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1. Introduction

Field observations of the sooty mangabey Cercocebus atys reveal that
these monkeys consume hard foods year-round. (McGraw et al., 2011,
2012,2014). Indeed, 25-80% of the Cercocebus atys monthly diet con-
sists of Sacoglottis gabonensis seeds, which are protected by seed casings
twice as hard as cherry pits (Dacgling et al., 2011). By contrast, the
grey-cheeked mangabey Lophocebus albigena relies on hard foods as di-
etary fallbacks, and does not eat them year-round (Lambert et al., 2004).
A direct comparison of the hardness of these two species diets has yet to
be made, but it is clear that the species differ in the frequency with
which they consume hard foods. While fallback consumption of hard
foods would be expected to select for fracture-resistance in teeth, the
more frequent consumption of hard foods—as occurs in Cercocebus
atys—would expose teeth to greater opportunity for fracture as well as
increase their risk of fatigue failure (Guatelli-Steinberg et al., 2022). For
these reasons, we previously hypothesized that the molars of Cercocebus
atys would show evidence of greater resistance to fracture than those of
Lophocebus albigena (Guatelli-Steinberg et al., 2022).

Consistent with this hypothesis, Cercocebus atys molars exhibit: 1)
greater absolute crown strength (ACS; Schwartz et al., 2020), 2) thicker
enamel in occlusal basins relative to overall enamel thickness, and 3)
greater flare of cusps most directly involved in phase II of the chewing
cycle (Guatelli-Steinberg et al., 2022). Schwartz et al. (2020) found that
ACS—the square root of the product of average enamel thickness (AET;
Martin, 1985) and half the bicervical diameter (BCD)—more closely
approximates a tooth’s resistance to fracture than does relative enamel
thickness (RET; Martin, 1985). Proportionally thicker enamel in molar
occlusal basins, where food is crushed and ground, tends to be found in
hard-object feeders (Kono, 2004; O’Hara, 2021; Schwartz, 2000).
Finally, flare of the lateral walls of cusps most directly involved in phase

II of the chewing cycle may buttress molars against laterally directed
chewing forces (Macho and Shimizu, 2009). That Cercocebus atys molars
exhibit these features to a greater degree than those of Lophocebus
albigena suggests that they are more fracture-resistant.

Differences in molar form between Cercocebus and Lophocebus have
only recently been described (Guatelli-Steinberg et al., 2022), while
differences in the size of their premolars—specifically their P4s—were
noted years ago (Fleagle and McGraw, 1999, 2002). Compared to
members of the Lophocebus—Papio clade, species in the Cercoce-
bus-Mandrillus clade are characterized by P4s that are larger relative to
their M1s. Molarization of P4s is linked to the unique feeding niche of
the Cercocebus-Mandrillus clade in which hard nuts and seeds are har-
vested “from the leaf litter of the forest floor” (Fleagle and McGraw,
1999: 1159). Although neither enlarged Pus (Daegling et al., 2011) nor
P (Scott et al., 2018) are unique to hard-object feeders (Daegling et al.,
2011; Scott et al., 2018), the P*s of primate hard-object feeders are large
relative to their M's (Scott et al., 2018), likely reflecting functional
integration of their P*s with their molars (Scott et al., 2018).

Field observations reveal that Cercocebus atys uses its P4s in concert
with its molars to crush hard foods (McGraw et al., 2011). The hard seed
casings are placed on the postcanine tooth row (Supplementary Online
Material [SOM] Fig. S1), where they are shattered with a powerful bite
(Daegling et al., 2011). Lack of significant microwear differences be-
tween the Pss and molars of Cercocebus atys also suggests that these tooth
types have similar functions, at least in terms of comminution (Daegling
etal., 2011).

Here, using a limited maxillary dental sample, we asked whether the
P*s of Cercocebus (Cercocebus atys and Cercocebus torquatus) differ from
those of Lophocebus (Lophocebus albigena and Lophocebus aterrimus) in
ways that parallel the differences in their molars. Specifically, we pre-
dicted that compared to the P*s of Lophocebus, those of Cercocebus would
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have greater ACS, thicker occlusal basin enamel relative to AET, and
greater flare of their lingual cusp walls, as lingual cusps of upper post-
canine teeth are more directly involved in phase II crushing and
grinding than buccal or ‘guiding’ cusps (Hillson, 1996). Finally, given
known differences in molarization of the P*s between Cercocebus and
Lophocebus (Fleagle and McGraw, 1999, 2002), we predicted that the
pattern of ACS change across the P*~M? series would differ between the
two genera, with the P* being most divergent.

