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ABSTRACT A shearing quotient (SQ) is a way of
quantitatively representing the Phase I shearing edges
on a molar tooth. Ordinary or phylogenetic least squares
regression is fit to data on log molar length (independent
variable) and log sum of measured shearing crests
(dependent variable). The derived linear equation is used
to generate an ‘expected’ shearing crest length from
molar length of included individuals or taxa. Following
conversion of all variables to real space, the expected
value is subtracted from the observed value for each indi-
vidual or taxon. The result is then divided by the
expected value and multiplied by 100. SQs have long
been the metric of choice for assessing dietary adapta-
tions in fossil primates. Not all studies using SQ have
used the same tooth position or crests, nor have all com-
puted regression equations using the same approach.

Here we focus on re-analyzing the data of one recent
study to investigate the magnitude of effects of variation
in 1) shearing crest inclusion, and 2) details of the regres-
sion setup. We assess the significance of these effects by
the degree to which they improve or degrade the associa-
tion between computed SQs and diet categories. Though
altering regression parameters for SQ calculation has a
visible effect on plots, numerous iterations of statistical
analyses vary surprisingly little in the success of the
resulting variables for assigning taxa to dietary prefer-
ence. This is promising for the comparability of patterns
(if not casewise values) in SQ between studies. We
suggest that differences in apparent dietary fidelity of
recent studies are attributable principally to tooth
position examined. Am J Phys Anthropol 156:166–178,
2015. VC 2014 Wiley Periodicals, Inc.

Understanding how the skeletons of living species have
been molded by environmental selective pressures is an
important goal for many evolutionary biologists and paleo-
anthropologists. Much research has been focused on eluci-
dating the functional and evolutionary mechanisms by
which the great diversity of dental morphologies has
arisen. Any adaptive explanation for a correlation
between a morphological variable and a behavioral attrib-
ute must identify a linking functional (biomechanical)
“cause” (Kay and Cartmill, 1977). Research by Kay and
others (Hiiemae and Kay, 1973; Kay and Hiiemae, 1974;
Kay, 1975, 1978; Kay et al., 1978; Anthony and Kay,
1993) has articulated a detailed biomechanical framework
for the functional significance of morphological variation
in teeth based on aspects of tooth form and wear patterns
(Kay and Hiiemae, 1974), which has also been supported
by in vivo jaw and tooth movements of living taxa, and by
an established relationship between crest length and the
size of chewed food particles (Sheine and Kay 1977, 1982).
These investigations culminated in the establishment of a
metric called a shearing quotient (SQ), which is a mea-
sure of whether an animal has a longer or shorter sum of
Phase I shearing crest lengths in proportion to its molar
length relative to other taxa. Most studies have found
that primates including larger amounts of structural car-
bohydrate in their diets (chitin in insects or plant fiber in
leaves, buds, flowers, and stems) have relatively longer
shearing crests for their tooth length than frugivores and
hard-object feeders (e.g., Kay, 1975, 1978; Kay et al.,
1978; Anthony and Kay, 1993; Strait, 1993a,b; Kirk and
Simons, 2001; Strait, 2001; Kay, 2004; Bunn et al., 2011).
A recent exception to this general finding was reported by
Winchester et al. (2014) who found instead no significant

difference between folivores and frugivores in their analy-
ses. In this technical report, we assess the dataset of Win-
chester et al. (2014) in greater detail in order to evaluate
whether the lack of a frugivore/folivore signal in their
data is explained by certain methodological differences
between previous applications of SQ analysis and that
executed by Winchester et al. (2014). By isolating the
methodological factors that lead to different perspectives
on functional differentiation between folivores and frugi-
vores, we expect to arrive at a more precise understand-
ing of the of form-function links in the primate dentition.

In particular, Winchester et al.’s (2014) approach dif-
fered in various respects from previous applications of
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SQ (e.g., Kay et al., 1978). Winchester et al. (2014) built
on another study whose methods it followed (Bunn
et al., 2011) and with which much of the non-platyrrhine
sample is overlapping. In fact, the main distinction
between the two studies is the addition of platyrrhine
data to the more recent one. Winchester et al.’s (2014)
goal was to assess the degree to which ecologically
salient patterns in tooth morphology extend between
“prosimians” and platyrrhines. Bunn et al. (2011) found
SQ patterns among “prosimians” to match previous work
for the most part; thus, no immediate questions about
comparability to earlier SQ studies were raised. The
unexpected lack of differentiation between folivores and
frugivores in Winchester et al.’s (2014) data has moti-
vated the closer look we now take.

Some of the differences between Winchester et al.
(2014) and previous studies that may affect whether eco-
logical dietary groups can be discerned include which
shearing crests were measured (Fig. 1), how regression
equations for SQ were calculated, the formulae used to
compute SQ, and the taxonomic composition of ecological
groups examined. These variables are directly addressed
in the present study.

There are additional differences that we cannot
directly address at this time, but which should eventu-
ally be evaluated: 1) While shearing crest lengths have
been traditionally measured under a microscope fitted
with a reticle, Bunn et al. (2011) and Winchester et al.
(2014) were the first to use digital 3D surface models of
teeth. Thus, their crest length measurements reflect the
contour of the tooth surface more closely than most pre-
vious datasets (Fig. 1): a likely exception is the dataset of
Strait (1993, 2001). She used a reflex microscope that
allowed contour-following measurements on shearing
crests of physical specimens. 2) Winchester et al. (2014)
were the first to utilize the second lower molar (m2) in
computing SQ for platyrrhines. Other studies convention-
ally use the m1. Winchester et al.’s (2014) basis for this
break from tradition was the desire to compare homolo-
gous structures between platyrrhines and “prosimians”:
traditional SQ studies use the m2 for non-platyrrhines.

