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Abstract

Objectives: This study aims to examine primate postcanine tooth root surface area

(TRSA) in the context of two ecological variables (diet and bite force). We also assess

scaling relationships within distinct taxonomic groups and across the order as a

whole.

Materials and Methods: Mandibular postcanine TRSA was measured using a three-

dimensional computed tomography (CT) method for catarrhine (N = 27), platyrrhine

(N = 21), and strepsirrhine (N = 24) taxa; this represents the first sample of

strepsirrhines. Two different body size proxies were used: cranial geometric mean

(GM) using nine linear measurements, and literature-derived body mass (BM).

Results: TRSA correlated strongly with body size, scaling with positive allometry or

isometry across the order as a whole; however, scaling differed significantly between

taxa for some teeth. Among Strepsirrhini, molar TRSA relative to GM differed signifi-

cantly between folivores and pliant-object feeders. Additionally, P4 TRSA relative to

BM differentiated folivores from both hard- and pliant-object feeders. Among

Cercopithecoidea, P4 TRSA adjusted by GM differed between hard- and pliant-object

feeders.

Discussion: Dietary signals in TRSA appear primarily driven by high frequency loading

experienced by folivores. Stronger and more frequent dietary signals were observed

within Strepsirrhini relative to Haplorhini. This may reflect the constraints of ortho-

gnathism within the latter, constraining the adaptability of their postcanine teeth.

Finally, because of the strong correlation between TRSA and BM for each tooth locus

(mean r2 = 0.82), TRSA can be used to predict BM in fossil primates using provided

equations.

K E YWORD S

allometry, Catarrhini, Hominoidea, Platyrrhini, Strepsirrhini

1 | INTRODUCTION

Primate dentition acts in conjunction with the myological and osteo-

logical components of the masticatory apparatus to mechanically

process foods. As such, the functional demands of diet have shaped

dental morphology throughout evolutionary history. While tooth

crown morphology has been shown to correlate with diet in primates

(e.g., Kay, 1975, 1978; Rosenberger & Kinzey, 1976; Winchester
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et al., 2014), it is also likely that tooth root morphology has been adap-

tively shaped by masticatory loading environments and may reflect

dietary specialization (Kupczik & Dean, 2008; Perry et al., 2010;

Spencer, 2003). Within this study, we provide tooth root surface area

(TRSA) measures produced using computed tomography (CT) data for

a large and diverse primate sample to examine the relationship

between TRSA and several ecomorphological correlates in extant pri-

mates. In doing so, we analyze the relationship between TRSA and

bite force (BF), as well as between TRSA and dietary category. BFs are

anatomically derived and measured following Deutsch et al. (2020).

This research expands upon previous work within Catarrhini and

Platyrrhini (Kupczik, 2003; Perry et al., 2010; Spencer, 2003) and, for

the first time, presents data for Strepsirrhini. Understanding dietary

signals in TRSA may have utility for reconstructing diet in fossil spe-

cies, particularly for fragmentary material where tooth crowns are

unavailable. The examination of the relationship between TRSA and

diet within this most complete primate sample to date, made possible

through advancements in CT technology, will allow for broader appli-

cability of TRSA in dietary inference of fossil primates.

1.1 | The primate masticatory apparatus

The jaw adductor musculature in primates is comprised of the tempo-

ralis, masseter, and medial pterygoid muscles. These muscles act

together to generate masticatory forces. Whereas the intrinsic archi-

tecture of the masticatory adductors drives muscle force production

(Gans & Bock, 1965; Hartstone-Rose et al., 2018; Lieber &

Fridén, 2000; Lieber & Ward, 2011), the mechanical efficiency of

force transfer from these muscles to a bite along the tooth row is

impacted by the biomechanical configuration of both the dentition

and the muscle attachments (Deutsch et al., 2020; Greaves, 1978,

1983, 2012; Radinsky, 1981; Spencer, 1999). As such, the masticatory

musculature and the craniomandibular morphology together contrib-

ute to masticatory performance. Although bite leverage allows for

larger potential forces at posterior bite points, this force increase

occurs at the expense of linear gape potential. This trade off leads to

functional distinctions between teeth along the tooth row (Perry

et al., 2010; Spencer, 1998; Perry, Hartstone-Rose, & Wall, 2011),

resulting in differences in loading environments experienced by differ-

ent teeth.

