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ABSTRACT Dental topographic analysis is the quan-
titative assessment of shape of three-dimensional models
of tooth crowns and component features. Molar topo-
graphic curvature, relief, and complexity correlate with
aspects of feeding behavior in certain living primates,
and have been employed to investigate dietary ecology in
extant and extinct primate species. This study investi-
gates whether dental topography correlates with diet
among a diverse sample of living platyrrhines, and com-
pares platyrrhine topography with that of prosimians. We
sampled 111 lower second molars of 11 platyrrhine genera
and 121 of 20 prosimian genera. For each tooth we calcu-
lated Dirichlet normal energy (DNE), relief index (RFI),
and orientation patch count (OPCR), quantifying surface
curvature, relief, and complexity respectively. Shearing
ratios and quotients were also measured. Statistical anal-
yses partitioned effects of diet and taxon on topography

in platyrrhines alone and relative to prosimians. Discrim-
inant function analyses assessed predictive diet models.
Results indicate that platyrrhine dental topography corre-
lates to dietary preference, and platyrrhine-only predic-
tive models yield high rates of accuracy. The same is true
for prosimians. Topographic variance is broadly similar
among platyrrhines and prosimians. One exception is
that platyrrhines display higher average relief and lower
relief variance, possibly related to lower relative molar
size and functional links between relief and tooth longev-
ity distinct from curvature or complexity. Explicitly incor-
porating phylogenetic distance matrices into statistical
analyses of the combined platyrrhine-prosimian sample
results in loss of significance of dietary effects for
OPCR and SQ, while greatly increasing dietary signifi-
cance of RFI. Am J Phys Anthropol 153:29–44,
2014. VC 2013 Wiley Periodicals, Inc.

In living primates, gross molar shape and the number
and form of specific molar features correlate strongly
with feeding behavior (e.g., Gregory, 1922; Kay, 1975;
Rosenberger and Kinzey, 1976; Covert, 1986; Anapol and
Lee, 1994; Zuccotti et al., 1998; M’Kirera and Ungar,
2003; Evans et al., 2007; Boyer, 2008; Bunn et al., 2011;
Cooke, 2011). Species that consume tough and=or stiff
insect chitin or tough yet pliant cellulose-rich leaves
tend to possess molars with high, sharp cusps and lon-
ger shearing crests for puncturing and shearing these
materials. In contrast, species consuming relatively hard
seeds or fruits tend to possess molars with low, bulbous
(strongly convex) cusps and open basins for gripping and
crushing these foods (Kay and Hiiemae, 1974; Rose-
nberger and Kinzey, 1976; Seligsohn and Szalay, 1978;
Lucas, 1979; Strait, 1997; Lucas, 2004). Bulbous cusps
allow minimal contact area with flat or convex potential
food items, resulting in concentration of force and stress
on the food item, thereby presenting good potential for
initiating cracks that propagate well in hard, but more
brittle objects (Lucas, 2004). In terms of size, species
that eat large quantities of tough foods with nutrients
limited relative to their metabolic needs (folivores and
small insectivores) tend to have relatively larger teeth
for their body mass (e.g., Kay, 1975; Gingerich et al.,
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1982; Gingerich and Smith, 1984; Strait, 1993). These
presumably adaptive relationships between the forms of
molar teeth and their functions in overcoming mechani-
cal and structural defenses of foods have been instructive
in understanding the ecology of living and extinct pri-
mate species (e.g., Kay, 1975, 1977; M’Kirera and Ungar,
2003; Ungar, 2007; Boyer, 2008; Boyer et al., 2010; Bunn
et al., 2011; Cooke, 2011; Godfrey et al., 2012; Wilson
et al., 2012). One of the more recent and promising
approaches in this area has been coined “dental topo-
graphic analysis” (Ungar and Williamson, 2000).

Dental topographic analysis is the quantitative assess-
ment of the shape of a tooth surface and its features
(M’Kirera and Ungar, 2003; Evans et al., 2007; Bunn
et al., 2011). Techniques of dental topographic analysis
require imaging equipment such as laser or mCT scan-
ners to create high-resolution digital three-dimensional
models of physical dental specimens. Various geometric
algorithms are then used to quantify aspects of dental
form, such as curvature, relief, and complexity of molar
occlusal surfaces. Variation in dental topography has
been shown to closely reflect variation in the types of
foods consumed by living primates—topographic relief,
curvature, and complexity all tend to increase in species
with sharper, higher cusps and longer shearing crests,
and correspondingly tend to differentiate primates that
primarily rely on insects, leaves, or fruits (M’Kirera and
Ungar, 2003; Merceron et al., 2006; Boyer, 2008; Bunn
and Ungar, 2009; Bunn et al., 2011). The aspects of
shape quantified by each dental topographic variable are
metrically independent, although they often correlate
with each other (Boyer et al., 2010; Bunn et al., 2011).
For example, measures of complexity appear primarily
related to the “number of tools” (e.g., cusps, styles, and
cones) present on a tooth surface, while shapes quanti-
fied by curvature and relief reflect the “shape of tools”
(e.g., whether a cusp is tall or short and sports a strong
crest) (Evans et al., 2007; Bunn et al., 2011). Although
curvature and relief have been strongly correlated in a
prosimian sample (Bunn et al., 2011), this may not be
the case for all taxonomic samples. That is, increasing
hypsodonty should theoretically result in increased
relief, but most likely lower average curvature. Addition-
ally, the most complex teeth in living primates tend to
be those of species that consume extremely fibrous vege-
tation, such as bamboo-eating lemurs (Zohdy et al.,
2008; Bunn et al., 2011).

Dental topographic analyses have been applied to
many living primate groups and non-primate mammals
(M’Kirera and Ungar, 2003; Ungar and M’Kirera, 2003;
Dennis et al., 2004; Ulhaas et al., 2004; King et al.,
2005; Evans et al., 2007; Boyer, 2008; Ungar and Bunn,
2008; Bunn and Ungar, 2009; Evans and Jernvall, 2009;
Bunn et al., 2011; Godfrey et al., 2012). In addition to
probing the molar form-function relationship, this work
has enhanced our knowledge of the ecology of living pri-
mate populations. King et al. (2005) examined dental
relief and wear in a population of Propithecus edwardsi
and were able to show evidence for an environmentally
mediated effect of dental senescence on reproductive suc-
cess in this population. Boyer (2008) and subsequently
Godfrey et al. (2012) observed that Eulemur fulvus and
Lemur catta molars exhibit greater relief, curvature, and
complexity than predicted by typically observed diets
(most frequently in wet eastern forests), and suggested
that this supports the hypothesis that certain lemurs
may be experiencing ecological disequilibrium between

dental morphology and diet, possibly as a result of
human settlement of Madagascar and resulting environ-
mental changes, including loss of megafauna. More
recently these inferences for recent diet change from
dental morphology were corroborated by comparisons of
isotope values between modern and subfossil remains of
Lemur catta, as well as Microcebus. Based on isotope
analyses, both taxa were inferred to now feed in signifi-
cantly wetter, less seasonally variable environments
than they did previously (Crowley et al., 2012). In dry
western forests Sussman (1977) observed much larger
degrees of folivory for both Lemur catta and Eulemur
than is typically observed in eastern forests (see Boyer,
2008 for a review). Thus these studies appear to sub-
stantiate a strong adaptive basis for dental topography
in deep time. In other words, if microwear and isotopes
reveal effects of the “last supper” and “recent (relative to
mortality events) diet preferences,” respectively, dental
topography seems to show which food items were
“critical suppers” on a scale that influences individual
fitness. Interestingly, Godfrey et al. (2012) also provided
the first evidence for a link between relative metabolic
demands and tooth morphology, showing that complexity
measured as OPCR (Orientation patch count rotated,
see Methods) had a highly significant relationship to
metabolic demands, which was unrelated to mechanical
properties of consumed food.

Work on living populations is critical: in addition to
enriching our knowledge of current ecology, it provides
the comparative baseline for the inference of dietary
preferences in fossil taxa. However, numerous living
taxa remain to be assayed using topographic methods to
quantify dental morphology. Of the radiations considered
in previous dental topographic analyses, platyrrhines
are one of the least-sampled to date. Dennis et al. (2004)
examined dental topography of molar wear in repeatedly
wild-caught Alouatta palliata, but their analyses were
not comparative. Cooke (2011) employed three-
dimensional geometric morphometric techniques (rather
than dental topographic analysis) as a proxy for relief to
examine the relationship between diet and dentition in a
large sample of extinct and extant platyrrhine primates.
Ledogar et al. (2013) did consider platyrrhine diet and
dental topography in a comparative fashion, investigat-
ing molar topography of four seed-eating pitheciine gen-
era along with two frugivorous taxa, Aotus and
Callicebus. Their focus was heavily on the functional
morphology of seed predation, finding that this behavior
in pitheciines is reflected in the high complexity and low
relief, shear, and curvature of molar occlusal surfaces in
these species.