METHODS

In brief, SQ is measured as follows (see below for more
detail): a least squares regression is fit to data on natural
log molar length as independent variable and the natural
log sum of measured shearing crests (of the same molar
tooth) as dependent variable. The set of specific shearing
crests measured has differed in various studies, as has
choice of specific molar (Anthony and Kay, 1993; Strait,
1993; Kirk and Simons, 2001, Bunn et al., 2011; also see
below). In addition, in some analyses a subset of all
measured data is used to calculate the least squares
regression, due to possible issues of allometry (Anthony
and Kay, 1993; Strait, 1993; also see below). The derived
linear equation is used to generate an empirical
“expected” shearing crest length from molar length of
each included taxon. This expected value is then trans-
formed back into arithmetic space and subtracted from
the arithmetic version of the observed value for each
taxon. The result is then divided by the expected value,
and multiplied by 100. The resulting value is the SQ.

Previously, the dietary signal in SQ has been evaluated
by running discriminant function analyses (DFA) on data
points representing individuals grouped by diet prefer-
ence (from the literature of behavioral ecology) and

reporting the classification success, or by using phyloge-
netic ANOVA and post hoc comparisons of dietary groups.
In this study, we follow the exact analytical protocols for
DFA and phylogenetic ANOVA as described in Winchester
et al. (2014) so that our results are directly comparable to
theirs. This includes the dietary coding given to taxa and
also the phylogenetic tree and branch lengths used to
relate included taxa. We also run additional phylogenetic
ANOVAs in which platyrrhines and “prosimians” are sep-
arated. This was not done by Winchester et al. (2014) and
therefore, the fidelity of the signal within each group was
not previously investigated.

Methodological details omitted
from Winchester et al. (2014)

Because we re-analyze measurements used in SQ calcu-
lation by Winchester et al. (2014), it is necessary to
revisit their methods. Most details on how they took their
measurements, what crests they included, and which
teeth and taxa they used can be found in their paper or
in Bunn et al. (2011). It is however, necessary to explain
select details of analytical protocols used for SQ calcula-
tion and analysis by Winchester et al. (2014). These are
limited to important details that were omitted from the
original article (DMB and JW have personal knowledge
of those details), but which help establish the degree to
which their results should be comparable to those
obtained in other studies. Methodological details omitted
from Winchester et al. (2014) include the following:

a. Winchester et al. (2014) state on page 32, lines 25–30,
that “To calculate both [SR and SQ], shearing crest
lengths were measured from each surface using the
point distance tool of Geomagic Studio 10 (Geomagic).
For further details and repeatability tests for this
method of measuring shearing crests, see Bunn et al.
(2011).” This statement implies that their crest mea-
surement protocol followed Bunn et al. (2011), which
is inaccurate because it was revised with respect to
the “protocristid” crest (see Bunn et al., 2011, their
figure 1: they refer to the segment bounded by Land-
marks 2 and 3), such that the method of Winchester
et al. (2014) differs in only representing the length of
the buccal half of the protocristid instead of the entire
protocristid as in Bunn et al. (2011). The method of
Winchester et al. (2014) is more in-line with protocols
used by Anthony and Kay (1993) and Kirk and
Simons (2001). Figure 1 shows different measurement
protocols of various studies discussed here.

b. Winchester et al. (2014) did not provide the regression
coefficients used for SQ calculation in their study.
These are now provided below as reg#1 for platyr-
rhine and prosimian samples (Table 1). Winchester
et al. (2014) used separate equations for platyrrhines
and prosimians. Therefore, whenever results of com-
bined analyses including SQ of platyrrhines and pro-
simians are presented, the analyses used numbers
based on two different regression equations.

c. On page 32, line 34 of Winchester et al. (2014) the
authors state that “SQ per specimen was calculated
by the method of Anthony and Kay (1993)” but there
are significant differences between the two methods
for SQ calculation as follows:

i. Anthony and Kay (1993) did not include the post-
entocristid crest in their total shearing crest
length measurement, whereas Winchester et al.
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Fig. 1. Illustration of measurement protocols from different studies discussed here. The numbered landmarks represent the end
points of crest-length measurements. Labels for these numbered points are given in Bunn et al. (2011: their figure 1). See Figure 2 for
more extensive labeling of tooth anatomy discussed in the main text. Parts A–C represent modifications on an approach and dataset
originally analyzed by Bunn et al. (2011). Crest measurements in these datasets were taken on 3D models of teeth and follow the con-
tour of the crest relatively closely. In practice, two to five straight-line segments are used to trace each crest. In A, the measurement
protocol of Bunn et al. (2011) is shown. It contrasts with B, that of Winchester et al. (2014), in the representation of the protocristid seg-
ment (between points 2 and 3): Winchester et al. (2014) changed their measurement of this region by including only the buccal half of
the crest. Overall, the protocol shown in B matches very closely that used by Strait (2001) for example. C, shows the modification on
crest inclusion where the segment between 5 and 6 [the postentocristid, or “crest 6b” by Strait (2001)] is excluded (this measurement
set is used in AK93-2, V2, V4, V6, V8, V10, and V12: see Tables 1–4). D shows how crests would be measured using more traditional
equipment (microscope with reticle). Researchers wishing to produce datasets more directly comparable with, for example, Kay (1975),
Kay et al. (1978), and Anthony and Kay (1993) should emulate the protocol shown in D in their measurements. Note the difference
between the positions of the crest functionally equivalent to the protocristid on Lagothrix in D compared to the others. Detailed exami-
nation of wear-facets justifies the protocol in D as shown in Figure 2. Clearly, these different measurement methods will result in differ-
ent values for total crest length when used on the same specimens. Scale bars (shown beneath the specimen numbers)5 2mm.