During masticatory loading, BFs produced by the masticatory

apparatus are applied to the teeth at the crowns then transmitted

through the tooth roots and the periodontal ligament into the alveolar

bone. These forces have the potential to dislodge a tooth from the

alveolus; however, the periodontal ligament secures the cementum of

the tooth roots to the alveolar bone with a meshwork of Sharpey's

fibers (Beertsen et al., 1997). This ligament surrounds the root surface

and plays an important role in anchoring the tooth and dissipating

masticatory forces. A greater TRSA is theoretically capable of accom-

modating a larger periodontal ligament composed of more or thicker

Sharpey's fibers. It has therefore been previously predicted that TRSA

will reflect dietary mechanical properties, such that species that

consume more mechanically challenging diets and thus require larger

or more repetitive forces will have larger TRSAs than those that con-

sume softer diets in order to resist tooth displacement (Kovacs, 1971,

1979; Kupczik, 2003; Kupczik & Dean, 2008; Perry et al., 2010;

Spencer, 1998).

While there exists a theoretical relationship between BF and die-

tary category (Eng et al., 2009; Perry, 2018; Perry, Hartstone-Rose, &

Wall, 2011; Taylor & Vinyard, 2009), in that species that consume

mechanically challenging diets must habitually produce larger or more

frequent BFs, previous literature does not reflect this relationship

independent of body size. Dietary signals have been absent in both

physiological cross-sectional area (PCSA)—a myological correlate of a

muscle's force potential (Anapol et al., 2008; Close, 1972; Gans, 1982;

Hartstone-Rose et al., 2018; Lieber, 1986; Schumacher, 1961)—and

anatomically derived BF (the combination of that myological force

with osteological leverage), which instead scales with pure allometry

(Deutsch et al., 2020; Perry, Hartstone-Rose, & Logan, 2011). This

puzzling finding is likely due to the nature of anatomically derived BF,

which is calculated as the summed PCSA of the jaw adductor muscles,

and therefore estimates the maximal force which can be generated

when all muscles are firing maximally and simultaneously. This is an

unrealistic and potentially impossible behavior—for example, we know

the masticatory adductors fire at different times during the chewing

cycle (e.g., Hylander et al., 1987; Vinyard et al., 2008) and muscle

architecture, including PCSA, and therefore the capacity for force gen-

eration varies within a given gape cycle and across gape cycles of dif-

ferent velocity (Laird et al., 2020)—but the assumption of maximal

contraction is necessary in the absence of sufficient in vivo data, as

no direct evidence exists for what percentage of the muscle is being

used in any given bite for the vast majority of taxa. In rodent models,

habitual BF has been found to be lower than BF predicted based on

PCSA (Becerra et al., 2011); thus, it is likely that within primates,

myological estimates of BF potential also overestimate actual BFs.

1.2 | Body size and dietary correlates in non-
primate lineages

TRSA has been quantified in the context of dietary ecology and BF in

a number of non-primate mammalian lineages, including Carnivora

and Chiroptera. Across four similarly-sized phyllostomid bats occupy-

ing a range of dietary niches, food hardness proved an important eco-

logical variable driving TRSA (Self, 2015). Specifically, insectivorous

taxa (Mimon bennettii and Macrotus californicus) and a seed processing

frugivore (Carollia villosum) demonstrated significantly greater TRSAs

than the frugivorous Carollia perspicillata, despite the close phyloge-

netic relationship of the latter two taxa. BF, estimated anatomically

using osteological measurements, also correlated strongly with TRSA

(Self, 2015). A similar dietary relationship can be observed among

Carnivorans. Across 21 species from four families (Canidae, Felidae,

Ursidae, and Hyaenidae), taxa that habitually consumed mechanically

hard food items demonstrated significantly greater TRSA than species

consuming soft or tough foods (Kupczik & Stynder, 2012).
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Additionally, the authors observed a relationship between TRSA and

prey size, such that carnivores that hunt and consume relatively larger

prey showed an increase in TRSA (Kupczik & Stynder, 2012). Thus,

adaptability in TRSA can be seen in response to shifts in diet across

diverse phylogenies, with increasing magnitudes of mechanical loading

being associated with a corresponding shift in increasing TRSA.

