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Abstract

Objectives: (1) To investigate sex differences in molar wear in known-age Cayo San-
tiago rhesus macaques (Macaca mulatta) and, (2) To explore sex differences in body
weight and molar eruption timing as factors influencing sex differences in
molar wear.

Materials and methods: Data set | comprises wear scores, ages and body weights of
212 living monkeys included in the 1985 roundup. Data set Il consists of molar wear
measurements taken on 2D images of 103 of these monkeys' dental remains. Ordinal
logistic regression was used to analyze the first data set. General linear models were
used to analyze the second.

Results: Males generally exhibited more wear than females at equivalent chronologi-
cal ages, though results varied by tooth type for the second data set. Male body
weight in the full 1985 living sample was significantly related to dental wear, when
age was taken into account; however, when males less than 8 years of age were elim-
inated from the sample, the association between dental wear and weight became sta-
tistically insignificant. Analysis of the second data set suggested no statistically
significant sex difference in dental wear for third molars, despite the approximately
2 year sex difference in eruption age for this tooth type.

Discussion: This study suggests that body weight in males might be a predictor of
dental wear and that if it is, body weight might also influence sex differences in den-
tal wear. Sex differences in dental eruption timing do not appear to explain sex differ-

ences in dental wear in this sample.
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1 | INTRODUCTION

Dental wear can be defined as the physical loss of tooth substance
from attrition (contact between teeth) and/or abrasion (contact
between teeth and food, dust, and/or grit) (Hillson, 1986;
Lucas, 2004). As animals age, they naturally accumulate dental wear
(Cuozzo et al,, 2010; Hillson, 1986). Beyond age, other factors that
affect tooth wear have been categorized as “animal” and “food” fac-
tors (Pérez-Barberia, 2019). The former include behaviors such as time
spent masticating food and chewing efficiency (Pérez-Barberia, 2019),
but can be expanded to encompass differences in enamel and dentine
thickness and/or hardness as well as dental eruption timing, both of
which could potentially affect dental wear. “Food” factors primarily
include abrasive properties of food (Pérez-Barberia, 2019), but hard
foods (Teaford & Oyen, 1989) as well as dust ingested with food
(Schulz-Kornas et al., 2019) have also been implicated in causing
dental wear.

Understanding factors affecting tooth wear is relevant to research
that (1) analyzes tooth wear to reconstruct past diets (e.g., Fiorenza
et al.,, 2011; Gérka et al., 2016; Masotti et al., 2017), (2) uses tooth wear
to age adult remains (e.g., Caspari & Lee, 2004; Mays et al., 1995), and
(3) evaluates the effect of dental senescence on survival and reproduc-
tion in living primates (e.g., Altmann et al., 2010; King et al., 2005). The
present study aims to further investigate sex differences in molar tooth
wear, a topic germane to all three of these research areas. As molars
function to shear, crush, and grind food (Lucas, 2004), sex differences
in molar tooth wear may indicate sex differences in diet that are reveal-
ing about differential resource use or behavior in the past (e.g., Masotti
et al., 2017; Molnar, 1971). The use of dental wear to age human
remains requires attention to sex, as sex differences in dental wear can
complicate age at death estimates (Fernée et al., 2021).

Finally, since males and females often have different life-history
strategies, they may also differ in rates and fitness consequences of
dental senescence, defined as the loss of tooth function with age
(Carranza et al., 2004). Many female mammals have the ability to
reproduce throughout their lifetimes, while males, especially in social
groups with high pre-copulatory inter-male competition, have their
greatest reproductive success when they are in prime physical condi-
tion (e.g., Clutton-Brock, 1988). Thus, for example, in red deer, males
in their prime consume more forage than females in support of their
greater body sizes, resulting in greater rates of tooth wear in males
over time (Pérez-Barberia, Carranza, et al., 2015). In essence males
appear to trade off long-term chewing functionality for a shorter-term
gain in body size. It is not clear if a similar trade-off occurs in non-
human primates with high pre-copulatory inter-male competition for
mates. For female non-human primates, dental wear in old age has
been associated with reduced infant survival during dry seasons in
sifakas (King et al., 2005), but infant survival was not affected by
tooth wear in aged ring-tailed lemur females (Cuozzo et al., 2010).