(2014) did so. The major justification for Anthony
and Kay’s (1993) approach is that the postentocris-
tid does not usually develop a Phase I shearing
crest in platyrrhines (or other athropoids). This is
because the postentocristid is associated with hypo-
cone occlusion and hypocones are variably present
in platyrrhines. Due to lack of a hypocone in Tar-
sius, it would seem omission of the postentocristid
crest is justified in it as well; however, other
authors besides Bunn et al. (2011) and Winchester
et al. (2014) have included it when measuring
“prosimians” (Strait, 1991, 1993a,b, 2001).

ii. Anthony and Kay (1993) computed their regres-
sion for SQ using 11 frugivorous (including hard-
object feeding) platyrrhine taxa, but excluding
more folivorous Brachyteles and Alouatta species,
whereas Winchester et al. (2014) included only
species in four genera categorized as “frugivorous”
by them, including Aotus, Ateles, Callicebus, and
Lagothrix. Anthony and Kay (1993) reasoned that
their approach was appropriate specifically
because the folivores of the platyrrhine radiation
have disproportionately large teeth for their body
size, and confound the use of molar length as a
proxy for body size when computing a regression.
Thus, for Anthony and Kay (1993), the criterion
for choosing taxa for the SQ regression was not
“they must be frugivores” it was “they must not be
committed folivores.” This leads to another point
regarding Winchester et al.’s (2014) methods:

iii. Winchester et al. (2014) used only strepsirrhine
frugivores for the “prosimian” regression. However,
because the tooth size range of folivores is not so
extremely shifted relative to that of other strepsir-
rhine diet groups (e.g., Varecia is a frugivore that
has teeth close in size to Propithecus and Indri
which are folivores, and there are various small-
bodied and small-toothed folivores – like Avahi
and Lepilemur), Kirk and Simons (2001) noted
that no omissions are necessary when generating
regressions for computation of SQs in strepsir-
rhines. On the other hand, Strait (1993) observed
body size skew in her sample of “prosimians” and
chose to use ratios instead of residuals. Taking all
this into account, it was possibly incorrect of Win-
chester et al. (2014) to use a “frugivore only” proto-
col for either platyrrhines or prosimians.

iv. Anthony and Kay (1993) used species mean data
to compute their regression for SQ calculation,
whereas Winchester et al. (2014) used individual
data points.

v. After computing “expected” natural log shearing
crest lengths from their regression using natural
log m1 length, Anthony and Kay (1993) convert
regression predictions and observed values back
into arithematic units before computing a quo-
tient. Although Anthony and Kay (1993) do not
state this themselves, their approach can be veri-
fied by using data they provide to compute SQs
and by then comparing those values to the SQs
they report. Although log-space residuals can be
used without dividing them by an expected value
as they shall be uncorrelated with it, dividing log-
space residuals by their expected value will intro-
duce a correlation between magnitude of variation
and the expected shearing crest value (as well as
molar length). In other words, a size effect will be

introduced. Neither Bunn et al. (2011) nor Win-
chester et al. (2014) antilog-transformed their
data before computing SQ, meaning their datasets
probably suffer from an erroneous size-effect and
are not ideal for assessing functional variation
over a wide range of tooth sizes.

Noted errors in Winchester et al. (2014)1

a. We discovered an extreme outlier in SQ values among
the data of Winchester et al. (2014). One specimen of
Cebus apella (USNM 461384) exhibited the maximum
SQ of any platyrrhine in their dataset by a wide mar-
gin, whereas other individuals of Cebus had relatively
low SQs (see Winchester et al., 2014, Supporting Infor-
mation Table S3). Re-measurement of this specimen
returned much more average values verifying that
there was an error in recording the original numbers.

b. On page 37, Table 6, in the column titled “SQ”, three post
hoc comparisons are bolded as significant. In the “Sig”
row of that column, the number “3” indicates that only
three comparisons were significant. However, data in the
“Ins. vs. Ho.” row of the “SQ” column shows P5 0.004,
meaning that comparison was also significant by the cho-
sen critical value. Thus, actually four post hoc compari-
sons out of 10 were significant for SQ in Winchester
et al.’s (2014) original analysis, though this did not
include the comparison between folivores and frugivores,
which is correctly reported by them as nonsignificant.

Analyses

We modified the approach used by Winchester et al.
(2014) to make it more comparable to previous studies.
To make our study more repeatable and more easily
evaluated, we also provide a Supporting Information
table that includes all measured variables for every
specimen (Supporting Information Table S1) to accom-
pany Winchester et al.’s (2014) Supporting Information
Table S3 (which contains only computed variables). In
addition, we provide a table that gives species mean val-
ues used in phylogenetic comparative analyses (Support-
ing Information Table S2). We provide the nexus file
representing the phylogenetic tree used in phylogenetic
comparative analyses (Supporting Information Doc 1).
This tree is the same as that used in Winchester et al.
(2014) and was downloaded from version 3.0 of the offi-
cial 10k trees site (Arnold et al., 2010). Finally, we pro-
vide Supporting Information Table S3, which gives SQ
by individual for 14 different iterations of computation
evaluated in this study.