2. Materials and methods

Specimens are listed in the SOM Table S1. Our Cercocebus atys
specimens are from the Tai Forest of Co”te d’Ivoire, collected by Author
#3 and members of the Tai Forest Monkey Project. The specimen of
Cercocebus torquatus is from Sette Cama Gabon and was collected by
Cathy Cooke (Saint Louis University). All Cercocebus specimens are
housed in the Primate Laboratory in the Department of Anthropology at
The Ohio State University as are four of the Lophocebus albigena speci-
mens. These four Lophocebus albigena specimens were collected by
Randall Susman (Stony Brook University) near the Mambili River in the
Republic of Congo (Randall Susman, pers. comm). Three of the Lopho-
cebus albigena specimens and the single Lophocebus aterrimus specimen
included here are from the American Museum of Natural History
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(AMNH), collected from Democratic Republic of Congo (formerly Zaire).
Eric Delson and the AMNH Department of Mammalogy provided access
to these data, the collection of which was funded by AMNH and New
York Consortium in Evolutionary Primatology. The files were down-
loaded from www.MorphoSource.org, Duke University. The archival
resource key (ARK) identification labels and specimen numbers of the
four MorphoSource specimens are given in the SOM Table S1.

Like Cercocebus atys at Tai, Cercocebus torquatus from Sette Cama
Gabon is habitually durophagous, consuming Sacoglottis gabonensis seeds
and other hard foods year-round (Cooke, 2012). Feeding data for the
Lophocebus albigena individuals were not collected; however, feeding
data on Lophocebus albigena are available from Lop e, Gabon (Ham, 1994;
Tutin et al., 1997), Makande, Gabon (Brugiere et al., 2002), the Dja
Reserve in Cameroon (Poulsen et al., 2001, 2002), and Uganda’s Kibale
Forest (Lambert et al., 2004; Olupot, et al., 1997; Waser, 1984). At these
sites, Lophocebus albigena prefers fruit but switches to seed-eating when
fruit is scarce. There is no indication that Lophocebus albigena consumes
hard-object foods year round. The diets of Lophocebus aterrimus are less
well-known than those of its congener; their diets also include seeds and
nuts (Horn, 1987), but whether these are fallback foods has not been
documented.

Choice of right or left teeth was based on which was least worn.
Where known we listed the sex of specimens in the SOM Table S1.

1 mm

Fig. 1. Cercocebus and Lophocebus P* comparison with measurements reference lines. A) Three-dimensional digital rendering of the right P* of Lophocebus albigena

specimen 85-7 oriented in a lingual view. The light blue line shows where the premolar was virtually sectioned. B) Three-dimensional digital rendering of the right P*

of Cercocebus atys specimen 24-3 oriented in a lingual view. The light blue line shows where the premolar was virtually sectioned. C) Virtual buccolingual slice

through the two P* cusps of Lophocebus albigena specimen 85-7. D) Virtual buccolingual slice through the two P* cusps of Cercocebus atys specimen 24-3. In C and D,

the dotted green line represents the bicervical diameter (BCD), the dashed blue line represents the enamel-dentine junction, the solid light blue line indicates where

occlusal basin linear enamel thickness was measured, and the yellow angle represents the measurement of premolar flare. Note the thicker occlusal basin enamel

thickness and greater premolar flare as compared to the P* of Lophocebus albigena. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Sample sizes per sex were too small for us to analyze separately, so teeth
of both sexes were combined for analysis. Note that there is a large
percentage of males in the Lophocebus albigena sample.