Greater wear in male versus female molars at comparable chrono-
logical ages has been noted in several non-primate mammals (red
deer: Loe et al., 2003; Carranza et al., 2004; large herbivores: Gaillard
et al., 2015), though other studies have not found such differences

(roe deer: Veiberg, Mysterud, Gaillard, et al., 2007; Weddell seal:
Stirling, 1969). In large, polygynous hypsodont herbivores sex differ-
ences in wear at equivalent chronological ages have been attributed
to (1) the greater body masses of males versus females supported by
processing larger quantities of food (Pérez-Barberia, Carranza,
et al., 2015) and/or lower quality food (Loe et al., 2003), and (2) the
smaller relative molar sizes of males at eruption (Carranza
et al., 2004).

In support of the view that body mass can affect dental wear,
age-controlled within-sex positive correlations have been found
between body weight and molar wear (reindeer: Veiberg, Mysterud,
Bjarkvoll, et al., 2007) and between mandible length (a proxy for body
size) and molar wear (red deer: Pérez-Barberia, Ramsay, et al., 2015).
The opposite prediction, that body mass and dental wear might actu-
ally correlate negatively due to reduced chewing efficiency in animals
with very worn dentitions, was not borne out in a study of red deer
(Loe et al., 2003). A recent study (Carranza et al., 2020) found that
under conditions of low intra-sexual competition, male red deer had
lower rates of wear over time than did females when controlling for
age; however, as expected, under conditions of high-intrasexual com-
petition when body mass is at a premium, males had higher rates of
tooth wear than did females.

For non-human primates, there have been few age-controlled
studies of dental wear. Butler and Bernstein (1974) found that known
age Macaca nemestrina females at the Yerkes Primate Research Cen-
ter had greater wear than comparably aged M. nemestrina males, from
the age of eight onwards. These authors suggested that the cause of
this difference could be that large male canines might “impede” lateral
molar grinding movements. Nass (1981), however, found that male
and female Macaca fuscata had almost “identical” age-specific molar
wear, but that males showed “a perceptible increase over females
with age” as evidenced by a slightly higher slope of dental wear versus
age. Cuozzo et al. (2012) and Cuozzo et al. (2014) found that in one
microhabitat, male ring-tailed lemurs in the two to four year-old age
range had greater molar wear than comparably aged females. They
suggested that this difference may relate to sex differences in diet:
female ring-tailed lemurs have priority of access at food sources, with
males feeding more on non-preferred resources (especially tamarind
fruit). No sex differences in molar wear were found in known-age
Amboseli baboons (Altmann et al., 2010; Galbany et al., 2011; Galbany
et al., 2014) or in mandrills from Gabon (Galbany et al., 2014). Known-
aged Cayo Santiago Macaca mulatta males appeared to exhibit greater
wear than females at older ages (Wang et al.,, 2016), a finding we
explore in more detail in the present study. Thus, for non-human pri-
mates, there does not appear to be a consistent pattern of greater
wear in males relative to females. These inconsistencies may relate to
a variety of factors, including the degree to which sexes rely on differ-
ent resources (e.g., Cuozzo et al., 2012; Cuozzo et al., 2014) sex differ-
ences in body weight (as per studies cited above of non-primate
mammals, and/or methodological factors (e.g., use of different
methods for quantifying wear).

Data from the Cayo Santiago rhesus colony and associated skele-

tal collection provide a known-age sample for further exploring sex
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differences in dental wear in a sexually dimorphic, provisioned non-
human primate population. There are two data sets used in the pre-
sent study: qualitative wear score data referenced in Wang et al. (2016)
that was collected on Cayo Santiago rhesus monkeys in the 1985
roundup (data set 1), and quantitative wear score data collected from
these monkeys' dental remains (data set 2). The present study uses
these data sets to ask the overarching question: Is there a difference
in dental wear between males and females of the 1985 roundup when
age is taken into account and does that difference persist until the
end of these monkeys' lives?

Beyond the empirical expectation of a sex difference in dental
wear from Wang et al.'s (2016) study on dental pathology and eruption
in the Cayo Santiago monkeys of the 1985 roundup, the theoretical
reasons for expecting a sex difference are not entirely clear. It does not
seem that Cayo Santiago males could be expected to “trade-off” long
term chewing functionality for rapid growth in body size (as do some
red deer populations (Carranza et al., 2020)) because there appears to
be relatively low male-male competition for fertile females (Dubuc
et al., 2014) and male body size does not predict reproductive success
in this population (Kimock et al., 2019). Cayo Santiago monkeys are,
however, sexually dimorphic in body weight, with males weighing
approximately 44% more than females (Kimock et al., 2019). With this
sex difference in body weight, males might be expected to process
larger quantities of food over their lifetimes, accumulating more dental
wear over time. However, females must process more food than their
body weights alone would suggest owing to the energetic demands of
pregnancy and lactation. Indeed, lactating females in this populations
consumed more chow per kg body weight than other age/sex classes
(Marriott et al., 1989). Adult males processed the most vegetative
matter (Marriott et al., 1989) relative to other age/sex classes, while
adult females were found to be more geophagic than males
(Knezevich, 1998). The exact sex difference in the quantity and quality
of food—and soil—ingested over these monkeys' lifespans is not known,
but sex differences in food quality might be expected to be less in this
provisioned population than they would be in the wild.