Before re-analyzing the dataset, we removed USNM
461384, re-computed diet-group means and standard
errors, and re-ran DFA (Table 2, V1**) and phylogenetic
ANOVAs (Table 3: V1**) using the methods and programs
described in Winchester et al. (2014). Note that classifica-
tion rates improved from 57.7% (as reported by Winches-
ter et al., 2014) to 60% (Table 2: V1**) as a result. On the
other hand, the pattern of significance for phylogenetic
ANOVA did not change (Table 3).

1It was brought to our attention that on page 30, column 2, line 1, of
Winchester et al. (2014) the following citations should have been
included after the word “diet”: (Cuozzo and Sauther, 2006; Millette
et al., 2009; Sauther and Cuozzo, 2009; Campbell et al., 2012; Cuozzo
and Sauther, 2012).
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Crest inclusion. To assess the effect of including or
excluding the postentocristid segment length on SQ pat-
terns, we created a version of Winchester et al.’s (2014)
shearing crest dataset without the postentocristid seg-
ment length (Winchester et al. [2014] retained a copy of
their dataset in which all individual crest values were
separated for each specimen). The effect on SQ regres-
sion parameters of not including the postentocristid in
the shearing crest length is shown in Table 1 (reg#2).
The effect on diet group means, and DFA success is
shown in Table 2 (V2). The effect on phylogenetic
ANOVA is shown in Table 3 (V2).

Regression construction. When we arrive at points
“ii-iv”, which have to do with constructing a regression
analysis for SQ computation, we encounter some diffi-
culty in revising the analyses of Winchester et al. (2014)
to make them resemble those of Anthony and Kay (1993)
because Winchester et al. (2014) did not have access to
all of the same taxa. Specifically, the sample at hand
lacks tamarins and marmosets. Therefore, we
approached evaluating the significance of the discrepancy
between Winchester et al.’s (2014) SQ regression proto-
cols and those of Anthony and Kay (1993) in three ways.
First, we assessed the effect of using species mean data
for the regression with the original four genera, repre-
senting nine species from Winchester et al. (2014). We
evaluated this for Winchester et al.’s (2014) original
shearing crest dataset (again excluding the Cebus out-
lier) and the new shearing crest dataset for which the
postentocristid had been removed (Tables 1 and 2: platyr-
rhine reg#s 3–4; Table 3: V3–V4). Similarly, for the prosi-
mian sample we used species mean data from five
strepsirrhine frugivore species (Tables 1 and 2: prosimian
reg#s 3–4; Table 3: V3–V4). Next we used species mean
data for all platyrrhine taxa except the two species of
Alouatta and one species of Brachyteles (Tables 1 and 2:
platyrrhine reg#s 5–6; Table 3: V5–V6). This resulted in
a regression with 17 taxa for platyrrhines. For
“prosimians,” following Kirk and Simons (2001) we used
species mean data of all taxa in Winchester et al.’s (2014)
sample (n 5 31). Again, each of these analyses was run

on both the original dataset from Winchester et al. (2014)
and that excluding the postentocristid segment (Tables 1
and 2: prosimian reg#s 5–6; Table 3: V5–V6). The V6
treatment comes closest to the analytic protocol described
by Anthony and Kay (1993) and Kirk and Simons (2001)
for platyrrhines and “prosimians.” We also tested the
effect of using Anthony and Kay’s (1993) regression coef-
ficients on our crest data (first two rows of Tables 1 and
2). Finally, we computed regression equations for SQ
using PGLS in R (with the Caper package as described
in Winchester et al. [2014]) for three different datasets:
one using all species mean platyrrhine data (platyrrhine
reg #s 7–8), another excluding Alouatta and Brachyteles
(platyrrhine reg #s 9–10), and a final one using species
mean data on molar length and shearing crest length
that includes all primates of the sample (reg #s 11–12).

Note that there is a regression #1 for platyrrhines, as
well as for “prosimians” (Table 1). Each platyrrhine regres-
sion is paired with a “prosimian” regression on the basis of
using similar protocols for generating both regressions. For
instance, regression #1 for platyrrhines and regression #1
for “prosimians” are comparable in that they are both based
on individual specimens instead of species means, both uti-
lize only “frugivores” of their respective clades, both are run
using OLS regression analysis, and both use the original
shearing crest data of Winchester et al. (2014). When con-
ducting comparative analyses that require combining platyr-
rhine and “prosimian” samples (e.g., phylogenetic ANOVA)
the platyrrhine regression #1 would be used for the platyr-
rhines and the “prosimian” regression #1 would be used for
the “prosimians”. A combined sample of “prosimians” and
platyrrhines would not generally be used to generate a
more broadly applicable SQ regression due to the possibility
of clade offsets in scaling relationships between the two
groups (e.g., Kirk and Simons, 2001). Misleading regression
results based on such phylogenetic correlation should be
diminished using phylogenetic comparative methods. There-
fore, one set of regressions, 11–12, is based on an “all
primate” sample (Supporting Information Table S2).