For specimens of Ohio State’s Primate Laboratory, teeth were
manually extracted from maxillae and scanned at resolutions of 13-22
pum using a Bruker Skyscan™ 1172 High Resolution Ex Vivo 3D X-Ray
Tomography Scanner. Raw output files were processed with N.Recon v.
1.7.4.2 (Bruker MicroCT, Kontich) and saved as Tif files. The four AMNH
specimens were scanned by Eric Delson (American Museum of Natural
History and Lehman College-City University of New York) and down-
loaded from MorphoSource, with resolutions ranging from 61 to 75 pm.
For premolars, two-dimensional (2D) buccolingual planes of section,
passing through buccal and lingual dentine horns and perpendicular to
the cervical margin (Fig. 1) were generated from three-dimensional
digital renderings (following Skinner et al., 2015) using Dragonfly v.
2021.1.0.977 (Object Research Services, Montr “eal). Similar 2D sections
were generated from molar three-dimensional renderings, with section
planes passing through mesial cusps. Virtual sections were saved as Tif
files and imported into Adobe Photoshop v. 22.2 (Microsoft, San Jose),
where crown outlines were reconstructed (when necessary) prior to
performing measurements (see below).

Fig. 1 depicts measurement reference points and lines. Average
enamel thickness was calculated as the enamel cap area divided by
enamel-dentine junction length (Martin, 1985). Absolute crown strength
was calculated as the square root of the product of the coronal dentine
radius (half of the BCD) and AET (Schwartz et al., 2020). Linear enamel
thickness of the occlusal basin was measured as the distance between the
lowest point of the occlusal basin at the enamel-dentine junction and the
lowest point of the occlusal basin at the outer enamel surface (Kono--
Takeuchi et al., 1998). Linear occlusal basin thickness was divided by
AET to obtain proportional linear occlusal basin thickness (pLOB;
O’Hara, 2021); values greater than one represent thicker enamel in the
occlusal basin relative to the average enamel thickness of a molar
(Guatelli-Steinberg et al., 2022; O’Hara, 2021). To measure cusp flare, a
reference line was first drawn perpendicular to the BCD. Then, a second
reference line was drawn from the cemento-enamel junction to the cusp
tip (or reconstructed cusp tip). The angle included between the two
references lines quantifies cusp flare (Shimizu, 2002). Measurements
were made by the first two authors, whose inter-observer measurement
error was assessed (SOM Table S2).

Worn crowns were reconstructed following recommendations of
O’Hara and Guatelli-Steinberg (2021) using either ‘Profile’ or ‘Pen Tool’
methods. The Profile method involves completing worn portions of
enamel cusps and dentine horn tips using outer enamel surface curva-
ture profiles of unworn teeth of the same tooth type (Smith et al., 2011).
The Pen Tool method makes use of Adobe Photoshop’s ‘Pen Tool’ to find
the intersection of the two sides of the worn cusp, creating a rounded
shape representing the unworn cusp tip (Saunders et al., 2007; Gua-
telli-Steinberg et al., 2009; O’Hara et al., 2019).

O’Hara and Guatelli-Steinberg (2021) found that for AET and crown
height measurements, when wear did not reach the dentine horns
and/or the deepest point of occlusal basins, accurate values were
achievable with both the Profile and Pen Tool methods. O’Hara and
Guatelli-Steinberg (2021) also found that for crowns on which wear
exposed dentine horn tips (what they termed ‘extensive wear’), it was
possible 10 obtrain accurate AE1 values using tne Froiile metnod.
Following the recommendations of O’Hara and Guatelli-Steinberg
(2021), the Profile method was used for AET and cusp flare on teeth
with extensive wear. The Pen Tool method was used if a reference tooth
was not available but wear did not breach the dentine horn. Measure-
ments of enamel thickness in occlusal basins were only made on teeth
with unworn occlusal basins.

One-tailed t-tests were used to compare Cercocebus and Lophocebus
for ACS and premolar flare. These variables were normally distributed.
Because a Shapiro-Wilks test revealed that pLOB was not normally
distributed, a Mann-Whitney U test was used to compare the two genera
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for this variable. Spearman correlation coefficients were calculated
among the three variables. These tests were performed in SAS v. 9.4
(SAS Institute, Cary).

To analyze the pattern of ACS change across the P“~M? series, sta-
tistical analyses were conducted in SAS using the mixed procedure (Proc
Mixed). This procedure fits mixed linear models to data, allowing a
repeated measures analysis of molars belonging to the same individuals
and accommodating missing data. Fixed effects for genus, tooth type and
their interaction were obtained. Given differences in molarization of the
P* between the two genera, we predicted that there would be a signifi-
cant interaction effect between genus and tooth type.