There are other factors that could affect sex differences in dental
wear in Cayo Santiago monkeys. It is not known if there are enamel
thickness differences between the sexes in this population, although
one study did not find sex differences in relative enamel thickness in
macaques (Kato et al., 2014). Finally, third molars (but not first or sec-
ond molars) erupt significantly later in females than they do males in
this population (Wang et al., 2016): nearly all males erupt their third
molars by 7 years of age, but females do not reach that same mile-
stone until the age of nine. Thus, male third molars, specifically, could
be expected to begin to wear earlier, leading to greater wear than is
present in comparably aged females.

Using the two data sets referred to above, the present study tests
the hypothesis that males will have greater wear than females at com-
parable ages, as might be expected from previous study (Wang
et al,, 2016) as well as by such factors as greater male body weight
and earlier third molar eruption timing. Using data set 1 (qualitative
wear score and body weight data collected during the 1985 roundup),
this study further tests the hypothesis that within males, body size is
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related to tooth wear, such that males of greater weight are expected

to have more worn molars than lower-weight males of the same chro-
nological age. Because female weight fluctuates with reproductive
status, female body weights collected at a point in time (the 1985
roundup) irrespective of their reproductive status are not expected to
relate to cumulative dental wear. A relationship between body weight
in males and dental wear at age of dental examination would support
the possibility that sex differences in body mass could be affecting
sex differences in wear in this population. Lastly, using data set 2, this
study tests the hypothesis that sex differences in dental wear are
related to dental eruption timing. If dental eruption timing is the sole
factor responsible for sex differences in dental wear, then there
should be significant sex differences in dental wear for third molars

but not for other molar types.

2 | MATERIALS AND METHODS

The rhesus monkey colony on the island of Cayo Santiago (lying 1 km
off the southeastern coast of Puerto Rico) was founded in 1938
(Kessler & Rawlins, 2016; Rawlins & Kessler, 1986). At that time, pri-
matologist Clarence Carpenter transferred 450 rhesus macaques from
the Lucknow region of India to Cayo Santiago, where their descen-
dants remain to this day. Regular provisioning of the colony with mon-
key chow began in 1956 (Rawlins & Kessler, 1986). In 1970, the
University of Puerto Rico established the Caribbean Primate Research
Center (CPRC) to meet the increasing demands of managing the col-
ony. At this time, CPRC Science-in-Charge Donald Sade started a skel-
etal collection of monkeys' remains. Jean E. Turnquist and Mathew
J. Kessler began a program of routine carcass collection from the
island in the 1980's. In 1982, the CPRC Museum, now the Laboratory
of Primate Morphology was established at the School of Medicine to
house all of the monkeys' skeletal remains.

In 1985, there was a “round-up” of nearly the entire colony for
the purpose of tetanus immunization (Wang et al., 2016). At this time,
physical examinations of all of the monkeys occurred, which included
measurement and recording of weight and dental wear (Wang
et al,, 2016) used in the present study. Data set 1 consists of ages,
weights and dental wear scores from a cross-sectional sample of
212 rhesus monkey adults (74 females, 138 males) examined during
the 1985 “round-up.” Wear scores were taken from Wang et al. (2016).
Only adults with erupted third molars were scored for dental wear.
The wear score is a qualitative summary of degree of wear for the
entire molar row, according to Murphy's (1959) ratings of dentine
exposure: 0 (no wear), 1 (slight), 2 (moderate), 3 (much), 4 (severe),
and 5 (extreme). Scoring was performed by two observers. Consensus
was reached on any wear scores that differed between observers
(Wang et al., 2016).