Finally note that platyrrhine regressions #7 and #9 dif-
fer only by whether large folivores were used in the regres-
sion computation. The same difference applies to #8 and
#10. As discussed above, we had no similar justification for

TABLE 3. Post hoc comparisons for phylogenetic ANOVA on different versions of SQ

k IvF IvO IvFr IvH FvO FvFr FvH OvFr OvH FrvH sig

V1** 0.987 0.0027 0.0044 0.0020 0.0015 ns ns ns ns ns ns 4/4
V1 0.973 0.0117 0.0043 0.0059 0.0022 ns ns ns ns ns ns 2/4
V2 0.841 0.0434 0.0027 0.0016 0.0006 ns ns 0.0486 ns ns ns 3/5
V3 0.970 0.0135 0.0042 0.0065 0.0021 ns ns ns ns ns ns 2/4
V4 0.838 0.0450 0.0026 0.0016 0.0006 ns ns 0.0459 ns ns ns 3/5
V5 0.937 ns 0.0072 0.0442 0.0063 ns ns 0.0508 ns ns ns 0/3
V6 0.678 ns 0.0019 0.0166 0.0015 0.0128 0.0207 0.0033 ns ns ns 3/6
V7 0.926 ns 0.0066 0.0355 0.0040 ns ns 0.0527 ns ns ns 1/3
V8 0.681 ns 0.0013 0.0113 0.0009 0.0343 0.0679 0.0069 ns ns ns 2/6
V9 0.933 ns 0.0096 0.0518 0.0072 ns ns 0.0444 ns ns ns 0/3
V10 0.704 ns 0.0026 0.0208 0.0020 0.0193 0.0300 0.0046 ns ns ns 3/6
V11 0.951 ns 0.0082 0.0388 0.0079 ns ns 0.0608 ns ns ns 0/3
V12 0.747 ns 0.0017 0.0064 0.0009 0.0513 0.0374 0.0075 ns ns ns 2/5

Bonferroni correction to a 5 0.05 is a 5 0.005 for 10 comparisons. “sig” column gives number of comparisons significant at
P<0.005/ P<0.05. V1** is original SQ data from Winchester et al. (2014), with the exception that one data point of Cebus apella,
which was an outlier, has been removed (see text). Note it shows the same pattern of significance at P<0.005 as in Winchester
et al. (2014). These comparisons were done on an “all primates” sample of 51 species, both platyrrhines and “prosimians” (Sup-
porting Information Table S2). As discussed in the text, shearing quotients for each dataset were generally generated from sepa-
rate regressions for platyrrhines and strepsirrhines with the exception of V11–12. Note the major difference between V1** and V1
is that SQ was calculated from logged data in the first, while in V1–12, data were back-transformed to arithmetic values before
SQ was computed. ø 5 Pagel’s ø.
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removing large folivores from the “prosimian” regression.
Therefore, “prosimian” regressions #7 and #9 are identical,
while #8 and #10 are also identical.

Quotient calculation. Clearly, if quotients are to be
used, the more appropriate method of computing them is
with antilogged data. Therefore, all SQs are based on
using arithmetic versions of measured shearing crest
lengths, and antilogged versions of predicted shearing
crest lengths. Only the variable V1** is presented with
SQ computed from logged values as per the protocol of
Winchester et al. (2014). This is in order to provide a

comparison between results of analysis of Winchester
et al.’s (2014) protocol and that used here.

Taxonomic inclusion. Examining Winchester et al.’s
(2014) results (see their figure 2 and table 2) leads to the
impression that a lack of differentiation among platyrrhine
folivores and frugivores drives the lack of differentiation
between folivores and frugivores generally in their phyloge-
netic ANOVA post hoc comparisons (Winchester et al., 2014:
their table 6). A diet-group ANOVA is not even conducted
by Bunn et al. (2014). Thus, we conduct ANOVA’s by diet
group here for the “prosimian” sample alone, and the

Fig. 2. Occlusal views of right maxillary second and third molars and oblique lateral views of right mandibular first through
third molars of A, Saimiri sciureus (USNM 546762) and B, Cacajao rubicundus (USNM 395027) (not to same scale). The leading
edges of eight functional crests are labeled, as are the wear surfaces distal to them. Anthony and Kay (1993) measured the leading
edges of crest lengths 1–6. Crests 7 and 8 (associated with the margins of the hypocone and trigonid basin) were not measured (see
also Fig. 1D). Numbering system of the crests follows Kay (1977). In Cacajao, as in many platyrrhines, the protocristid is rotated
into a mesiodistal orientation leaving crest 1 restricted to the buccal edge of the crown, so a measurement (on the mandibular sec-
ond molar) from the notch between the metaconid and the protoconid does not accurately represent the length of that crest. Illus-
tration modified after Allen et al. (in review).
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platyrrhine sample alone. However, using a species mean
approach for these reduced samples creates statistical
issues. For the platyrrhine sample, only two species of Sai-
miri can be categorized as omnivores. Therefore they must
be removed from the analyses. This means platyrrhine
ANOVA’s include only three groups: folivores, frugivores,
and hard-object feeders. This dictates a different bonferroni
corrected critical value of 0.05/35 0.01666 for these analy-
ses. Likewise, our “prosimian” analysis only includes eight
comparisons among four diet groups (no hard object feeders)
and has a critical value of 0.05/85 0.008333.

Removing Saimiri species presents another issue: esti-
mates of Pagel’s lambda are known to be unreliable for
n< 20 (Blomberg et al., 2003). Instead of re-analyzing all 14
SQ iterations with these analyses, we do this for three of the
variables: V1 (the original dataset utilizing the correct com-
putation of SQ including antilogging estimated values prior
to quotient calculation), V2 (the original dataset and regres-
sion set-up with the post entocristid removed), and V6 (the
version of SQ computation that comes closest to the protocols
used by Anthony and Kay (1993).