1.3 | Dietary correlates of TRSA within primates

While tooth crown morphology has been studied extensively in rela-

tion to diet within the primate order (e.g., Kay, 1975, 1978;

Rosenberger & Kinzey, 1976; Winchester et al., 2014), fewer studies

have examined the relationship between tooth root morphology and

masticatory performance. Much of this literature has assessed tooth

root morphology within Hominidae (e.g., Kupczik, 2003; Kupczik &

Dean, 2008; Kupczik & Hublin, 2010; Wood et al., 1988); however,

few studies have assessed the relationship between TRSA and diet

within Cercopithecoidea and Platyrrhini.

Within Catarrhini the relationship between TRSA and diet has

been assessed in a few extant taxa (Homo sapiens, Gorilla gorilla, Pongo

pygmaeus, Pan troglodytes, and Papio anubis; Kupczik, 2003). Among

the hominoids within this sample, the highly frugivorous P. troglodytes

was found to have the smallest TRSA among the hominoids within

the sample, while G. gorilla, which consumes a particularly folivorous

diet among apes (Remis et al., 2001), was found to have the largest

relative total postcanine TRSA (Kupczik, 2003). M2 root surface area

has also been examined relative to crown surface area in a larger cat-

arrhine sample (n = 58; Kupczik et al., 2009). While this study

observed a strong phylogenetic signal, root surface area was larger

relative to crown surface area in hard-object feeders when compared

to soft or tough object feeders.

Similar correlations between dietary category and TRSA have

been reported within Platyrrhini. Spencer (2003), using a two-

dimensional projection method, and Perry et al. (2010), using a three-

dimensional CT method, found that species that consume harder or

tougher diets (i.e., hard seeds or leaves) had larger TRSAs relative to

body size than do those that consume softer diets. These dietary pat-

terns in TRSA found in extant species have been applied to taxonomi-

cally related extinct species in order to infer diet (Kupczik &

Dean, 2008; Perry et al., 2010).

The observed relationship between TRSA and diet relates to vari-

ation in mechanical properties and, therefore, BFs produced during

mastication. TRSA, however, must resist actual BFs rather than theo-

retical maximal BFs. As such, TRSA may be poorly correlated with

anatomically derived BF. TRSA should, however, scale better than

anatomically derived BF with dietary categories as well as in vivo BFs.

This indirect, non-myological approach may resolve issues with BF

estimation and produce better signals for functional masticatory per-

formance. Alternatively, examining the relationship between these

masticatory performance variables in an expanded sample of primates

may help to clarify the BF signal and resolve the missing causal

relationship.

2 | AIMS AND PREDICTIONS

This study aims to examine the correlation between body size adjusted

postcanine mandibular TRSA and masticatory performance (diet and ana-

tomically derived BFs) across the most taxonomically diverse and largest

sample of primates heretofore examined for these variables. The data

presented expand current understanding of correlates of TRSA within

catarrhines and platyrrhines and for the first time, present TRSA data for

strepsirrhines. We assess previously reported correlations between TRSA

and dietary category (Kupczik, 2003; Perry et al., 2010; Spencer, 2003)

across the order as a whole. This study also examines the correlation

between TRSA and anatomically derived maximal BF through the incor-

poration of previously published BF estimates (Hartstone-Rose

et al., 2018; Perry et al., 2010, 2014; Perry, Hartstone-Rose, &

Logan, 2011) as well as novel BF calculations for five additional taxa and

investigates TRSA scaling. These observations are contextualized within

the order Primates as a whole and within individual major primate subdi-

visions (Strepsirrhini, Platyrrhini, Cercopithecoidea, and Hominoidea).

2.1 | Prediction 1. TRSA will scale with positive
allometry relative to body size across the order
Primates and within each lineage

Previous studies of scaling relationships of other force-related masticatory

variables within primates have largely reported findings of positive allome-

try relative to body size. Among hominoids, PCSA has also been found to

scalewith positive allometry relative to jaw length and condyle-molar length

(Taylor & Vinyard, 2013). Within both platyrrhines and cercopithecoids,

anatomically derived BF was found to scale with positive allometry relative

to cranial geometric mean (GM) (Deutsch et al., 2020), as were some mea-

sures of muscle mass and PCSA (Hartstone-Rose et al., 2018). Alternatively,

TRSA may scale with isometry. Within platyrrhines and cercopithecoids,

some measures of adductor muscle mass and PCSA have been found to

scale with isometry (Hartstone-Rose et al., 2018) as has PCSA within

strepsirrhines (Perry, Hartstone-Rose, &Wall, 2011).