Data set 2 consists of dental wear measurements taken in the
CPRC Skeletal Collection on monkeys included in Data set 1. Tattoo
numbers were used to match dental remains to animals included in
the 1985 roundup. In total, dental remains of 103 individuals were

identified (39 females and 64 males). Sixty-six percent of the female
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FIGURE 1
Areas of dentine exposure are outlined (black), as is the occlusal area
of the tooth (cyan)

This is the lower right molar row of specimen 1639.

sample remained on the island for the entirety of their lifespans, while
63% of the males did. The remaining 34% of females and 37% of
males were transferred from Cayo Santiago to a facility located in
Sabana Seca after 1985 and remained there for the rest of their lives.
On Cayo Santiago, monkeys eat not only monkey chow, but also

some forage (Marriott et al., 1989), which is not as readily available to

them in Sabana Seca. Marriott et al. (1989) found that the time spent
eating on Cayo Santiago was 10.8% of overall time. Of that, the diet
was 50.2% monkey chow or other non-naturally occurring food ver-
sus 49.8% natural vegetation, and all monkeys ate soil. Thus, the a
priori expectation is that teeth would wear more slowly at Sabana
Seca than on Cayo Santiago. To assess this possibility, percent of wear
for each tooth type was modeled in a general linear model in SAS 9.4
(SAS Institute Inc., 2017), as a function of age-at-death, sex, and
whether an animal was transferred to Sabana Seca. Percent of wear
refers to the percentage of dentine exposure relative to the occlusal
area of a tooth (more details of this measure are given below). For all
six molar types, there was no statistically significant difference in per-
cent of wear for whether an animal was or was not transferred to
Sabana Seca. The number of males in the sample that spent more than
5% of their lifespans at Sabana Seca and the number of females that
did so were also not significantly different (Chi-square = 0.745,
p < 0.388). Finally, there was no statistically significant difference in
the numbers of males versus females transferred to Sabana Seca (Chi-
square = 0.122, df = 1, p < 0.727) in this sample. For all of these rea-
sons, the analysis of sex differences in tooth wear was conducted on
the full data set (including both transferred and non-transferred
individuals).

To measure wear on dental remains, photographs were taken
with a Nikon D5600 digital camera mounted on a tripod and using a
bubble level to orient the camera with its optical axis orthogonal to
the occlusal surfaces of molar rows (as per Clement & Hillson, 2012).
To orient the occlusal surfaces of teeth, mandibles, and maxillae were
propped up with clay or in a container of uncooked rice grains until
occlusal surfaces appeared, when viewed through the camera, to be
as horizontal as possible (see Figure 1). All images were taken with a
scale that was used later to perform measurements on the images in
ImageJ (Schneider et al., 2012). To quantify wear, all areas of dentine
exposure on each molar were measured with ImagelJ's polygon tool
and their area summed (similar to Clement & Hillson, 2012; Galbany
et al., 2014). The dentine exposure sum for each molar was then
divided by each molar's occlusal area, also measured with the polygon
tool (Figure 1). The ratio of the sum total of dentine exposure on a
tooth to its occlusal area served as the measure of wear. When multi-
plied by 100, this measure is referred to as the percent of wear. Only
one tooth per antimeric pair was measured, with the choice of right or
left depending primarily on the occlusal surface that was best ori-
ented. If both antimeres were equally well oriented, then choice of
right or left was alternated between antimeric pairs.

We acknowledge that in some areas, it is difficult to distinguish
between dentine exposure and very thin or stained enamel from 2D
images. More specifically, some talonid basins appeared worn when
on further inspection of the images it was clear that they did not
match other areas of clear dentine exposure at cusp tips in terms of
their shade and color. In these instances, we subtracted these
reinspected areas from our original dentine exposure totals to obtain
our final data set.

Measurement error in the wear ratio (sum of area of dentine

exposure divided by occlusal area) was assessed on a set of
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TABLE 1 Summary of SAS PROC logistic results for data set |

Entire sample (n = 212)
Sample

Males only (n = 138)

Er e WILEY-L_°

Males 28 years of

age (h = 104) Females (n = 74)

Wald
Chi-Square  df

75.8664 2

Wald

Test p-value Chi-Square  df

Global null <0.0001
hypothesis (tests
significance of

model)

51.7249 2

Analysis of effects: 75.5088 1 <0.0001 49.4485 1

age at exam

10.1242 1 0.0015

Analysis of effects:
sex

Analysis of effects: - - - 4.3035 1

weight

Analysis of effect of - - - _ _
weight for
transition
between wear
combination 1
and 2

Analysis of effects - - - - -
of weight for
transition
between wear
combination O
and 1