RESULTS

Quotient calculation

Though discussion of quotient calculation logically
comes towards the end of our methods description above,
it must come first here, since it applies to all iterations
of analysis. To assess affects of this change we computed
variable set 1 (based on regression 1 in Table 1) using
logged data (V1**) and with antilogged data (V1). All
subsequent variables sets are computed on antilogged
data. Surprisingly there is no difference in the classifica-
tion success between V1** and V1 (Table 2; Fig. 3). Even
more surprisingly, the number of significant post hoc
comparisons goes down from V1** to V1 (Table 3).

Crest inclusion

Changing Winchester et al.’s (2014) protocol by simply
removing the postentocristid segment length from each
shearing crest value actually resulted in poorer classification
rates for platyrrhines (Table 2: compare V1 to V2, V3 to V4,
etc.). However, correct classification rates for prosimians
increased. As well, the number of significant post hoc com-
parisons found by phylogenetic ANOVA also increased (Table
3: compare V1 to V2, V3 to V4, etc.). However, none of the
Phylogenetic ANOVA’s recovered significant post hoc differ-
ences between folivores and frugivores (given the corrected
critical value of a 5 0.005), in contrast to some of the dental
topographic variables evaluated in Winchester al. (2014).
Variables V6, V10, and V12 resulted in differences between
folivores and frugivores at P< 0.05, which can be considered
significant if alpha corrections are ignored (Table 3).

Regression construction

Regressions 3–12 (Table 1) represent alternative ways
of setting up the regression to be used for SQ calcula-
tion. Surprisingly, there was no improvement over the
original protocol of Winchester et al. (2014) for any of
these trials (Tables 2 and 3). Using the regression coeffi-
cients from Anthony and Kay (1993) also did not notably
improve the dietary correlation of the data.

Taxonomic inclusion

Separating data into platyrrhine and “prosimian” groups
before running phylogenetic ANOVA shows no significant

distinction between folivores and frugivores in any
ANOVA for any variable assessed (V1, V2, or V6; see Table
4). However, the probability of similarity between folivores
and frugivores decreases going from V1 to V2, and from
V2 to V6. Pagel’s ø is zero for the platyrrhine analyses.
Whether this is accurate or not, it means the results are
equivalent to standard ANOVA. The “prosimian” ANOVA
returned high values of Pagel’s ø, meaning that its results
may differ from standard ANOVA. Results of standard
ANOVA, followed by pairwise t-tests serving as post hoc
comparisons returned a greater number of significantly
different groups for V1–V2 (3 instead of 2), but the differ-
ence between folivore and frugivore groups still did not
reach significance with the bonferroni correction (Table 4).
On the other hand, use of a more liberal, Dunn–Sidak cor-
rection leads to a significant result for the “prosimian” foli-
vore–frugivore differences in V2 and V6.

DISCUSSION

Utilizing SQ computed from logged values (Tables 2
and 3: V1**) yielded a more successful classifier than
when SQ was computed from antilogged values (Tables 2
and 3: V1). Even so, and despite the fact that the former
approach was used in Bunn et al. (2011) and Winchester
et al. (2014), we do not advocate it. It is not mathemati-
cally or statistically justifiable and the difference in suc-
cess rates must be attributed to random effects, rather
than a more appropriate representation of the biological
system under investigation. Going forward in this paper,
we use SQ computed from antilogged values, though we
note there is no reason that log-space residuals could
not be used on their own in place of a SQ.

Patterns in SQ data were found to be relatively robust
to variations in crest inclusion and regression parameters
for the dataset of Winchester et al. (2014), because none
of the variations relating to these parameters in our anal-
yses established a significant difference between folivores
and frugivores (Table 3). Interestingly, our DFA results
could be argued to justify the inclusion of the postentoc-
ristid in platyrrhine datasets, as well as its exclusion
from “prosimian” datasets, since its inclusion consistently
degraded the classification results for the former group,
but improved them for the latter. We do not, however, rec-
ommend this given that it goes against more detailed
understandings of the wear facet development in these
groups (Kay, 1977) (Fig. 2). The lack of a strong dietary
effect from crest inclusion is reassuring since other analy-
ses of “prosimians” by (Strait, 1991, 1993a,b, 2001) have
included the postentocristid when measuring shearing
crests. As well, studies by King et al. (2005) and Lanyon
and Sanson (1986) have taken very different approaches
to shearing crest measurement. Our results suggest that
these different studies have contributed ecologically con-
sistent patterns of variance despite different choices of
crest measurement. It seems reasonable to conclude that
as long as the approach is consistent within a study, there
is little concern for a particular degradation of dietary
signal. Clearly the fewer crests measured, the more likely
that signal-to-noise ratio in the data will diminish (e.g.,
Kay et al., 1978). However, all the methods evaluated
here utilize the majority of functional crests.