2.2 | Prediction 2. Species that consume obdurate
diets, such as hard seeds and tough foliage, will have
larger TRSAs than do those that consume soft diets

While processing hard foods requires high magnitude forces, processing

tough foods requires high frequency forces. As such, the teeth of species

that consume a mechanically challenging diet experience larger or more

frequent forces. TRSA may be larger to accommodate a larger periodontal

ligament and resist displacement. A relationship between TRSA and diet

has been found within hominoids as well as in small samples of

cercopithecoids and platyrrhines (Kupczik, 2003; Perry et al., 2010;

Spencer, 2003). This study will assess whether similar trends are observed

across the entire order. Alternatively, TRSAmay scale with a purely allome-

tric signal, as has been observed previously in PCSA and BF (Deutsch

et al., 2020; Hartstone-Rose et al., 2018; Perry, Hartstone-Rose, &
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Logan, 2011) in which case TRSA should not correlate better with diet than

with body size across the order as a whole.

2.3 | Prediction 3. Body size adjusted TRSA and
dietary category will be similarly correlated across all
primate lineages

If the mechanical properties of diet primarily drive variation in tooth root

morphology, TRSA should correlate similarly across all lineages. Alterna-

tively, taxonomic variation may shape or constrain TRSA differently

between lineages. For instance, among haplorhines, incisors are regularly

utilized for ingestion, while postcanine teeth are involved in mastication

(Hiiemae & Kay, 1972; Rosenberger, 1992). Tooth-combed strepsirrhines,

however, rarely utilize anterior dentition for ingestion. Instead,

strepsirrhines tend to ingest food using premolars (Hiiemae & Kay, 1972;

Perry, 2008; Perry & Hartstone-Rose, 2010; Yamashita, 2003). Therefore,

the loading environment of strepsirrhine premolars differs from that of

haplorhine premolars. This functional difference, or the phylogenetic dif-

ferences themselves, may be reflected in root morphology.

2.4 | Prediction 4. Body size adjusted TRSA will be
similarly correlated with dietary category across all
postcanine teeth

If TRSA is correlated with forceful chewing alone, surface area will scale

similarly with actual BF across all teeth. Alternatively, other factors such

as craniofacial height, which influence root morphology (Cobb &

Baverstock, 2009), may independently shape TRSA and unevenly

obscure masticatory signals across different teeth, such that some tooth

loci are more tightly correlated with function than are others.

2.5 | Prediction 5. Anatomically derived BFs will
not correlate highly with TRSA

Within primates, anatomically derived BF has been found to scale

with pure allometry rather than correlate with dietary category

(Deutsch et al., 2020; Perry, Hartstone-Rose, & Logan, 2011). If BF

estimates do not reflect habitual BFs, TRSA should correlate more

with diet than anatomically derived BF. Alternatively, however, given

that tooth placement within the jaw has a direct biomechanical rela-

tionship with leverage, tooth roots my correlate more with BF than

has previously been observed for other variables.

3 | MATERIALS AND METHODS

3.1 | Sample

This sample includes 75 primate specimens (9 hominoids, 20

cercopithecoids, 21 platyrrhines, 1 tarsiiform, and 24 strepsirrhines)