Note: Statistically significant values are indicate in boldface.
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FIGURE 2 Median wear scores for females and males in each age
cohort; age cohorts were constructed by rounding up increments of
half a year or more to the nearest year. Ages that fell below half-year
increments were rounded down

10 dentitions for six molar types (upper and lower, first, second, and
third molars); thus, error was assessed on a sample of 60 teeth. Mea-
surements were taken 1 week apart. Measurement error was calcu-
lated as percent error as follows: 100 times the absolute value of the

difference in measurements taken at time one and time two, divided

Wald
Chi-Square  df

35.4373 2

Wald
Chi-Square  df

22.9855 3

p-value

<0.0001

p-value

<0.0001

p-value

<0.0001

<0.0001 35.1498 1 <0.0001 21.3031 1 <0.0001

0.0380 3.6778 1 0.0551 = = =

1.6890 1 0.1937

2.6548 1 0.1032

ore
N e

5}

Median Wear Sc!

P

FIGURE 3 Median wear scores as a function of age cohort and
weight group. Age cohorts were constructed by rounding up half
years (or greater) to the nearest year. Ages that fell below a half-year
increment were rounded down. Weight groups were constructed
similarly, with weight increments equal to or greater than 0.5 kg
rounded up to the nearest kg, and weight increments below 0.5 kg
rounded down. Note that within most age groups, there appears to be
a positive relationship between median wear score and weight group,
with the most obvious exception being the oldest animals, with very
low weights and high molar wear

by the average of the two measurements. Average measurement error
in the wear ratio over all teeth was 7.3%. We note a tendency for

smaller patches of dentin exposure to be associated with greater
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percentage measurement error, even though absolute error for these
patches is small.

To analyze data set 1, with ordinal wear scores, we used PROC
LOGISTIC in SAS 9.4 to perform ordinal logistic regression. This type
of regression analysis is appropriate when the dependent variable is
ordinally scaled, given that the proportional odds assumption is met
(parallel slopes for transitions across the dependent variable (SAS
Institute Inc., 2017). When the proportional odds assumption is not
met, SAS support recommends using the “unequal slopes” option in
PROC LOGSITIC, which we used in one set of analyses (see Results
below). The model with the lowest Akaike Information Criterion
(AIC) was selected. To increase sample sizes in each wear category,
we combined wear scores of O and 1 into category O, wear scores of
2 and 3 into wear category 1, and wear scores of 4 and 5 into wear
category 2. Spearman correlations between age and weight were
low (—0.042 for females and 0.279 for males). Because age and
weight were minimally correlated, we included them as independent
predictors in our models.

ore
N o

w

——
—

=
==

Median Wear S¢

2

FIGURE 4 Median wear scores as a function of age cohort and
weight group in females. Age cohorts were constructed by rounding
up half years (or greater) to the nearest year. Ages that fell below a
half-year increment were rounded down. Weight groups were
constructed similarly, with weight increments equal to or greater than
0.5 kg rounded up to the nearest kg, and weight increments below
0.5 kg rounded down. Note that there does not appear to be a
pattern of greater median wear scores in relation to weight group
within each age cohort

To analyze data set 2, we used PROC GLM in SAS 9.4. In these
analyses we tested the percent of wear (dependent variable) as a
function of sex, age at death, the interaction of sex and age at death,
age at death squared, and the interaction of sex and age at death
squared. All combinations of these variables were tried as candidate
models. The model with the lowest AIC was selected. Whether the
model with the best fit (lowest AIC) was linear, quadratic, and/or
included interactions differed for each analysis (see Results below).

Data sets 1 and 2 are available as supplementary files.

3 | RESULTS: DATASET1

For data set 1, we tested the following predictions: (1) In comparably
aged animals, males will exhibit greater molar wear than females;
(2) Males with larger body masses will exhibit greater wear than males
with smaller body masses; and (3) There will be no relationship
between body mass and molar wear in females, as many females were
pregnant or lactating at the time of dental examination. Prediction
three assumes that because female weight fluctuates with reproduc-
tive status, female body weights collected at a point in time,
irrespective of their reproductive status, will not relate to cumulative
dental wear. Prior to performing statistical analyses of these predic-
tions, we verified that males had greater body mass than females in
this sample: mean weight of males (11.2 kg) differed from that of
females (9.4 kg) (t = —7.580, p < 0.000).