With regard to taxonomic inclusion and whether or
not it is better to use species means or individuals for
SQ regression computation, a similar perspective can be
applied: as long as the method is consistent within a
study, no major statistically significant effects on the
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diet signal in the resulting SQ data will be evident. We
say this because changing the regression parameters to
make them more comparable to those in Anthony and
Kay (1993) or changing them in other ways (using
PGLS) did not improve overall classification rates (Table
2) or the number of significant post hoc comparisons in
phylogenetic ANOVA (Table 3). On the other hand,

graphical examination of the data on individuals
grouped by diet suggests that regression protocols better
approximating those of Anthony and Kay (1993) recov-
ered greater distinction between platyrrhine folivores
and frugivores (Fig. 3F–G). Furthermore, in phyloge-
netic ANOVA of V6 SQ values (the crest 1 regression
protocol most closely approximating Anthony and Kay,

Fig. 3. Box and Whisker plots of SQ values for all platyrrhine individuals, grouped by diet category obtained using different
regressions and different sets of crests. Boxes represent 25–75% quartiles. Horizontal line represents medians. Whiskers extend at
most to 1.5 times the interquartile range beyond the boxes. Points more distant are shown as outliers. Raw data and dietary cate-
gories per specimen are given in Supporting Information Tables S1 and S3. V1** plots SQs derived from original measurement,
regression, and SQ computation protocol used by Winchester et al. (2014) (A). We explain issues with each of these protocols in the
text. The V1 plot (B) is based on the original measurement and regression protocol with a more correct SQ computation protocol.
V2 is the original regression protocol with a different measurement protocol (excluding the postentocristid segment length) and the
correct SQ computation protocol (C). “A&K 1993” uses the regression parameters of Anthony and Kay (1993) to compute SQs based
on the original measurement dataset of Winchester et al. (2014) (D) or using that dataset with the postentocristid segment
removed (E). Finally, F and G show the crest lengths from Winchester et al. (2014), and those crest lengths with the postentocristid
crest substracted, converted to SQs using regressions #5 and #6 (Table 1), respectively. The V6 iteration of crest inclusion and
regression computation obtained the largest differences between folivores and frugivores, though these differences still did not
reach significance in our analyses.
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1993), we find the lowest P-value for the comparison
between folivores and frugivores P 5 0.0207, though it is
still not significant at the corrected critical value of
a 5 0.005 (or with a Dunn–Sidak approach). We would
therefore qualify this statement and advise use of spe-
cies mean data especially in cases where some taxa may
be oversampled in number of specimens relative to
others. We also recognize that unintentional or purpose-
ful bias in taxonomic inclusion reflecting either phyloge-
netic, ecological, or body size considerations could
magnify variation in the regression coefficients returned
compared to what we observed in our study and do not
recommend this either. Finally, if species mean data are
being used and comprehensive taxonomic sampling is
employed, it is not clear that PGLS methods are neces-
sary in this context. It may be just as effective to limit
regression computation to major clades (not necessarily
monophyletic) where a relatively uniform scaling pattern
can be observed (e.g., “prosimians” vs. haplorhines).
Because the scaling relationship itself probably evolves,
PGLS regressions applied to large clades may actually
return less accurate results than ordinary regressions
for some taxa. If only the intercept of the scaling rela-
tionship shifts, this is not too problematic; however, if
behavioral or physiological changes also have caused a
slope change then PGLS for all-incusive taxon samples
may not be preferred. For instance, before concluding
that there is a “fundamental allometry” to scaling of pri-
mate calcaneal proportions, Boyer et al. (2013) exhaus-
tively compared slopes of scaling relationships for
different subclades and showed them to be indistinguish-
able. With these caveats noted, SQ datasets computed
from PGLS-derived equations represent the only other
two datasets out of 14 evaluated where the post hoc com-
parison of folivores and frugivores is less than 0.05 (yet
still much >0.005).

In sum, none of the variations between the original
analytical protocol used by Winchester et al. (2014) and
those used previously (e.g., Anthony and Kay, 1993) can
be pointed to as explaining the lack of a frugivore/foli-
vore signal in their data. Nonetheless, we are convinced
from an overwhelming body of knowledge representing
many independent studies that SQ should generally dis-
tinguish frugivorous from folivorous taxa.

This leads to the question of whether the lack of signal
is driven by a particular clade. Our results mildly sup-

port the notion that a lack of signal between platyrrhine
folivores and frugivores drives the absence of signal
among the combined sample, since the “prosimian” sam-
ple by itelf obtains significance for some methods of com-
puting critical values for post hoc comparisons, while the
platyrrhine sample does not. There are still other issues
here including reduced power due to less taxonomic
diversity and fewer folivorous taxa in the platyrrhine
radiation than among “prosimians”, and potential unreli-
ability of Pagel’s ø in the platyrrhine analysis. But there
is little that can be done to ameliorate these problems.

This brings us to consideration of some of the varia-
bles we cannot evaluate directly at this time:

1. Winchester et al. (2014) used an unusual measurement
protocol in that crest lengths follow the 3D surface of
the tooth more closely than in most previous studies
where crest lengths have been necessarily measured as
straight lines using a reticle and microscope. Strait’s
(1991, 1993a,b, 2001) use of a reflex microscope gener-
ates data that should be fairly equivalent to that gener-
ated by Bunn et al. (2011) and Winchester et al. (2014),
and she found good differentiation between her diet
groups (though she did not include folivores in her data-
sets). This could be interpreted to show that surface-
following measurement protocols do not result in less
ecologically salient measurements.