An analysis of platyrrhines with broader scope and a
larger sample—incorporating species with diets that
include alternate mechanically-challenging foods such as
leaves or insects—is a clear next step. Such an analysis
would be beneficial both for fleshing out our understand-
ing of the molar form-function relationship in living pla-
tyrrhines and constructing baselines from which to infer
the diets of fossil platyrrhines. Additionally, a broad pla-
tyrrhine sample would allow comparison with Bunn
et al.’s (2011) prosimian sample, the largest topographic
data set published to date (the term prosimian is used
here solely as a term of convenience, with full apprecia-
tion for its likely paraphyletic nature). Currently it is
not clear whether independent primate radiations (e.g.,
platyrrhines vs. strepsirrhines) show the same patterns
of association between dental topography and dietary
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preferences. Addressing this could supplement our
knowledge of dental-dietary relationships in these
groups, and have implications for the analysis of diet in
fossil species with uncertain phylogenetic relationships
to extant taxa. Additionally, concerns remain regarding
the phylogenetic independence of topographic metrics.

This study explores these issues by surveying the den-
tal topography of molar teeth belonging to a wide sample
of living platyrrhine species and by assessing the pat-
terns that emerge when the new platyrrhine sample is
combined with previously published data on prosimians
(Bunn et al., 2011). Research questions and goals for
this study include the following:

1. Does dental topography of platyrrhine lower second
molars reflect dietary preferences? We expect a trend
where insectivores and folivores exhibit the highest
degree of molar curvature, relief, and complexity.

2. How does platyrrhine dental topography compare with
that of strepsirrhines and tarsiers? How similar are
the adaptive landscapes in terms of molar curvature,
relief, and complexity—can they be analyzed jointly?
Is it possible to predict the diets of platyrrhines from
a known dataset of prosimians, and vice versa? If
there are differences, do they result from phylogenetic
constraints or differential selective pressures?

MATERIALS AND METHODS

Study sample

The study sample consisted of 111 high-resolution
plastic replica casts of lower molar rows and isolated
second molars (M2s) belonging to 11 platyrrhine genera,
spanning three platyrrhine families and representing a
variety of feeding preferences. This includes genera that
consume large proportions of fruits, leaves, or insects,
although genera characterized by consuming large
amounts of fruit predominate (Table 1). The comparative
prosimian sample consisted of 112 M2s belonging to 19
strepsirrhine genera and 9 M2s representing species of

the genus Tarsius. This dataset was previously pub-
lished by Bunn et al. (2011), in which some relief index
values were taken from Boyer (2008): details of collec-
tion, dietary categorization, and analysis of prosimian
samples may be found in these two prior references.
Supporting Information Table S1 includes details of die-
tary categorization of prosimian genera, and is taken
from Table 1 of Boyer (2008) and Table 1 of Bunn et al.
(2011). Relative to the platyrrhines surveyed here, our
prosimian sample contains more specialized faunal pred-
ators (e.g., Arctocebus, Tarsius, Galago senegalensis) and
leaf consumers (e.g., Avahi, Indri, Lepilemur). Mean-
while, our platyrrhine sample includes a greater propor-
tion of fruit specializers, especially those that habitually
consume very hard and=or tough seeds (e.g., Cacajao,
Chiropotes, Pithecia).

All platyrrhine genera were assigned to one of the fol-
lowing four dietary categories based on previously pub-
lished observational studies of feeding preferences:
insectivory=omnivory, folivory, frugivory, and hard-object
feeding (Table 1). This dietary classification schema is
similar to that applied to the prosimian sample, and
allows comparison with that sample. It should be noted,
though, that compared to extant strepsirrhines and tars-
iers the diet of Saimiri is more akin to that of omnivores
like Microcebus and Mirza than specialist faunivores
such as those listed above. Therefore, in comparisons
with the prosimian sample this genus was coded as an
omnivore in the manner of Bunn et al. (2011). Represen-
tative M2s of platyrrhines and prosimians of each die-
tary category are presented as Figure 1.

Our dietary schema is also roughly similar to the
schema employed by Cooke (2011) in a recent geometric
morphometric analysis of platyrrhine M2s, with one
exception. We have coded our Cebus sample, consisting
of six M2s of Cebus apella and four M2s of Cebus capuci-
nus, as hard-object feeders, whereas Cooke (2011)
included only C. capucinus and classified them as frugi-
vore=omnivores, due to dietary differences between the
two species. We treat these specimens as hard-object
feeders due to C. apella’s habitual ingestion of highly
mechanically challenging materials including large seeds
and a suite of nondental morphological features related
to the production and dissipation of large bite forces
(Izawa and Mizuno, 1977; Lambert et al., 2004; Wright,
2005; Taylor and Vinyard, 2009). It is beneficial to keep
in mind, however, that given tool use and manual proc-
essing by these primates, consumption of these objects
may not necessarily impose constraints on the occlusal
molar apparatus, and that selective pressures on the
molars of C. apella may differ for this reason.

Sample preparation, scanning, and surface
mesh creation

The sample was collected from museum specimens in
the American Museum of Natural History, the Smithso-
nian Institution National Museum of Natural History,
the Harvard University Museum of Comparative Zool-
ogy, and the Stony Brook University Museum of Anat-
omy. Each tooth row was cleaned with acetone if
necessary to remove debris and was molded using Presi-
dent Jet Microsystem poly-vinylsiloxane medium or light
body (Coltène=Whaledent). High-resolution plastic rep-
lica casts were created from molds with EPOTEK 301
epoxy mixed with gray pigment. Prior to mCT scanning
casts were trimmed using Dremel tools and Exacto

TABLE 1. Dietary categorization of platyrrhine sample

Diet Genus References

Insectivory=
omnivory

Saimiri Lima and Ferrari (2003); Stone
(2007)

Folivory Alouatta Julliot and Sabatier (1993);
Teaford and Glander (1996);
Cristobal-Azkarate and
Arroyo-Rodriguez (2007)

Frugivory Aotus Wright (1989)
Ateles Nunes (1998); Dew (2005);

Suarez (2006)
Callicebus Kinzey (1977)
Lagothrix Peres (1994); Defler and Defler

(1996); Di Fiore (2004); Dew
(2005)

Hard-Object
Feeding

Cacajao Ayres (1989)
Cebus Izawa and Mizuno (1977); Lam-

bert et al. (2004); Wright
(2005); Taylor and Vinyard
(2009)

Chiropotes van Roosmalen et al. (1981);
Kinzey and Norconk (1993);
Norconk (1996)

Pithecia Kinzey and Norconk (1993);
Norconk (1996)
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knives to the M2 for more efficient use of scan time. Rep-
lica casts glued to plastic discs were scanned by a Scanco
Medical brand mCT 40 scanner at resolutions between 10
and 18 mm (depending on absolute tooth size). Resultant
cross-section image stacks of multiple teeth were
cropped down to single teeth using ImageJ (NIH) and
segmented in Avizo v. 6-7 (Visage Imaging) to create vol-
umetric renderings of tooth surfaces, which were then
interpolated as triangular surface meshes. Again using
Avizo, these surface models were cropped to include only
the tooth crown using the approximate location of the
root-crown junction. All surface mesh files and original
lCT scans for this study can be downloaded directly
from the site https://www.morphosource.org. Specimens
can be found by searching by catalogue number or
browsing by taxon.

Variables measured

A total of five variables were measured on each M2:
shearing ratio (SR), shearing quotient (SQ), and three
topographic variables: Dirichlet normal energy (DNE),
relief index (RFI), and orientation patch count-rotated
(OPCR). SR and SQ are measures of the length of molar
shearing crests relative to body size, and are not consid-
ered topographic variables here largely due to their
landmark-based nature. To calculate both variables,
shearing crest lengths were measured from each surface
using the point distance tool of Geomagic Studio 10 (Geo-
magic, Inc.). For further details and repeatability tests
for this method of measuring shearing crests, see Bunn
et al. (2011). Two-dimensional occlusal area and total
length of each molar were then measured using ImageJ.
SR was calculated as the natural log of the ratio of
shearing crest length to the square root of occlusal area
(Boyer, 2008). SQ per specimen was calculated by the
method of Anthony and Kay (1993), as percent difference
between actual and “expected” shearing crest lengths.
“Expected” shearing crest lengths were derived from a
size-correction function of molar length by shearing crest
length constructed solely from frugivores of the sample.

DNE is a measure of total curvature across a tooth
surface, employing the change in the normal vector (rel-
ative to the surface) map over a tooth surface to quantify
this curvature (Bunn et al., 2011; full definition and
details can be found there). To prepare surface meshes

for DNE calculation, each model was down-sampled to
10,000 polygonal faces using the Simplification module
of Amira (Visage Imaging). Surface noise was reduced
using Amira’s Smooth Surface module with 100 itera-
tions of smoothing with a lambda of 0.6. DNE was then
calculated using the MATLAB application Teether.

RFI can be simply defined as the ratio of the three-
dimensional true surface area of a tooth to the area
occupied by the tooth surface’s projection into a two-
dimensional occlusal plane (Boyer, 2008). Computing
RFI was done in two steps. First, the true surface area
of the occlusal surface was measured in Avizo. Next a
screen shot was acquired of the occlusal outline of the
tooth with a scale bar in Avizo. From this occlusal out-
line, a two-dimensional planimetric area of the occlusal
surface was computed in ImageJ and=or Sigma Scan Pro
5.0. RFI was then calculated as the natural log of the
ratio of the square root of true surface area to the
square root of planimetric area.