Prediction 1: Logistic regressions of wear category (0, 1, or 2) on
sex, age, and the interaction of sex and age in the full sample (n = 212
individuals) revealed that the model with the lowest AIC included just
two predictors: sex and age. Both age (Wald Chi-square 75.5,
p < 0.0001) and sex (Wald Chi-square 10.1, p < 0.0015) were statisti-
cally significant predictors of wear category (see Table 1 for details).
Thus, results support prediction 1: males had greater wear than
females across age categories. Figure 2 plots medians of raw wear
scores (0-5) as a function of age cohort in males versus females. Note
that for most age cohorts, male median wear scores are greater than
those of females.

Prediction 2: For males (n = 138), wear category was regressed
against age, weight and the interaction of age and weight. The model
with just age and weight had a lower AIC than the model that included
the interaction. Thus, only the first model (with no interaction term) is

Upper M2 (n = 38 f, 63 m) Upper M3 (n = 37 f, 63 m)

TABLE 2 SAS GLM results for data set Il: upper molars
Upper M1 (n = 38 f, 62 m)

Sample

Test F-value df p-value
Model 30.89 3 <0.001
Sex 2.01 1 0.1592
Age at death 88.45 1 <0.001
Age at death interaction with sex 413 1 0.0450

Age at death squared

Sex by age at death squared interaction

Note: Statistically significant values are indicate in boldface.

F-value df

p-value F-value df p-value
26.14 5 <0.001 6.41 2 0.0024
5.87 1 0.0173 0.06 1 0.8045
2.23 1 0.1385 12.58 1 0.0006
7.87 1 0.0061 - - -
0.09 1 0.7612 - - -
10.63 1 0.0015 = = =
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Lower M2 (n = 39 f, 64 m) Lower M3 (n = 38 f, 63 m)

TABLE 3 SAS GLM results for data set Il: Lower molars
Lower M1 (n = 39 f, 62 m)

Sample

Test F-value df p-value
Model 22.05 3 <0.001
Sex 0.10 1 0.7504
Age at death 61.73 1 <0.001
Age at death interaction with sex 0.87 1 0.3534

Note: Statistically significant values are indicate in boldface.

reported in Table 1. Both age (Wald Chi-square 49.5, p < 0.0001) and
weight (Wald Chi-square 4.3, p < 0.0380) were statistically significant
predictors of wear category. These relationships can be seen in
Figure 3 in which median wear category (z-axis) is plotted against both
age-cohort (years) and weight group (kg). Note that within most age
cohorts, there appears to be a positive relationship between median
wear score and weight group, with the most obvious exception being
the oldest animals (20 years of age or more), with very low body
weights and high molar wear.

Because of the positive, though low correlation between weight
and age in males, we performed an additional regression analysis
excluding males that had not reached 8 years of age, the age at which
most males have completed skeletal growth (Bercovitch &
Goy, 1990). By excluding these younger-aged males, the Spearman
correlation between age and weight dropped to —0.044. In this
reduced sample (n = 104), age continued to be a statistically signifi-
cant predictor of wear (Wald Chi-square = 35.2, p < 0.0001) but the
p-value for weight rose to just beyond the threshold of statistical sig-
nificance (Wald Chi-square = 3.7, p < 0.0551). These results are sum-
marized in Table 1.

Prediction 3: For females (n = 74), there was no interaction effect
for weight and age when wear category was regressed against,
weight, age, and the interaction of weight and age. Thus, the regres-
sion model was run with only weight and age as predictors. In this
model, we used the unequal slopes option, as the proportional odds
assumption was not met, running two tests for the effect of weight:
one for the transition between wear combination scores 0 and 1, and
one for the transition between 1 and 2 (See Table 1). As predicted, for
females age was a significant predictor of wear (Wald Chi-
square = 21.3031, p < 0.0001), but weight was not for either of the
weight tests (Wald Chi-square = 2.6548, p < 0.1032 for the first tran-
sition, and, Wald Chi-square 1.6890, p < 0.1937 for the second). The
lack of association between wear and weight in females is evident in

Figure 4.

4 | RESULTS: DATASET 2

For data set 2, we tested these predictions: (1) Males will have greater
wear than females when age is statistically controlled, and (2) If a sex
difference in eruption timing is the sole cause of sex differences in
dental wear, then there will be systematic significant differences in

F-value df p-value F-value df p-value
40.76 3 <0.001 40.07 2 <0.001
0.31 1 0.5776 3.84 1 0.053
116.24 1 <0.001 80.05 1 <0.001
1.64 1 0.2033 - - -

third molar wear between males and females, but no significant sex
differences for other molar types.