3. Results

The #-test for a difference in the means of P* ACS between Cercocebus
and Lophocebus was statistically significant (t = 7.337,df = 13.850,p <
0.000), with Cercocebus greater than Lophocebus. A Mann-Whitney U test
used to test for a difference in the central tendencies of P* pLOB for
Cercocebus and Lophocebus indicated a statistically significant difference
between the two genera, with Cercocebus greater than Lophocebus (U =
47.0; Chi-square approximation = 4.835,df = 1, p < 0.028). For P* flare,
a one-tailed #-test revealed a statistically significant difference between
Cercocebus and Lophocebus (t = 2.2,df = 11.521, p < 0.022), again with
the Cercocebus mean exceeding that of Lophocebus.

None of the Spearman correlations among the three variables ACS,
pLOB and flare were statistically significant across the entire P* sample
(see SOM Table S3) suggesting a degree of independence among these
three variables (although larger samples might reveal correlations that
are significant). Means and standard deviations for P* ACS, pLOB and
flare for each genus and species are given in Table 1. Box plots of these
three variables as well as for AET and BCD, are shown in Fig. 2. These
distribution plots reveal that there is greater separation between the two
genera for BCD, a measure of tooth size, than there is for AET. Because
ACS is the product of crown radius and AET, these plots suggest that the
differences in ACS between the two genera are more a function of dif-
ferences in tooth size than AET.

Results of the repeated measures linear regression analysis for ACS
are given in Table 2. Analysis of the residuals from the regression suggest
that they were normally distributed (SOM Fig. S2). There were statisti-
cally significant differences between the two genera as well as among
the four different tooth types. The interaction between genus and tooth
type was not statistically significant, but the plot of estimated least
squares means in Fig. 2 suggests that the greatest difference between
these two genera in the pattern of ACS change across tooth types occurs
between P* and M.

Table 1
Maxillary fourth premolar descriptive statistics, including means and standard
deviations.

Taxa BCD +1 AET +£1 ACS =1 pLOB £ 1 Flare + 1
SD (n) SD (n) SD (n) SD (n) SD (n)
Cercocebus 6.74 + 0.650 + 1.48 + 1.32 + 23.47 +
atys 0.58 (7) 0.068 (7) 0.09 (7) 0.22 (7) 4.59 (7)
Cercocebus 6.46 (1) 0.711 (1) 1.52 (1) _ 22.50 (1)
torquatus
All Cercocebus 6.71 + 0.658 + 1.48 + 1.32 + 2335 +
0.55 (8) 0.067 (8) 0.08 (8) 0.22(7) 4.26 (8)
Lophocebus 512 + 0.571 + 1.21 + 1.13 + 18.86 +
albigena 0.51(7) 0.041 (7) 0.08 (7) 0.10 (7) 2.26 (7)
Lophocebus 5.26 (1) 0.521 (1) 1.17 (1) 1.18 (1) 23.12 (1)
aterrimus
All Lophocebus 5.14 + 0.565 + 1.20 + 1.14 + 19.39 +
0.47 (8) 0.042 (8) 0.072 (8) 0.10 (8) 2.58 (8)
Abbreviations: BCD = bicervical diameter (in mm); AET = average enamel

thickness (in mm); ACS = absolute crown strength (mm); pPLOB = proportional
linear occlusal basin thickness (unitless ratio); Flare = premolar cusp flare (in
degrees).
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Fig. 2. Graphical representation of data and plot of least squares means. Box plots of premolar flare (A), proportional linear occlusal basin enamel thickness (pLOB;
B), absolute crown strength (ACS; C), bicervical diameter (BCD; D), and absolute enamel thickness (AET; E). Note the greater values for Cercocebus as compared to
Lophocebus for ACS, and the greater values for Cercocebus in BCD length. F) Least squares estimates from the linear regression of ACS on molar type by species. Note

that the estimate for the Cercocebus P* is similar to that of its M'.