OPCR is defined as the number of discrete contiguous
areas of similar aspect (necessarily bordered on all sides
by other contiguous areas of dissimilar aspect) across a
tooth surface, averaged across eight distinct rotations of
a surface mesh in XY space to normalize for differences
in orientation between meshes (Evans et al., 2007;
Evans and Jernvall, 2009). Aspect here is defined as the
XY or compass direction. OPCR is a measure of complex-
ity on an occlusal surface. OPCR was calculated using
the applications Surfer (Golden Software) and Surfer
Manipulator (Evans, 2008). First, OPC was calculated
by the method of Evans et al. (2007) for each molar sur-
face with a minimum patch size of 3. Eight total OPC
values were collected for each tooth automatically and
averaged by Surfer Manipulator. Each replicate repre-
sented the OPC value recalculated after rotating the ori-
entation boundaries of the surface mesh 5.625 degrees.
This rotation factor ensured that minor differences in
XY orientation of individual meshes should not overly
affect the resulting OPCR value.

Statistical analyses

Aside from phylogenetically informed analyses, all sta-
tistical tests were performed with an alpha level of 0.05
using the application SPSS 11.0 (SPSS, Inc.). To deter-
mine whether and how platyrrhine topography reflects
diet in comparison with prosimians, a two-way ANOVA

Fig. 1. A comparison of randomly chosen representatives of each diet group sampled. Surface models are shown from an oblique
buccal angle, anterior to the left. Platyrrhines exhibit a similar but muted trend of shape variation relative to prosimians.
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was carried out with dietary preference and taxonomic
factors for each variable measured. Due to significant
interactions found between the effects of taxonomic
group and dietary preference, phylogenetically informed
statistical analyses were undertaken, and one-way
ANOVAs were calculated for the platyrrhine sample
alone by dietary group factor. Pairwise comparison tests
were then completed using Tukey’s Honestly Significant
Difference (HSD) test in order to further partition and
explore significant variation.

Phylogenetically informed analyses. Phylogeneti-
cally informed statistical analyses incorporate informa-
tion on the potential interdependence and
autocorrelation among taxonomic data points in order to
account for differences and similarities between genera
caused by phylogenetic distance. All phylogenetic com-
parative statistical analyses were performed using the R
statistical programming language version 2.15 (R Core
Team, 2012) using the Caper (Comparative Analyses of
Phylogenetics and Evolution in R) package (Orme,
2012). Phylogenetic ANOVA in Caper allows taxon resid-
uals from diet group means to be autocorrelated with
branch lengths. The calculation of group means and
their standard errors are therefore adjusted by this
autocorrelation model. Phylogenetic tree data for all
taxa were downloaded from the official website of the
10kTrees Project (Arnold et al., 2010) at www.10ktrees.-
fas.harvard.edu. These analyses were performed on spe-
cies means. As phylogenetic ANOVA can currently only
be executed using species means, we also performed a
series of one-way standard ANOVAs on species means
with DNE, RFI, OPCR, SR, and SQ response variables
to serve as an equivalent baseline for comparison with
similar statistical power.

We also used a phylogenetic generalized least squares
(PGLS) approach to check for existence of correlations
between all pairs of topographic variables. Bunn et al.
(2011) showed that correlations existed among different
topographic variables; however, these could have been
artifacts of phylogenetic non-independence.

Discriminant function analyses. In order to gauge
the most efficient combination of variables for accurate
dietary prediction within and among radiations, a series
of discriminant function analyses were performed. Dis-
tinct DFAs were run on the platyrrhine sample, the pro-
simian sample, and a combined sample of the two
groups. Combinations of variables tested included indi-
vidual variables alone; individual variables and natural
log of M2 length; all three topographic variables only;
and all three topographic variables with natural log of
M2 length, SR, and SQ individually and in combination.
All DFAs were run entering all variables simultaneously
and with prior probabilities of group membership deter-
mined from group sizes, and predictive success was eval-
uated using a jack-knife classification method.
Additionally, the diets of platyrrhine specimens were
predicted using the topographic-variable DFA computed
from the prosimian sample, and likewise the diets of
prosimian specimens were predicted from the
topographic-variable DFA computed from the platyr-
rhine sample. This provided a test of the ability of topo-
graphic variables to predict diet in “unknown”

specimens despite large evolutionary distance from the
extant baseline sample.

RESULTS

DNE, RFI, OPCR, SR, and SQ values of platyrrhine
teeth digitized by lCT scanning were partitioned by
genus and dietary category to assess dental topographic
variation (Fig. 2; Table 2, and Supporting Information
Tables S2, S3). In DNE and RFI, there is an overall
trend of folivorous Alouatta and Brachyteles and omnivo-
rous=insectivorous Saimiri exhibiting the highest values,
frugivorous genera with intermediate values, and hard-
object feeding genera with the lowest values. SR is simi-
lar, except that Saimiri has more moderate shear, simi-
lar to that of the frugivores in the sample. For SQ,
values are broadly similar across dietary groups, except
for lower values in hard-object feeders. Patterns of
OPCR are more complicated, with high complexity found
in the pitheciines and frugivores Callicebus and
Lagothrix.

Compared with prosimians, platyrrhines exhibit gen-
erally higher RFI and OPCR, similar DNE and SR, and
markedly lower SQs. Prosimians, however, tend to
occupy extremes of dental topography on both high and
low ends of the scale, both within and across dietary cat-
egories. In fact, in almost all dental topographic varia-
bles the trend of platyrrhine variation can be seen as
similar to that of prosimians, but with muted intergroup
variance. OPCR is the one exception to this observation:
platyrrhine hard-object feeders and frugivores show
markedly higher complexity than prosimians of any die-
tary group. Average OPCR in pitheciines Pithecia (80.1)
and Chiropotes (77.5) is higher than in Prolemur simus
(74.0), the most complex prosimian. P. simus, with its
diet of extremely fibrous bamboo pith, is in fact some-
what of an outlier among prosimians in complexity, with
the next highest mean complexity found in Tarsius
(59.8). Of the platyrrhines Cacajao (65.5), Callicebus
(71.6), and Lagothrix (64.6) all boast greater complexity
than is seen in tarsiers. At least in the pitheciines, this
very high degree of complexity is likely related to high
degrees of enamel crenulation in the molar occlusal
surfaces of these species.

Two-way ANOVAs were performed on variables meas-
ured to determine whether dietary category and platyr-
rhine=prosimian grouping explained sample variance
(Table 3). Significant interaction between diet and taxo-
nomic factors is present in all variables analyzed, sug-
gesting that dental topographic metrics vary by diet
differentially in platyrrhines and prosimians, and pre-
venting further univariate analyses of the effect of diet
in these groups as a combined sample.

One-way ANOVAs testing for the effect of diet on pla-
tyrrhines are significant for every variable (DNE: df 5
3, F 5 72.695, P < 0.001; RFI: df 5 3, F 5 75.139, P <
0.001; OPCR: df 5 3, F 5 13.662; P < 0.001; SRA: df 5
3, F 5 55.062, P < 0.001; SQ: df 5 3, F 5 14.199, P <
0.001). Post hoc pairwise comparisons for this analysis
indicate that across variables, most dietary groups are
significantly different from other groups. Some excep-
tions do exist. Folivores Alouatta and Brachyteles and
omnivorous=insectivorous Saimiri do not differ in DNE
(P 5 0.454), OPCR (P 5 0.928), or SQ (P 5 0.967). Addi-
tionally, Saimiri does not differ from frugivorous genera
in RFI (P 5 0.069), OPCR (P 5 0.273), or SQ (P 5
0.964). Finally, SQ does not significantly distinguish
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between folivores and frugivores (P > 0.999). In terms of
total pairwise comparisons, OPCR and SQ evinced the
lowest number of significant comparisons with 4 and 3
respectively out of 6.

Phylogenetic regressions

Correlation of variables (including M2 area) after tak-
ing phylogeny into account was assessed as a first step
in probing the phylogenetic independence of topographic
variables, SR, and SQ (Table 4). SQ is significantly cor-
related with all other variables, including area, and is in
fact the only variable to correlate with area. Other corre-
lations are limited, with DNE significantly correlating

with RFI and SR, and RFI significantly correlating with
SR as well. OPCR correlates only with SQ. These results
are distinct from the findings of Bunn et al. (2011) who
found correlations between all variables (not including
molar area) in the prosimian sample alone with a stand-
ard tips approach (i.e., with no consideration of phyloge-
netic relationships among taxa).

Phylogenetic ANOVA

Phylogenetic independence of variables was examined
by comparing phylogenetic ANOVAs performed on spe-
cies means to standard one-way ANOVAs as a baseline
comparison (Tables 5 and 6). Listed species means in

Fig. 2. Box plots of DNE, RFI, OPCR, SR, and SQ for platyrrhine and prosimian diet groups. In: insectivory; Fo: folivory; Om:
omnivory; Fr: frugivory, HO: hard-object feeding.
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Table 5 differ between the standard ANOVAs and phylo-
genetically informed ANOVAs because the algorithm
employed by CAPER uses PGLS to produce an estimate
of group means weighted based on tree structure and
evidence of autocorrelation with respect to that struc-
ture. Estimates of standard error are also re-weighted in
this way. For all variables except SQ, re-weighted spe-
cies means follow the same pattern as non-weighted
means. For DNE, RFI, and SR, mean values decrease
progressively from a high point in insectivores to foli-
vores, omnivores, frugivores, and hard-object feeders.
For OPCR, values decrease from insectivores to folivores
and omnivores, but increase in frugivores and hard-
object feeders. In contrast, the patterns of SQ differ
between re-weighted and non-weighted means. Notably,
the re-weighted group mean of folivores for SQ is lower
than that of omnivores or frugivores, contra
expectations.