To analyze sex differences in tooth wear, percent of wear for
each tooth type was regressed in candidate models that included
different combinations of age, sex, the interaction of age and sex,
age at death squared, and the interaction of sex and age at death
squared. Models with the lowest AlICs for each tooth type are pres-
ented in Tables 2 (upper molars) and 3 (lower molars), as are sample
sizes for each analysis. Figure 5 plots the analysis of covariance
from these GLMs for each tooth type. The statistically significant
results from these regressions can be summarized as follows. For
UMY, there was a statistically significant effect for age at death and
the interaction of age at death and sex. For UM2, there were statis-
tically significant effects for sex, the interaction of age at death and
sex, and for the interaction of sex by age at death squared. For
UM3, LM1, LM2, and LMS3, there were statistically significant
effects only for age at death. Note, however, that for LM3, the
effect of sex just exceeded the threshold for statistical non-
significance (p = 0.053).

Thus, for two of six tooth types, neither of them third molars,
there was a significant effect of sex (UM2) and significant interac-
tion effects between age and sex (UM1 and UM2). The nature of
the interaction between age and sex is such that for the UM1
and UM2, the difference in wear between males and females
increases with age (Figure 5). The interaction suggests that
males and females may be wearing their UM1s and UM2s at dif-

ferent rates.

5 | DISCUSSION

Analyses conducted in this study suggest that sex differences in
molar wear in individuals scored during the 1985 roundup per-
sisted until these animals' deaths. However, not all molar tooth
types revealed a statistically significant sex difference in wear in
these animals' dental remains. Data set 1 was used to test the
hypothesis that within males, body weights would relate to the
degree of dental wear they exhibited at the age of dental examina-
tion, but that this would not be the case for females, whose body
weight is expected to fluctuate (in relation to reproductive status)
more so than that of males. Analyses support a relationship

between body weight and dental wear for the full sample of males,
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FIGURE 5 Graphs of percent of dental wear (exposed dentine area over occlusal area multiplied by 100), as a function of sex and age. In each

graph, regression lines from PROC GLM models are displayed. Note that in most of these graphs, male molars tend to be more worn than those

of females especially at later chronological ages

but the relationship became statistically insignificant for a reduced
sample consisting only of males equal to or greater than 8 years of
age. Overall, there is some indication, though not a particularly
strong one, that body weight in males may be related to dental
wear when age is taken into account. For females, there was no
indication of a relationship between body weight and dental wear,

when age was taken into account.

Data set 2 was used to test the hypothesis that if sex differences
in dental wear were purely a function of sex differences in dental
eruption ages, then third molars would systematically exhibit signifi-
cant sex differences in dental wear, but other molar types would not.
This, however, was not the case. As noted above, only the UM1 and
UM2 exhibited significant sex differences (either as a main effect or in

interactions with age). For the LM3, the sex difference in dental wear



GUATELLI-STEINBERG ET AL.

was close to statistical significance, but this was not the case for the
UMS3. Given that the numbers of teeth for each molar type were
approximately equal (see Tables 2 and 3), the power for detecting sta-
tistically significant differences in each of these tooth types, assuming
equivalent effect sizes, is nearly equivalent. It may be the case that
there is simply more time for a sex difference to manifest in M1s and
M2s, which erupt at earlier ages than M3s. Nevertheless, there is no
evidence for a systematic sex difference in wear in third molars rela-
tive to first and second molars owing to the pronounced sex differ-
ence in third molar eruption ages.

Some of non-significant results in this study could have to do
with noise introduced by methodological limitations. These include
7.3% measurement error for 2D measurements, the difficulties of dif-
ferentiating dentine exposure from areas of thinning or discolored
enamel on some teeth, and the use of 2D rather than 3D measure-
ments. Teeth wear in three dimensions. MicroCT studies of dental
wear (e.g., Pampush et al., 2018) can take this fact into account as well
as definitively differentiate between true dentine exposure and
thinning enamel.

