Our data on nanomechanical
properties across three sympatric lemur species illus-
trates an overall similarity in their enamel structure
with similar property trends increasing from the EDJ to
the OS. Variations in mechanical properties were linked
to changes in mineral content and microstructure. The
different patterns of dental wear and tooth damage seen
in these three species, despite their similar enamel prop-
erties as we describe herein, indicate that ring-tailed
lemurs are not well-suited to consumption of their fall-
back food, the tamarind fruit. As all extant (and extinct
lemurs) belong to a monophyletic group, with a single or-
igin early in the Tertiary, it is not surprising that each
of these three species would share certain enamel prop-
erties. However, when combined with patterns of tooth
wear, dental morphology, and feeding ecology, nanoin-
dentation analysis provides a new tool with which to
assess and understand primate ‘‘dental ecology.’’
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