Using standard one-way ANOVAs on species means
substantially reduces statistical power; however, species

means of all shape variables vary significantly by die-
tary category overall. Phylogenetic ANOVAs on species
means demonstrate that DNE, RFI, SR, and SQ con-
tinue to vary significantly by dietary category when phy-
logeny is taken into account, but that OPCR does not.
This means that diet-grouping no longer explains var-
iance in OPCR when phylogenetic interdependence is
accounted for and that previously apparent differences
are likely related to differential oversampling of certain
dietary categories in some clades relative to other
clades.

Bonferroni-corrected post hoc comparisons of standard
ANOVAs indicate little significant differentiation
between specific dietary category pairs for most varia-
bles, with the exception of DNE and SQ where relatively
high numbers of significant post hoc comparisons exist
(Table 6). Post hoc comparisons of phylogenetic ANOVAs
differ from those of standard ANOVAs. DNE, OPCR, and
SR evince one less significant post hoc comparison each,
while only three significant comparisons are found for
SQ compared to five in the standard ANOVA. Mean-
while, the number of significant comparisons actually
increases for RFI, from three to five. This suggests that
RFI is more capable of partitioning dietary-group related
variance when phylogenetic interdependence is
accounted for than when it is not, while DNE and other
variables are less effective at doing so.

Discriminant function analysis

To further investigate dental topographic variation by
diet within and between platyrrhines and prosimian
samples, multiple discriminant function analyses were
performed employing the platyrrhine sample alone, the
prosimians alone, and platyrrhines and prosimians com-
bined (Figs. 3 and 4; Table 7). Of the DFAs employing
dental topographic metrics individually or only in con-
junction with M2 area, those including DNE are gener-
ally the most successful at predicting diet. RFI has
success similar to DNE in the noncombined groups,
though notably less success in the combined sample.
OPCR is the least reliable in predicting diet. Compared
with DFAs employing topographic metrics individually,
adding M2 area to analyses always increases success in
prediction. The second discriminant function in all cases
is overwhelmingly driven by M2 area.

TABLE 2. Descriptive statistics of dental topographic metrics of platyrrhines and prosimians by diet

Dietary category N

DNE RFI OPC SR SQ

Mean
Std.
error Mean

Std.
error Mean

Std.
error Mean

Std.
error Mean

Std.
error

Platyrrhine sample
Insectivory 0
Folivory 20 174.618 4.730 0.580 0.006 53.375 0.749 3.202 0.037 20.019 0.356
Omnivory 10 184.275 5.059 0.547 0.005 55.775 0.711 2.753 0.028 0.564 1.035
Frugivory 40 148.848 2.880 0.529 0.004 62.275 1.457 2.817 0.035 0.013 0.497
Hard-object feeding 41 118.657 2.016 0.496 0.002 69.668 2.129 2.457 0.039 24.103 0.613
Total 111 145.531 2.751 0.528 0.003 62.816 1.171 2.748 0.032 21.463 0.362

Prosimian sample
Insectivory 28 264.068 7.398 0.575 0.006 52.793 1.194 3.537 0.053 14.969 1.337
Folivory 43 204.306 5.291 0.519 0.006 47.300 1.533 3.37 0.055 4.076 0.809
Omnivory 22 180.600 6.600 0.481 0.005 46.036 0.606 2.950 0.043 6.208 1.317
Frugivory 22 138.977 6.078 0.411 0.012 42.050 1.694 2.853 0.065 0.025 0.651
Hard-object feeding 6 75.89 2.272 0.364 0.004 46.783 3.293 – – – –
Total 121 195.579 5.412 0.498 0.007 47.361 0.771 3.231 0.038 6.361 0.716

TABLE 3. Two-way ANOVA results for dental topographic
metrics of platyrrhines and prosimians by taxonomic grouping

and diet factors, a 5 0.05

Factor df F P

DNE
Group 1 2.061 0.152
Diet 4 113.610 <0.001
Group 3 diet 3 10.740 <0.001

RFI
Group 1 303.344 <0.001
Diet 4 129.821 <0.001
Group 3 diet 3 12.303 <0.001

OPCR
Group 1 88.858 <0.001
Diet 4 8.757 <0.001
Group 3 diet 3 7.969 <0.001

SR
Group 1 7.786 <0.001
Diet 4 55.060 0.006
Group 3 diet 2 1.224 0.296

SQ
Group 1 15.333 <0.001
Diet 4 37.986 <0.001
Group 3 diet 2 4.400 0.013
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Analyses involving multiple topographic variables and
M2 area generally demonstrate high rates of success in
diet prediction. DFA of DNE, RFI, OPCR, and second-
molar area on the prosimian sample achieve a success
rate of 82% (Fig. 3). Adding SR and SQ to that analysis
further increases success to 85%. In this analysis, the
first discriminant function explains 73% of variance and
is driven by DNE followed by RFI, while the second
function is largely a size vector explaining 24.9% of var-
iance. In this analysis, there are clear separations
between dietary groups, with certain overlap between
frugivores and other groups, and folivores and
insectivores.

The success rate of the DFA including DNE, RFI,
OPCR, and M2 area of the platyrrhine sample compara-
tively is 93%, increasing to 94% when SR and SQ are
incorporated. The first discriminant function correlates
primarily with RFI and DNE, explaining 73% of var-
iance. The second discriminant function explains 22% of
variance, and is again related mostly to size. There is
stark separation for the most part in this analysis, with
the only overlap existing between the frugivores and
hard-object feeders.

The success rate for the DFA of the combined sample
is lower at 77% (Fig. 4), increasing to 80% with the addi-
tion of SR and SQ. The first discriminant function here,
explaining again 73% of variation, differs from the anal-

ysis of the separated samples in that it is correlated
largely with DNE and only very slightly with RFI. This
is consistent with results comparing standard and phylo-
genetic ANOVA. The second discriminant function,
explaining 20% of variance, is related primarily to M2

area. Examining the distribution of specimens over the
first and second discriminant functions, there is strong
overlap between platyrrhines and prosimians with simi-
lar dietary preferences, as expected for an adaptively
related characteristic such as dental topography. Prosi-
mians vary more and exhibit extreme values for discrim-
inant functions relative to platyrrhines, as befitting
their overall trend of greater shape variation.

One thing that emerges from the foregoing analyses is
the confusing state of observations surrounding RFI:
both it and DNE are highly effective for diet prediction
in separated platyrrhine and prosimian samples, and
RFI also correlates strongly with DNE. However, RFI is
relatively ineffective at predicting diet when the platyr-
rhine and prosimian samples are combined while DNE
remains effective; and finally, taking into account the
phylogenetic distance matrix from the combined sample
allows a substantial increase in the number of signifi-
cant post hoc comparisons for RFI, but not DNE. To
examine these findings further, two DFAs are presented:
RFI with M2 area, and DNE with M2 area (Fig. 5). The
first and second discriminant functions are highly

TABLE 4. PGLS correlations between variable pairs

Variables Correlation P t-Value Lambda AIC BIC logL

DNE�RFIa 0.703 <0.001 8.52 0.907 2196 2188 102
DNE�OPCR 0.688 0.2327 1.21 0.980 523 530 2257
DNE�SRa 0.797 <0.001 6.78 0.986 485 493 2239
DNE�Area 0.647 0.1122 21.62 0.978 515 523 2254
RFI�OPCR 0.688 0.9989 0.00 0.980 2158 2151 83
RFI�SRa 0.812 <0.001 6.69 0.959 2196 2188 102
RFI�Area 0.644 0.9712 0.04 0.981 2164 2157 86
OPC�SR 0.854 0.8213 0.23 0.795 368 376 2180
OPC�Area 0.726 0.7286 20.35 0.795 368 376 2180
SR�Area 0.614 0.9338 0.08 1.000 46 53 219
SQ�RFIa 0.909 0.0014 3.40 0.973 279 271 2132
SQ�DNEa 0.685 <0.0001 5.60 0.966 272 279 2132
SQ�OPCa 0.604 0.0404 2.11 1.006 282 289 2137
SQ�SRa 0.889 <0.0001 5.93 0.988 258 265 2125
SQ�Areaa 0.617 0.0254 22.31 0.993 280 288 2136

a Significant correlation, P < 0.05.

TABLE 5. Data from phylogenetically informed ANOVA

Variable Lambda df MS F P Ins(9) Fol(16) Om(6) Frug(14) HO(7)

DNE OA 47 841.6 27.59 <0.0001 242.5 205.7 173.0 147.6 112.2
DNE 0.931 47 30.1511 6.272 <0.0001 246.2 196.9 178.8 154.6 121.1
RFI OA 47 0.0022 7.08 0.0002 0.568 0.533 0.482 0.483 0.475
RFI 0.961 47 0.000036 16.75 <0.0001 0.559 0.543 0.510 0.468 0.443
OPCR OA 47 108.2 3.795 0.009 52.75 47.67 46.05 55.45 63.83
OPCR 0.755 47 1.9321 0.3354 0.889 52.62 50.56 50.87 53.34 56.40
SR OA 47 0.175 12.88 <0.0001 3.37 3.34 2.94 2.80 2.12
SR 0.996 47 0.0047 7.467 <0.0001 3.17 3.08 2.78 2.74 2.16
SQ OA 46 19.5 13.79 <0.0001 11.40 2.92 4.80 20.290 23.72
SQ 0.986 46 0.6972 4.244 0.003 11.59 3.70 6.44 3.98 1.57

For each variable, the upper row represents the ordinary ANOVA (OA), while the second row is the PGLS version run using the
Caper package in R. Mean values for different dietary groups are given in the five right-most column, with sample sizes given in
parentheses after the abbreviation for the group name in the column heading. Lambda is a measure of phylogenetic signal with �1
representing a perfect fit between data and a Brownian motion model of change in values through evolution, and 0 representing no
phylogenetic structuring. df, degrees of freedom; MS, mean square error within groups; F, f-statistic for ANOVA; P, probability that
within-within group variation is the same as between group variation.
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correlated with DNE and RFI in each analysis respec-
tively, and so are depicted as the x-axis in their respec-
tive visualizations. Much more overlap between dietary

categories is clear when considering relief compared to
curvature. When dietary groups are differentiated by
taxonomic grouping, the reason for this is apparent: pla-
tyrrhines of a given diet category tend to have higher
relief than their prosimians counterparts but similar
curvature. Higher relief across the board in platyrrhines
causes overlap between dietary groups when platyr-
rhines and prosimians are combined, while similar cur-
vature in platyrrhines and prosimians keeps dietary
groupings relatively distinct. Thus one might say there
is a “group level offset” in relief between platyrrhines
and prosimians.