4. Discussion and conclusions

Here, the P* crowns of Cercocebus and Lophocebus were compared
with respect to ACS, pLOB enamel thickness, and the flare of their
lingual cusp lateral walls. Based on known differences in the molar form
of these two genera (Guatelli-Steinberg et al., 2022), all three features
were expected to have greater values in Cercocebus relative to

Lophocebus. Results of our analysis confirm these expectations. Cerco-
cebus P*s thus share with their molars features affording them greater
resistance to fracture than do the P*s and molars of Lophocebus.
Although there was no statistically significant interaction between
tooth type and genus, plots of estimated least squares means from this
regression (Fig. 2) suggest that ACS of the P* and M' are more similar to
each other in Cercocebus than they are in Lophocebus. We caution that the
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Table 2
Type 3 tests of fixed effects for repeated measures linear regression.”
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Effect Degrees of freedom in numerator Degrees of freedom in denominator F value P-value
Tooth type (PM'-M>-M?) 3 16 50.57 <0.0001
Genus (Cercocebus—Lophocebus) 1 9 20.21 0.0014
Interaction of tooth type and genus 3 16 1.19 0.3435

2 Significant p-values are highlighted in bold.

present study included only a single M! for Cercocebus atys. However,
average P* ACS of Cercocebus calculated in this study is 1.49 (n = 8),
while average M!' ACS of Cercocebus reported in Guatelli-Steinberg et al.
(2022) is 1.48 (n = 7). These average ACS values for Cercocebus P* and
M! are quite close. By contrast, the P* ACS average for Lophocebus re-
ported here is 1.20 (n = 8), representing a 13.7% decrease from the
Lophocebus M' ACS average of 1.39 (n = 4) reported in Guatelli-Stein-
berg et al. (2022). Because ACS is a product of both the size of the crown
(specifically crown radius) and its AET, this result is an expected
consequence of known differences in P* molarization between these two
genera (Fleagle and McGraw, 1999, 2002).

Three caveats regarding the present study merit comment. First, we
did not correct for multiple statistical comparisons owing to small
sample sizes, which limit the power of our statistical tests and increase
the probability of type II error. A Bonferroni-corrected alpha for three
separate P* comparisons (of ACS, pLOB and flare), would be 0.0017, and
if applied here would result in only the ACS p-value falling below this
critical value. Second, seven of eight of individuals in our Lophocebus
sample were male. What effect this might have on comparisons is not
clear, although if male crowns tend to be larger than those of females,
then we might expect ACS differences between Cercocebus and Lopho-
cebus to be even greater in comparisons with more equal representation
of males and females. Third, this study relates premolar form to current
dietary differences between Cercocebus and Lophocebus. We do not know
how far back in time these dietary differences extend, which would be
relevant for evaluating adaptive hypotheses, as would a broader un-
derstanding of molar form as it relates to diet in the diverse extant
members of the Cercocebus-Mandrillus and Papio-Lophocebus clades.
Further investigation is clearly needed to address these complex
questions.

Scott et al. (2018) found that the premolars of primate hard object
feeders are large relative to their M's but not relative to their mandib-
ular lengths, the latter of which these authors used as an indicator of
load resistance and force production. They suggested that this finding
“... challenges the idea that hard-object feeders have enlarged premolars
as an adaptive response to resisting loads incurred when processing
mechanically challenging foods” (Scott et al., 2018: 221). Instead, Scott
et al. (2018: 221) argued, the large P*/M' ratios of hard-object feeders
are more likely to reflect “... greater functional integration across the
premolar-molar boundary owing to a mesial shift in the bite point.”

It is not clear whether the differences found here in P* ACS, pLOB,
and flare of Cercocebus relative to Lophocebus reflect differences in their
bite points, differences in the frequency of hard food consumption,
differences in force production, or some combination of these factors.
Deutsch et al. (2020) found Cercocebus atys to have the highest estimated
bite force among 23 comparative primate species (Deutsch et al., 2020),
including much larger-bodied mandrills. Consistent with its high bite
force, Cercocebus atys also has a high P* to mandibular length ratio
(Fannin et al., 2021), suggesting that its enlarged fourth premolars are
(at least in part) related to load resistance.

Study of the P* crown features described here, along with the P4/M1
ratio itself, might provide further insight into the degree to which fossil
papionins such as Procercocebus (Gilbert, 2007) relied upon hard-object
foods. Insofar as it is possible to assess the nature of hard object feeding
in fossil taxa, we note that Cercocebus and Lophocebus differ in both
premolar (present study) and molar form (Guatelli-Steinberg et al.,
2022). Clear differences in posterior tooth form between Cercocebus and

Lophocebus strongly suggest that fallback and habitual consumption of
hard foods are not necessarily associated with the same dental features.
This realization may be useful in inferring the nature of hard object
feeding in fossil taxa.
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