Despite its limitations, the present study suggests that male
Cayo Santiago rhesus monkey molars tend to exhibit greater wear
than those of females at comparable ages. Yet, male-male physical
competition for mating is low (Dubuc et al., 2014) and male body
size does not predict reproductive success (Kimock et al., 2019) in
this population. This situation differs from that recently described in
red deer, where male dental wear exceeded that of females under
conditions of high inter-male mating competition, but not under
conditions when mating competition was low (Carranza et al., 2020).
Given that male Cayo Santiago monkeys weigh more than females
and that there is some indication in the present study that body
weight within males is related to dental wear, it could be that the
sex difference in Cayo Santiago monkey dental wear is simply a
function of males processing more food with their molars over their
lifetimes than females do. In addition, if adult males eat more vege-
tation than females do (Marriott et al., 1989), and if vegetation is
more abrasive than monkey chow, then a sex difference in diet qual-
ity may be a contributing factor to the sex difference in dental wear
found here. It is also worth noting that males in this population
exhibit not only more dental wear, but also exhibit greater frequen-
cies of breakage and antemortem tooth loss than do females (Wang
et al., 2016). Higher frequencies of antemortem tooth loss in males
might be related to their tendency to develop elevated levels of
molar wear relative to females.

In humans, when sex differences in dental wear have been found,
it is usually the case that males exhibit greater wear and/or wear rates
than females, in both modern (e.g., Cunha-Cruz et al., 2010; Hugoson
et al., 1988; Johansson, 1992; Knight et al., 1997; Molnar et al., 1983;
Tomenchuk & Mayhall, 1979) and ancient population samples
(e.g., Fernée et al., 2021; Kaifu, 1998; Masotti et al., 2017). Sex differ-
ences in molar wear have been attributed to a variety of factors,
including sex differences in dietary abrasiveness (Masotti et al., 2017;
1983), (Tomenchuk &
Mayhall, 1979), and greater enamel thickness in females relative to

Molnar et al, male-biased bruxism
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males (Fernée et al., 2021). In contrast to what appears to be a ten-

dency for human males to wear their molars more rapidly than human
females, Molnar (1971) reported significantly greater wear in the
female molars of California Native American skeletal remains relative
to those of males, which he argued was in part related to females'
greater consumption of abrasive plant foods. The present study sug-
gests that one more factor may contribute to a tendency for human
males to wear their molars more rapidly than human females—an
overall sex difference in body weight that results in sex differences in
how much food molars must process over time.

Body weight, however, is clearly not the most important factor
affecting dental wear in all instances where sex differences in dental
wear are found. A diet consisting predominantly of monkey chow
would, for the Cayo Santiago population, homogenize the diets of
males and females to a greater degree than exists in many non-human
primates in the wild or in some modern human population groups.
Indeed, Molnar's (1971) study suggests that sex differences in dietary
abrasiveness overrides any effect of larger body size on dental wear.
Similarly, male and female ring-tailed lemurs are comparable in body
size, but in one micro-habitat, males relied more than females on non-
preferred tamarind fruit, which appeared to result in greater molar
wear in males (Cuozzo et al., 2012; Cuozzo et al., 2014). Finally, and
perhaps most challenging to the idea that sex differences in body size
could be behind sex differences in molar wear, is that in Amboseli
baboons (Altmann et al., 2010; Galbany et al., 2011) and mandrills
from Gabon (Galbany et al., 2014), which are highly sexually dimor-
phic, no sex differences in first molar wear were found in known-age
samples (Altmann et al., 2010). What is needed to more fully evaluate
the potential effect of body size on cumulative dental wear, either
within or between the sexes, is control for differences among individ-
uals and between sexes in dietary abrasiveness and hardness. Finally,
the effect of female reproductive status on cumulative lifetime dental
wear might be assessed in the Cayo Santiago macaque population by
examining correlations between parity and dental wear in relation to
age at death.

6 | CONCLUSION

This study investigated sex differences in molar wear in Cayo Santiago
monkeys included in the 1985 roundup. Wear scores were greater for
males than for females when age was taken into account. The male
bias in molar dental wear persisted in some tooth types for a subsam-
ple from the roundup whose skeletal remains are curated in the Pri-
mate Morphology Laboratory of the Caribbean Primate Research
Center. Despite the fact that third molars erupt earlier in males than
in females, male third molars did not systematically evince more wear
than those of females, with age taken into account. A relationship
between body weight and molar wear with age taken into account
was found in males, but that relationship became statistically insignifi-
cant when the male sample was limited to males equal to or greater
than 8 years of age (the age at which skeletal maturation is complete

in males). Body size has been related to dental wear in non-primate
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mammals, but this is the first study to offer evidence of a possible

relationship between dental wear and body size in non-human pri-
mates. Taken together, these results suggest that in this provisioned
population, sex differences in body weight might have an influence on
sex differences in dental wear, but that sex differences in molar erup-
tion timing do not.
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