To further examine prosimians and platyrrhines in the
context of each other, platyrrhine diets were predicted
from a DFA employing DNE, RFI, OPCR, and M2 area
trained on the prosimian sample (Fig. 6a). The reverse
was also performed, predicting dietary category of prosi-
mians from a platyrrhine DFA (Fig. 6b). Neither of these
analyses is very effective. Predicting platyrrhine diets
from a prosimian analysis yields a 19% success, while
predicting prosimians from platyrrhines is somewhat
more successful with a success rate of 36%. In the latter
case, it should be noted that for the purposes of compar-
ing platyrrhines to prosimians, no platyrrhines were
coded as “insectivores” (as explained in Methods). When
prosimian insectivores are removed from this analysis,
the success rate of predicting prosimians from platyr-
rhines increases to 48%. When these discriminant analy-
ses are plotted, the clustering in each case shows the
same broad pattern: platyrrhines cluster relatively
tightly toward the center while prosimians spread out at
the extremes.

DISCUSSION

Of the major primate groups, dental topographic anal-
ysis has been least applied thus far to the parvorder Pla-
tyrrhini. This study sought to determine whether dental
topography of platyrrhine lower second molars reflects
dietary preference, hypothesizing a trend in which, for
all variables (relief, curvature, and shear) folivores pos-
sessed the highest values followed by insectivor-
es=omnivores, frugivores, and hard-object feeders. The
hypothesis is strongly supported by significant

Fig. 3. Discriminant function analyses of diet by topo-
graphic metrics and molar area for prosimians alone.

Fig. 4. Discriminant function analyses of diet by topographic
metrics and molar area for platyrrhines and prosimians.

TABLE 7. Successful classification percentages for DFAs of platyrrhine, prosimian, and combined samples

Analysis

Platyrrhines (n 5 111) Prosimians (n 5 121) Combined (n 5 232)

Success (%)
Cross-

validated (%) Success (%)
Cross-

validated (%) Success (%)
Cross-

validated (%)

DNE 67.6 65.8 62.8 61.2 62.9 62.5
RFI 71.2 70.3 56.2 55.4 28.9 24.6
OPCR 44.1 43.2 38.8 35.5 36.2 36.2
SR 70.3 70.3 44.3 44.3 55.3 55.3
SQ 57.7 57.7 53.0 52.2 50.0 50.0
DNE=M2 85.6 82.0 77.7 75.2 73.7 72.8
RFI=M2 82.0 80.2 73.6 71.1 48.7 45.7
OPCR=M2 60.4 57.7 62.0 61.2 50.9 50.9
SR=M2 82.9 79.3 69.6 68.7 74.8 73.9
SQ=M2 77.5 73.9 66.1 64.3 60.2 60.2
DNE=RFI=OPCR 85.6 82.0 65.3 61.2 66.4 65.9
DNE=RFI=OPCR=M2 92.8 91.9 81.8 80.2 76.7 74.6
DNE=RFI=OPCR=SR 90.1 87.4 69.6 67.0 73.0 73.0
DNE=RFI=OPCR=SR=M2 93.7 93.7 84.3 84.3 77.9 77.9
DNE=RFI=OPCR=SQ 86.5 84.7 78.3 74.8 70.8 70.6
DNE=RFI=OPCR=SQ/M2 95.5 91.9 85.2 83.5 77.9 76.1
DNE=RFI=OPCR=SR=SQ=M2 93.7 91.9 85.2 84.3 81.0 79.6
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differences in relief, curvature, complexity, and shear
between dietary-category groups in platyrrhines and
high numbers of significant pairwise comparisons
between platyrrhine dietary preference groups. The very
high predictive success rate of DFAs on platyrrhine-only
sample further supports this conclusion, as analyses
incorporating second-molar area, SR, and SQ were able
to achieve success rates of almost 94%. In essence, den-
tal topography reflects dietary preferences in the living
platyrrhines considered here. This finding is consistent
with Ledogar et al.’s (2013) observation that dental

topography differentiates platyrrhine seed predators
Pithecia, Chiropotes, and Cacajao from non-seed preda-
tors Aotus and Callicebus. It also generally reflects simi-
lar findings of dental topography correlating with
feeding choices in many other primate taxa (M’Kirera
and Ungar, 2003; Ulhaas et al., 2004; Boyer, 2008; Bunn
and Ungar, 2009; Bunn et al., 2011).

Phylogenetic comparisons

Results of correlation analyses incorporating phylog-
eny indicate that curvature, relief, and shear are signifi-
cantly correlated with each other. This echoes the
observation of Bunn et al. (2011) that DNE, RFI, SR,
and SQ are all interrelated, although their correlation
analyses did not account for phylogeny. Relatively longer
or larger shearing crests result in increased degrees of
these three shape aspects, and appear to be the best
qualitative explanation for this inter-relationship. Con-
trary to the observations of Bunn et al. (2011), curvature
and relief are not more closely related to each other
than either is to shear. A close relationship between cur-
vature and relief would be expected due to their ability
to capture variation in features unique to particular
taxa (e.g., additional cusps), their shared sensitivity to
increases in cusp and shearing crest sharpness, and
their reflection of the number and extent of such fea-
tures on a molar surface. Comparatively, shear is mostly
increased by the lengthening of crests or enlargement of
cusps. In this case, the relatively low correlation
between DNE and RFI may result from a clade-level off-
set in RFI values between prosimians and platyrrhines
(discussed below).

Phylogenetic ANOVAs confirm that when phylogenetic
data are available, curvature, relief, and shear measured
as SR vary according to dietary groupings in a similar
fashion to that observed by previous phylogenetically
ignorant analyses (Boyer, 2008; Bunn et al., 2011; God-
frey et al., 2012). In other words, neither phylogenetic
spottiness in sampling of dietary groups nor clade level
offsets have spuriously led to significant differences in
diet-group differences in morphology. Although SQ was
still found to vary significantly by diet after accounting
for phylogeny, the lower number of significantly sepa-
rated dietary post hoc pairs is surprising. The increase
in the number of significantly separated dietary post hoc
pairs that results for RFI when phylogeny is incorpo-
rated suggests the existence of a phylogenetic offset in

Fig. 5. Discriminant function analyses of diet by
DNE=molar area and RFI=molar area for platyrrhines and
prosimians.

Fig. 6. Discriminant function analyses of diet by dental topographic metrics for (a) platyrrhines predicted by prosimian baseline
and (b) prosimians predicted by platyrrhine baseline.
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RFI mean and=or variance in the data set that masks a
more fundamental relationship between diet and RFI
(discussed in more detail below).

Boyer’s (2008) analysis found that dietary preference
in a wide sample of prosimians, dermopterans, and scan-
dentians was well reflected by RFI in both standard and
phylogenetically informed statistics; however, his predic-
tion that RFI might be free of confounding phylogenetic
offsets across primates is not supported here. However,
we suggest a functional explanation for the differences
between platyrrhine and prosimian groups below.

Curvature was equally effective at differentiating diet
pairs regardless of whether phylogeny was accounted
for, except in the case of omnivores and hard-object
feeders. Phylogenetic ANOVA on curvature did not sepa-
rate omnivores from hard-object feeders significantly,
with a p-value of 0.009 (Bonferroni-corrected critical
value was determined to be 0.005). This may suggest
that differences in functional demands between omni-
vores and hard-object feeders do not consistently select
for differences in curvature. On the other hand, with a
Bonferroni-corrected [alpha] level of 0.005, this P value
may be considered “marginally significant” and this
result may be consistent with other dietary-pair separa-
tions by curvature.