2. The study of Winchester et al. (2014) was the first
study to assess the dietary signal in the platyrrhine
m2. It is possible that this tooth is not as functionally
informative as m1, the tooth used in other studies of
platyrrhine SQ. Winchester et al. (2014) used m2
because they were interested in assessing the fidelity
of the dietary signal in a homologous tooth position
for the broadest phylogenetic sample possible2. This is
a relevant goal since, for basal fossil taxa, there may
be no objective criterion by which to select the first

TABLE 4. Post hoc comparisons for phylogenetic ANOVA on select versions of SQ for platyrrhines and prosimians treated
separately

ø IvF IvO IvFr IvH FvO FvFr FvH OvFr OvH FrvH sig

Platyrrhines
V1 0.00 NA NA NA NA NA 0.68 0.0006 NA NA 0.0001 2/2
V2 0.00 NA NA NA NA NA 0.26 0.0009 NA NA 0.001 2/2
V6 0.00 NA NA NA NA NA 0.085 0.0003 NA NA 0.001 2/2

Prosimians
V1 1.0 0.13 0.005 0.006 NA 0.92 0.25 NA 0.185 NA NA 2/2
V2 0.742 0.025 0.001 0.0004 NA 0.72 0.081 NA 0.185 NA NA 2/3
V6 0.641 0.28 0.001 0.003 NA 0.05 0.016 NA 0.67 NA NA 2/3
V1-trd NA 0.003 0.003 0.0002 NA 0.69 0.075 NA 0.037 NA NA 3/4
V2-trd NA 0.0008 0.004 0.0002 NA 0.41 0.019 NA 0.185 NA NA 3/4
V6-trd NA 0.05 0.0007 0.0004 NA 0.014 0.009 NA 0.77 NA NA 2/5

Bonferroni correction to a 5 0.05 is a 5 0.01667 for three comparisons among platyrrhine groups, and a 5 0.0083 for six comparisons
among “prosimians”. “sig” column gives number of comparisons significant at P<0.005/P<0.05. All ANOVAs exhibited significant
among group variance justifying post hoc follow-up. Variables ending in “-trd” were analyzed with a traditional ANOVA using the
same species mean data. Traditional ANOVAs were only run for “prosimian” data, because ø was nonzero for these. All traditional
ANOVAs again showed significant among group variance. Post hoc comparisons were carried out with Pairwise t-tests, and bonfer-
roni corrected P values apply again.

2Kay (2004) showed that platyrrhine m1 values can be converted to
SQs using coefficients from a strepsirrhine m2 regression to success-
fully reflect diet. However, it does not immediately follow that strepsir-
rhine and platyrrhine shearing values generated from the same
strepsirrhine-based equation can be combined into a single dataset
and expected to correlate with diet at that level. In fact, Boyer (2008)
provides example computations suggesting that this approach would
not be very useful relative to the goals of Winchester et al. (2014).
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molar for diet reconstruction over the second molar.
In order to directly control for this last variable (tooth
position) the authors of Winchester et al. (2014) would
need to measure a dataset of mandibular first molars
for the each of the platyrrhine specimens in their
original dataset (ideally) and conduct the exact same
series of analyses.

We have presented evidence here suggesting the pla-
tyrrhine m2 shearing length has a weaker dietary signal
than the m2 shearing lengths of other primates. We
speculate that m2 shearing length of platyrrhines also
has a weaker dietary signal than the platyrrhine m1. It
would appear that this is the primary reason for the
unexpected results of Winchester et al. (2014) regarding
a lack of differentiation between folivores and frugivores
in SQ. Though analyses conducted in this study point
toward this explanation, direct comparison of m1 and
m2 platyrrhine shearing datasets are needed to further
test it. This hypothesis also predicts that the topographic
variables [Relief Index (Boyer, 2008) and Dirichlet Nor-
mal Energy (Bunn et al. 2011)] computed for platyrrhine
m2’s by Winchester et al. (2014) should exhibit greater
differentiation between folivores and frugivores when
computed on platyrrhine m1’s [as these variables
already significantly distinguished folivore and frugivore
m2’s in Winchester et al.’s (2014) analyses].

SUMMARY AND CONCLUSION

In contrast to an expectation established by previous
studies of SQ on lower molars, Winchester et al. (2014)
failed to recover a significant difference between SQ in a
sample of folivores and frugivores representing platyr-
rhines and “prosimians”. A number of errors and meth-
odological differences between their approach and more
traditional SQ computations (e.g., Anthony and Kay,
1993) are noted. Correction of errors followed by system-
atic modification of protocol and re-analysis of the Win-
chester et al. (2014) dataset still fails to recover
differences between folivores and frugivores. However,
removing the postentocristid crest length from the compu-
tation of overall shearing crest length does generally
improve the distinction among different dietary groups
(though not for platyrrhines considered in isolation of
“prosimians”). Finally, phylogenetic ANOVA run sepa-
rately on platyrrhine and prosimian groups suggests that
platyrrhines exhibit less differentiation than “prosimians”
in m2 shearing when comparing folivores and frugivores.
We therefore speculate that the most likely explanation
for the surprising lack of distinctiveness between platyr-
rhine folivores and frugivores in Winchester et al.’s (2014)
dataset is that the authors used the m2 for their analyses
instead of the m1 as in other studies of platyrrhine SQ.
This helps justify the assumption of previous studies that
the functional demands on the platyrrhine m2 are not as
consistent as those on the m1 in contrast to non-platyr-
rhines where the m2 has been the tooth of choice. Going
forward, in order to study evolution of dietary signal in
the primate dentition in a more comprehensive way, taxo-
nomically comprehensive datasets including shearing and
shape measures for both m1 and m2 should be sought.
Not only will this allow a more robust model for diet esti-
mation for all clades included, it could provide a context
for answering questions about when in primate evolution-
ary history, in which clades, and in association with what
other morphological and environmental changes the main

target of selection for improved shearing potential shifted
from the m2 to the m1.
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