OPCR is more problematic. Phylogenetic ANOVAs sug-
gest that differences in OPCR in this sample are not
explained by the dietary categories used here, after phy-
logeny was accounted for in the statistical methods
used. This means that it is difficult to interpret variance
between taxa in complexity observed here as resulting
from functional selective pressures. Complexity is high
in certain platyrrhine genera, namely pitheciines and
likely related to large amounts of molar enamel crenula-
tion (Ledogar et al., 2013). Similarly high degrees of
complexity are seen in the prosimians, but only in the
bamboo-eating lemur, Prolemur simus (Zohdy et al.,
2009; Bunn et al., 2011). Both the pitheciines and Prole-
mur consume highly fibrous and mechanically resistant
foods such as seeds and bamboo pith respectively, but
they are not considered as members of the same dietary
categories—possibly revealing some of the inherent prob-
lems of using categories based on food types rather than
food mechanical properties. Possible functional relation-
ships between high complexity and the mechanical
requirements of breaking down these foods have been
discussed in previous studies (Bunn et al., 2011; Ledogar
et al., 2013), but an analysis with dietary groups config-
ured to include both pitheciines and Hapalemur (and to
recognize the potential for similarity in functional
demands they face) has yet to be executed. It is also pos-
sible that dental complexity has been adaptive for differ-
ent biological roles between the two primate radiations
because of other constraints including environmental dif-
ferences as well as potentially different developmental
limitations=possibilities that have diverted similar selec-
tive regimes down different paths in the two radiations.

Comparing platyrrhine and prosimian dental
topography

Our results suggest that variation in dental topogra-
phy reflects variation in feeding preferences in living
platyrrhines. Prior analyses have concluded the same for
strepsirrhines and tarsiers (Boyer, 2008; Bunn et al.,
2011). Given this, we asked how platyrrhine dental topo-
graphic variation relative to diet compares to that of

strepsirrhines and tarsiers. Phylogenetic informed sta-
tistics (see Discussion above) has answered this to some
degree, but the question can be considered further. If
these two groups have similar correspondence between
dietary preference and dental topography this demon-
strates the power of these methods to reveal diet in
extinct primate taxa. Additionally, it suggests some fun-
damental conclusions about the form-function link in
primate molars. On the other hand, if dental topography
is widely dissimilar in these groups, this could suggest
specific differences in the adaptive “toolboxes” of platyr-
rhine and prosimian molar teeth with possible evolution-
ary or behavioral significance. A primary research goal
of this study has been to examine these issues.

Results suggest that the pattern of platyrrhine dental
topographic variation is broadly similar to that of the
prosimians sampled here. For most aspects of topogra-
phy, diet categories within each group relate to each
other in the same ways: taxa consuming larger amounts
of tough leaf matter or hard insect chitin that require
shearing or puncturing respectively tend to possess
higher curvature, relief, and shear, and taxa consuming
less mechanically resistant fruits or tough, hard objects
that require crushing tend to possess lower curvature,
relief, and shear. In general, insectivorous primate taxa
exhibit higher curvature, relief, and shear than folivores,
and these dietary categories can be roughly distin-
guished from each other on this basis. These general
trends suggest these two groups of taxa share a similar
relationship between variation in presumably functional
molar features and dietary preferences. That is, for both
platyrrhines and prosimians, the consumption of more
foods that require puncturing and shearing necessitates
greater degrees of curvature, relief, and shear from
molar occlusal features. Dental complexity reveals a con-
trary trend where platyrrhine hard-object feeders,
rather than extreme folivores exhibit the highest com-
plexity. This speaks to a more stochastic, less unified,
relationship between diet and functional morphology in
the evolutionary history of dental complexity. In other
words, it may be possible that high complexity does not
have a singular functional association, or that complex-
ity derived from crenulated enamel may be functionally
distinct from complexity derived from the proliferation
of cusps and crests.

Additionally, discriminant function analyses demon-
strate high accuracy in predicting the diets of
“unknown” specimens of platyrrhines and prosimians
based on a combined platyrrhine-prosimian sample, cor-
rectly identifying 77% of specimens using topographic
metrics and molar length. While this is less accurate
than predicting the diets of platyrrhine specimens from
a platyrrhine-only sample (94%) or prosimian specimens
from a prosimian-only sample (82%), it is respectable
given the wide variation in both molar form and diet in
the combined platyrrhine-prosimian sample. This sug-
gests that these dental topographic methods should be
usable to infer diets in fossil specimens, even though the
specific configuration of molar features and diets of
extinct taxa may fail to match exactly those of any mem-
ber of the living comparative sample.

Gross differences between topography in platyrrhines
and prosimians do exist, however, and point to substan-
tive distinctions between these groups. Across the sam-
ple, the platyrrhines we examined evinced greater relief
and complexity than the prosimians in general, although
both samples exhibited similar curvature and shear.
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In addition to comparisons of central tendencies
between groups, comparisons of variance in each sample
are interesting. Namely, in almost all topographic
aspects platyrrhines possess a muted trend of shape var-
iation compared to prosimians. For almost every topo-
graphic variable, prosimians occupy the extremes of the
topographic range. This can be seen in the comparative
plotting of platyrrhines and prosimians in DFA space,
where platyrrhines largely nest within the space occu-
pied by prosimians. This further explains the poor per-
formance of predicting the diets of platyrrhine
specimens from a prosimian-only sample and the still-
poor but higher accuracy of predicting prosimians from a
platyrrhine-only sample.

Given that all variables except complexity continue to
distinguish dietary groups when phylogeny is accounted
for, the explanation for this difference in variance is
most likely a complex one. It is probably partly
explained by different levels of ecological variance and
possibly time for adaptive radiation between these
groups to some degree. With fewer committed folivores
and insectivores, platyrrhines clearly exhibit less varia-
tion in selective conditions regarding feeding preferen-
ces, and as a result exhibit lesser molar variation. This
is not the whole story though, as the total variance in
complexity is actually greater in platyrrhines than strep-
sirrhines, thereby suggesting the same potential for
developing morphological diversity in both groups. A
more general explanation is that natural selection has
proceeded similarly, but not identically to produce varia-
tion in molar teeth through the separate histories of pro-
simians and platyrrhines: any number of intrinsic
contextual and=or developmental, as well as extrinsic
environmental variables may have contributed to the
development of differences through time.

Another avenue that deserves further examination is
observed differences between relief and curvature in pla-
tyrrhines and prosimians. Bunn et al. (2011) observed
that these two metrics are highly correlated in strepsir-
rhines. In the DFAs of platyrrhine-only and prosimian-
only samples, DNE and RFI explained the highest
degrees of variation. In single-variable analyses, DNE
and RFI tended to be the most accurate topographic var-
iables for predicting diet from “unknown” specimens and
their accuracy percentages tended to be similar. Yet in
analyses combining platyrrhines and prosimians into a
single sample, curvature continues to explain the high-
est percentage of variation in the sample while relief
unexpectedly explains the lowest. This is due to a combi-
nation of two factors: similar patterns of relief across
dietary groups for platyrrhines and prosimians combined
with the aforementioned increased relief in platyrrhines
generally compared to prosimians. This results in any
given dietary category in the platyrrhine sample exhibit-
ing relief higher than its companion dietary category in
the prosimian sample, thus interfering with the ability
to predict diet in a sample consisting of platyrrhines and
prosimians. Taking the results of the phylogenetic analy-
ses described above into consideration, we interpret this
failure of relief to predict diets in a combined sample as
a result of squelching from phylogenetic offsets in relief
between platyrrhines and prosimians. In other words,
platyrrhines and prosimians have different phylogenetic
“starting points” when it comes to molar occlusal relief.

There is another distinction between platyrrhine and
prosimian molars that may be related to this: relative
molar size. It is possible that in a functional sense, the

selective force increasing molar relief is the need to
increase tooth longevity (Boyer et al., 2010). Even with-
out having actually calculated values, it seems obvious
that hypsodont teeth of browsing and grazing ungulates
living today would have extreme relief values. In this
scenario, higher relief means that more attrition is
required to wear down a tooth, and this may be benefi-
cial in diets consisting of mechanically resistant foods
such as leaves and insect chitin that require numerous
chewing repetitions, resulting in concomitant tooth-tooth
attrition. Another way of thinking about how increasing
relief increases tooth longevity is to recognize that
increasing relief also increases the absolute amount of
tooth enamel available in an animal’s lifetime, as well as
the relative amount of tooth enamel for an animal of a
given body size=tooth size. The prosimians of our sample
appear to exhibit larger molars relative to their body
mass than do the platyrrhines examined. This was
tested using analysis of covariance (ANCOVA) in the
program JMP (Supporting Information Table S4). Spe-
cies means for natural log M2 area for 14 platyrrhines
and 24 prosimians were used as the test variable and
averaged male and female natural log body mass
reported in Smith and Jungers (1997) was used as the
covariate. The interaction effect between body mass and
group was nonsignificant (P 5 0.5085), indicating the
slope of the scaling relationship between body mass and
M2 area is the same for both groups. Running the
ANCOVA showed a significant group effect on M2 area
(P 5 0.0009) verifying that platyrrhines have smaller
molars for a given body mass than prosimians. This
effect is, of course, also implied by literature such as
Conroy (1987) in which body mass predictions from teeth
based on prosimian taxonomic samples are smaller than
those based on “all primates” samples. Therefore greater
average relief in platyrrhines and greater molar areas
relative to body mass in prosimians may solve the same
functional problem of tooth wear in different ways. This
phenomenon may be present to a smaller degree among
platyrrhines as well—Pithecia and Chiropotes exhibit
topographically similar molars despite higher folivory in
Pithecia, possibly related to that genus’ relatively larger
molars. But apparently differences in relief do not affect
curvature despite a high correlation between curvature
and relief. That small differences in relief do not affect
curvature is corroborated by an error study presented by
Bunn et al. (2011) in which curvature was calculated on
the same tooth multiple times after it was modified by
increasing or reducing the amount “non-occlusal surface”
material included in the calculation. Thus curvature as
an ecological indicator does not seem to relate to tooth
longevity. One prediction that stems from this sugges-
tion is that measures of DNE should be more stable in
the context of variability in tooth wear than relief.

Implications for dental topography

Results here suggest that of the topographic variables
considered, DNE may be the most effective metric for
predicting diets in broad samples of primates and in
novel situations. It is easy to apply and usable for die-
tary inference even in samples combining very different
taxonomic groups and in situations where the similar
metric RFI was ineffective. We predict this is also the
case for nonprimates, but further study is needed. Com-
paratively, RFI may be more effective when phylogeny is
accounted for, and differences in relief between primate

DENTAL TOPOGRAPHY OF NONCATARRHINES 41

American Journal of Physical Anthropology



groups may contribute more to our knowledge of the
molar form-function relationship with diet.

A fundamental conclusion demonstrated here relates
to the fact that relief seems to be reflecting morphology
in a fashion distinct from curvature in the manner in
which it differs between platyrrhines and prosimians.
Relief and curvature seem to be highly correlated, but
results here suggest that they are functionally employed
in distinct ways by different groups, and that it is valua-
ble to employ multiple topographic metrics in future
analyses.

Shear does not predict dietary preference as well as
curvature or relief in most DFAs, regardless of whether
SR or SQ is considered. This is explainable by RFI and
DNE being “whole-tooth” shape metrics compared to
SR=SQ’s relatively more landmark-based approach. But
differences in variation of SQ by dietary preference com-
pared with variation in SR are more puzzling. In the
platyrrhine-only sample, folivorous Alouatta and Brachy-
teles exhibit higher SR than frugivorous genera as per
expectations, but lower SQ.

Examining the results of phylogenetically informed
analyses further complicate matters. Platyrrhine and
prosimian SQ is significantly correlated with second
molar area when phylogeny is taken into account,
although SR is not. As the allometric size-correction
function of SQ (the primary distinction between SQ and
SR) is partially intended to ensure that SQ is uncorre-
lated with body size proxy (Anthony and Kay, 1993), this
is curious. Additionally, as mentioned above, the pattern
of phylogenetically weighted species means for SQ dif-
fers both from standard SQ species means and also SR
species means of either type. Furthermore, while SQ sig-
nificantly varies by diet when phylogeny is accounted
for, it has lower efficacy in distinguishing dietary cate-
gory pairs. It does not seem possible to suggest that
these trends can be explained as biological attributes of
shear relating to either phylogeny or topography, given
that results from SR, another measure of shear, differ so
strongly.

Rather, we suggest this is a methodological issue relat-
ing to the size-correction function of SQ compared to the
ratio of body size proxy of SR. This size-correction func-
tion is firmly sample-specific—that is, the size correction
function calculated for platyrrhines differs from that of
prosimians, and this could affect resulting SQ in unex-
pected ways. This may explain the surprising results
observed here using phylogenetically informed analyses.
A possible solution to this obstacle is to recalculate SQ
for each analysis with a new permutation of a sample,
for example to have platyrrhine-only SQ for analyses
involving only platyrrhines and platyrrhine-prosimian
SQ for combined analyses. But this would still limit the
comparison of SQ across studies, and seems needlessly
complex given the simplicity of SR calculation.

CONCLUSIONS

Variation in curvature, relief, and shear of platyrrhine
second molars reflects dietary preference. This supports
the hypothesis that dental topography is functionally
adaptive, that primate species have evolved molar fea-
tures to increase curvature, relief, and=or shear such as
elaborating, elongating, or sharpening cusps and crests
in order to overcome the mechanical defenses of food
items. Dental topographic variables predict platyrrhine

dietary preferences very accurately, demonstrating that
these methods are ideal for paleoecological inference.

Phylogenetic ANOVAs indicate that curvature, relief,
and shear continue to be significantly explained by die-
tary preference when phylogeny is accounted for, but
complexity does not. Observed differences in complexity
between platyrrhines and prosimians in this sample are
best explained by phylogeny rather than functional con-
siderations of diet. Unlike other metrics, relief index
explains diet more thoroughly in our combined
prosimian-platyrrhine sample when weighted
phylogenetically.

Overall, the pattern of variation of platyrrhine dental
topography is similar to that of prosimians, although
platyrrhines exhibit a muted trend of shape variation.
This points to similarity in adaptive landscapes between
radiations. Complexity differs, having distinct profiles in
platyrrhines and prosimians, but this may result from
limitations in our paradigm for categorizing primate die-
tary preferences. Accuracy in DFAs of combined
prosimian-platyrrhine samples is less than in prosimians
or platyrrhines alone, but not by much, again underpin-
ning the potential of these methods for inference of fos-
sils whose dietary preferences may vary from those of
extant comparative samples.

Differences are present in dental topography between
radiations, specifically there exists a clade-level offset in
relief where platyrrhines exhibit greater relief overall
than prosimians, but similar curvatures. This is the
source of reduced effectiveness of relief for inferring
diets in standard analyses, but when phylogeny is
accounted for, relief is highly effective at distinguishing
dietary preference groups in our combined sample. Dif-
ferences in relief between platyrrhines and prosimians
may be related to differences in molar size relative to
body size, in that prosimians may have solved a problem
of tooth attrition by evolving larger molars while platyr-
rhines evolved greater relief. Finally, despite expected
interrelatedness between relief and curvature, our
results suggest they are two distinct aspects of molar
shape and deserve further study simultaneously.

ACKNOWLEDGMENTS

The authors acknowledge the institutions and people
that have supported this research. The authors also thank
the research and support staff of the (1) American Museum
of Natural History (E. Westwig, N. Duncan, N. Simmons,
D. Lunde) and (2) the Smithsonian (L. Gordon, D. Lunde,
E. Langan) for allowing the molding of specimens. For
access to specimens and equipment the authors are grate-
ful to A. Rosenberger of Brooklyn College, CUNY, and E.
Delson of Lehman College, CUNY. The authors thank asso-
ciates of the Stony Brook Center for Biotechnology includ-
ing S. Judex, C. Rubin, Shiyun Xu, and S. Tommasini for
access to and help with mCT scanners. The authors also
thank D. Krause, J. Groenke, V. Heisy, and M. O’Leary for
access to and use of supplies allocated to the Stony Brook
University Vertebrate Paleontology Fossil Preparation
Laboratory. The authors also thank J. Jernvall and S.
Zohdy for invaluable discussions and enlightening com-
ments, and Andrew Barr for advice given on coding in R.

LITERATURE CITED

Anapol F, Lee S. 1994. Morphological adaptation to diet in pla-
tyrrhine primates. Am J Phys Anthropol 94:239–261.

42 J.M. WINCHESTER ET AL.

American Journal of Physical Anthropology



Anthony MR, Kay RF. 1993. Tooth form and diet in ateline and
alouattine primates: reflections on the comparative method.
Am J Sci 293:356–382.

Arnold C, Matthews LJ, Nunn CL. 2010. The 10kTrees website:
a new online resource for primate phylogeny. Evol Anthropol
19:114–118.

Ayres JM. 1989. Comparative feeding ecology of the uakari and
bearded saki, Cacajao and Chiropotes. J Hum Evol 18:697–
716.

Boyer DM, Evans AR, Jernvall J. 2010. Evidence of dietary dif-
ferentiation among late Paleocene–early Eocene plesiadapids
(Mammalia, primates). Am J Phys Anthropol 142:194–210.

Boyer DM. 2008. Relief index of second mandibular molars is a
correlate of diet among prosimian primates and other euarch-
ontan mammals. J Hum Evol 55:1118–1137.

Bunn JM, Boyer DM, Lipman Y, St. Clair EM, Jernvall J,
Daubechies I. 2011. Comparing Dirichlet normal surface
energy of tooth crowns, a new technique of molar shape quan-
tification for dietary inference, with previous methods in iso-
lation and in combination. Am J Phys Anthropol 145:247–
261.

Bunn JM, Ungar PS. 2009. Dental topography and diets of four
Old World monkey species. Am J Primatol 71:466–477.

Conroy GC. 1987. Problems of body-weight estimation in fossil
primates. Int J Primatol 8:115–137.

Cooke SB. 2011. Paleodiet of extinct platyrrhines with emphasis
on the Caribbean forms: three-dimensional geometric morpho-
metrics of mandibular second molars. Anat Rec 294:2073–
2091.

Covert HH. 1986. Biology of early Cenozoic primates. In: Swin-
dler DR, Erwin J, editors. Comparative primate biology, Vol.
1: Systematics, evolution, and anatomy. New York: Alan R.
Liss. p 335–359.

Crist�obal-Azkarate J, Arroyo-Rodr�ıguez V. 2007. Diet and activ-
ity pattern of howler monkeys (Alouatta palliata) in Los Tuxt-
las, Mexico: effects of habitat fragmentation and implications
for conservation. Am J Primatol 69:1013–1029.

Crowley B, Godfrey LR, Guilderson T, Zermeno P, Koch P,
Dominy NJ. 2012. Extinction and ecological retreat in a com-
munity of primates. Proc R Soc B 279:3597–3605.

Defler TR, Defler SB. 1996. Diet of a group of Lagothrix lago-
thricha lagothricha in southeastern Colombia. Int J Primatol
17:161–190.

Dennis JC, Ungar PS, Teaford MF, Glander KE. 2004. Dental
topography and molar wear in Alouatta palliata from Costa
Rica. Am J Phys Anthropol 125:152–161.

Dew JL. 2005. Foraging, food choice, and food processing by
sympatric ripe-fruit specialists: Lagothrix lagotricha poeppigii
and Ateles belzebuth belzebuth. Int J Primatol 26:1107–1135.

Evans AR, Jernvall J. 2009. Patterns and constraints in carni-
voran and rodent dental complexity and tooth size. J Vert
Paleontol 29:92.

Evans AR, Wilson GP, Fortelius M, Jernvall J. 2007. High-level
similarity of dentitions in carnivorans and rodents. Nature
445:78–81.

Felsenstein J. 1985. Phylogenetic and the comparative method.
Am Nat 125:1–15.

Fiore AD. 2004. Diet and feeding ecology of woolly monkeys in
a Western Amazonian rain forest. Int J Primatol 25:767–801.

Gingerich PD, Smith BH, Rosenberg K. 1982. Allometric scaling
in the dentition of primates and prediction of body weight
from tooth size in fossils. Am J Phys Anthropol 58:81–100.

Godfrey LR, Winchester JM, King SJ, Boyer DM, Jernvall J.
2012. Dental topography indicates ecological contraction of
lemur communities. Am J Phys Anthropol 148:215–227.

Gregory WK. 1922. The origin and evolution of the human den-
tition. Baltimore: Williams and Wilkins.

Izawa K, Mizuno A. 1977. Palm-fruit cracking behavior of wild
black-capped capuchin (Cebus apella). Primates 18:773–792.

Julliot C, Sabatier D. 1993. Diet of the red howler monkey
(Alouatta seniculus) in French Guiana. Int J Primatol 14:
527–550.

Kay RF, Hiiemae KM. 1974. Jaw movement and tooth use in
recent and fossil primates. Am J Phys Anthropol 40:227–256.

Kay RF. 1975. The functional adaptations of primate molar
teeth. Am J Phys Anthropol 43:195–215.

Kay RF. 1977. The evolution of molar occlusion in the Cercopi-
thecidae and early catarrhines. Am J Phys Anthropol 46:327–
352.

King SJ, Arrigo-Nelson SJ, Pochron ST, Semprebon GM,
Godfrey LR, Wright PC, Jernvall J. 2005. Dental senescence
in a long-lived primate links infant survival to rainfall. Proc
Natl Acad Sci USA 102:16579–16583.

Kinzey WG, Norconk MA. 1993. Physical and chemical proper-
ties of fruit and seeds eaten by Pithecia and Chiropotes in
Surinam and Venezuela. Int J Primatol 14:207–227.

Kinzey WG. 1977. Diet and feeding behavior of Callicebus tor-
quatus. In: Clutton-Brock T, editor. Studies of feeding and
ranging behavior in lemurs, monkeys, and apes. London: Aca-
demic Press. p 127–151.

Lambert JE, Chapman CA, Wrangham RW, Conklin-Brittain
NL. 2004. Hardness of cercopithecine foods: implications for
the critical function of enamel thickness in exploiting fallback
foods. Am J Phys Anthropol 125:363–368.

Ledogar JA, Winchester JM, St Clair EM, Boyer DM. 2012.
Diet and dental topography in pitheciine seed predators. Am
J Phys Anthropol 150:107–121.

Lima EM, Ferrari SF. 2003. Diet of a free-ranging group of
squirrel monkeys (Saimiri sciureus) in Eastern Brazilian
Amazonia. Folia Primatol 74:150–158.

Lucas PW. 1979. The dental-dietary adaptations of mammals. N
Jb Geol Palaeontol 8:486–512.

Lucas PW. 2004. Dental functional morphology. New York: Cam-
bridge University Press.

M’Kirera F, Ungar PS. 2003. Occlusal relief changes with molar
wear in Pan troglodytes troglodytes and Gorilla gorilla
gorilla. Am J Primatol 60:31–41.

Merceron G, Taylor S, Scott R, Chaimanee Y, Jaeger J-J. 2006.
Dietary characterization of the hominoid Khoratpithecus (Mio-
cene of Thailand): evidence from dental topographic and micro-
wear texture analyses. Naturwissenschaften 93:329–333.

Norconk MA. 1996. Seasonal variation in the diets of white-faced
and bearded sakis (Pithecia pithecia and Chiropotes satanas)
in Guri Lake, Venezuela. In: Norconk MA, Rosenberger AL,
Garber PA, editors. Adaptive radiations of Neotropical prima-
tes. New York: Plenum Publishing Corporation. p 403–423.

Nunes AE. 1998. Diet and feeding ecology of Ateles belzebuth
belzebuth at Marac�a Ecological Station, Roraima, Brazil. Folia
Primatol 69:61–76.

Nunn CL. 2011. The comparative approach in evolutionary
anthropology and biology. Chicago: University of Chicago
Press.

Orme D. 2012. The caper package: comparative analysis of phy-
logenetics and evolution in R. http:==cran.r-projec-
t.org=web=packages=caper=vignettes=caper.pdf. Accessed
October 19, 2012.

Peres CA. 1994. Diet and feeding ecology of gray woolly mon-
keys (Lagothrix lagotricha cana) in Central Amazonia: com-
parisons with other Atelines. Int J Primatol 15:333–372.

R Core Team. 2012. R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing,
Vienna, Austria. ISBN 3-900051-07-0. Available at: http:
==www.R-project.org=. Accessed October 19 2012.

Rosenberger AL, Kinzey WG. 1976. Functional patterns of
molar occlusion in platyrrhine primates. Am J Phys Anthro-
pol 45:281–297.

Seligsohn D, Szalay FS. 1978. Relationship between natural
selection and dental morphology: tooth function and diet in
Lepilemur and Hapalemur. In: Butler PM, Joysey KA, editors.
Development, function, and evolution of teeth. New York:
Academic Press. p 289–307.

Smith RJ, Jungers WL. 1997. Body mass in comparative prima-
tology. J Hum Evol 32:523–559.

Stone AI. 2007. Age and seasonal effects on predator-sensitive
foraging in squirrel monkeys (Saimiri sciureus): a field
experiment. Am J Primatol 69:127–141.

Strait SG. 1993. Differences in occlusal morphology and molar
size in frugivores and faunivores. J Hum Evol 25:471–484.

DENTAL TOPOGRAPHY OF NONCATARRHINES 43

American Journal of Physical Anthropology

http://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://www.R-project.org/
http://www.R-project.org/


Strait SG. 1997. Tooth use and the physical properties of food.
Evol Anthropol 5:199–211.

Suarez SA. 2006. Diet and travel costs for spider monkeys in a
nonseasonal, hyperdiverse environment. Int J Primatol 27:
411–436.

Sussman RW. 1977. Feeding behavior of Lemur catta and
Lemur fulvus. In: Clutton-Brock TH, editor. Primate ecology.
New York: Academic Press. p 1–36.

Taylor AB, Vinyard CJ. 2009. Jaw-muscle fiber architecture in
tufted capuchins favors generating relatively large muscle
forces without compromising jaw gape. J Hum Evol 57:710–720.

Teaford MF, Glander KE. 1996. Dental microwear and diet in a
wild population of mantled howling monkeys (Alouatta pal-
liata). In: Norconk MA, Rosenberger AL, Garber PA, editors.
Adaptive radiations of Neotropical primates. New York: Ple-
num Publishing Corporation. p 433–450.

Ulhaas L, Kullmer O, Schrenk F, Henke W. 2004. A new 3D
approach to determine functional morphology of cercopithe-
coid molars. Ann Anat 186:487–493.

Ungar PS, M’Kirera F. 2003. A solution to the worn tooth
conundrum in primate functional anatomy. Proc Natl Acad
Sci USA 100:3874–3877.

Ungar PS, Williamson M. 2000. Exploring the effects of tooth
wear on functional morphology: a preliminary study using
dental topographic analysis. Palaeontologia Electronica 3:18.

Ungar PS. 2007. Dental topography and human evolution: with
comments on the diets of Australopithecus africanus and Par-
anthropus robustus. In: Bailey S, Hublin JJ, editors. Dental
perspectives on human evolution: state of the art research in
dental anthropology. New York: Springer Verlag. p 321–343.

van Roosmalen MGM, Mittermeier RA, Milton K. 1981. The
bearded sakis, genus Chiropotes. In: Coimbra-Filho AF, Mit-
termeier RA, editors. Ecology and behavior of neotropical pri-
mates, Vol. 1. Rio de Janeiro: Brazilian Academy of Sciences.
p 419–441.

Wilson GP, Evans AR, Corfe IJ, Smits PD, Fortelius M, Jernvall
J. 2012. Adaptive radiation of multituberculate mammals
before the extinction of dinosaurs. Nature 483:457–460.

Wright BW. 2005. Craniodental biomechanics and dietary
toughness in the genus. J Hum Evol 48:473–492.

Wright PC. 1989. The nocturnal primate niche in the New
World. J Hum Evol 18:635–658.

Zohdy S, Evans AR, Wright PC, Jernvall J. 2008. Roughing it:
what it takes for Hapalemur, bears and rodents to chew bam-
boo. Am J Phys Anthropol 135:228.

Zuccotti LF, Williamson MD, Limp WF, Ungar PS. 1998. Techni-
cal note: Modeling primate occlusal topography using geo-
graphic information systems technology. Am J Phys
Anthropol 107:137–142.

44 J.M. WINCHESTER ET AL.

American Journal of Physical Anthropology