representing 51 genera and 73 species (Table 1). Osteological specimens

included in this study are both wild- and captive-raised individuals. As such,

this study does not account for potential impacts of captivity on body size

or morphology (see Leigh, 1994 and Siciliano-Martina et al., 2021 for

examples of the effects of captivity on primates). Mandibular postcanine

TRSA measurements were taken of all postcanine teeth, regardless of den-

tal formula, along a hemi-mandible for each specimen. Handling of dental

formula variation across the sample is discussed in greater detail below. For

a subsample (n = 50), these measures were combined with novel leverage

measurements and previously reported PCSA data from Perry and

Wall (2008), Perry, Hartstone-Rose, and Wall (2011), Perry et al. (2014),

and Hartstone-Rose et al. (2018), as well as novel PCSA measurements for

five additional taxa. Bite leverage and TRSA were measured from CT scans

of skulls of conspecifics. These scans were newly produced at the Shared

Materials Instrumentation Facility (SMIF) at Duke University or down-

loaded from MorphoSource (Boyer et al., 2016) and the Kyoto University

Primate Research Institute's (KUPRI) Digital Morphology Museum data-

bases (see specific attributions in Table 1). For taxa with 10% or more body

mass (BM) sexual dimorphism, conspecifics of the same sex as the previ-

ously published specimens were chosen for novel analyses. As such, each

species was represented by a single set of PCSA values as well as a single

set of bite leverage measurements and TRSA measurements, but these

measurements were derived from two different specimens of the same

species. This approach relies on the assumption that interspecific variation

is larger than intraspecific variation—a clear but unavoidable limitation

given the availability of necessary data.

3.2 | BF estimation

Anatomically derived BF was estimated for a subset of the total sam-

ple (n = 50). For this sample, PCSA for each masticatory adductor

group (masseter, temporalis, and medial pterygoid) was drawn from

Perry and Wall (2008), Perry, Hartstone-Rose, and Wall (2011), Perry

et al. (2014), and Hartstone-Rose et al. (2018) and calculated for five

additional specimens according to a formula modified from

Schumacher (1961):

q¼m=lp

where q is PCSA, m is muscle mass, l is fascicle length, and p is a constant

representing the specific density of mammalian masticatory muscle

(1.0606 g/cm3; Leonard, Worden, Boettcher, Dickinson, Omstead,

et al., 2021). For all preserved specimens (i.e., those not dissected fresh/fro-

zen), muscle mass was multiplied by a correction factor to account for

changes related to preservation based on Leonard, Worden, Boettcher,

Dickinson, and Hartstone-Rose (2021a) and Leonard, Worden, Boettcher,

Dickinson, and Hartstone-Rose (2021b). All museum specimens were

assumed to have been subjected to long term storage (more than 30 days).

BFs were then calculated at the most mesiobuccal cusp of each

postcanine tooth in the right mandibular quadrant (see Figure 1). To

do this, each muscle's PCSA was translated to intrinsic muscle force

using a constant for skeletal muscle force production (3 kg/cm2;
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Close, 1972). Muscle mechanical advantage was calculated following

Hartstone-Rose et al. (2018) from lateral photographs of each skull in

occlusion. These images were taken from three-dimensional render-

ings of skull surfaces employing the “non-perspective” setting. Muscle

origin and insertion areas for each group were outlined to compute

the centroid of each muscle's attachment sites using ImageJ (Rueden

et al., 2017). Bony prominences viewed in the lateral photographs were

used as markers to identify the origin and insertion of each muscle in

each specimen. Each muscle's line of action was then drawn connecting

the centroid of the muscle's origin to the centroid of the muscle's inser-

tion. Lever arm lengths were then measured as the distance between

each muscle's line of action and the center of rotation on the mandibular

condyle (fulcrum of the temporomandibular joint) perpendicular to the

line of action. While the mandible does not rotate purely around a single

point (Terhune et al., 2011), free body diagrams can be performed

around any axis of rotation. The chosen point can be reliably marked

and has been used in previous studies of mastication (Deutsch

et al., 2020; Hartstone-Rose et al., 2012). Load arms were measured as

the distances from the center of rotation on the condyle to several

chosen bite points. In order to account for the effort on both the

working-side and balancing-side of the jaw, the moment arm of the

balancing side of the system was modeled as the distance from the

point of rotation on the mandibular condyle to the infradentale plus the

distance from the infradentale back to the bite point following

Hartstone-Rose et al. (2012) and Deutsch et al. (2020). This measure-

ment assumed bilateral symmetry of the specimens and maximal

contraction of bilateral mandibular adductors. To calculate total BF,

these measurements were combined, following Hartstone-Rose

et al. (2012), (2019), Deutsch et al. (2020), and Hartstone-Rose

et al. (2021) using the formula:

BFD ¼ c
qMSLMSð Þþ qTMPLTMPð Þþ qPTLPTð Þ

LD
þ qMSLMSð Þþ qTMPLTMPð Þþ qPTLPTð Þ

L0D

� �

where BFD represents the summed BF at the specific bite point;

qMS, qTMP, and qPT represent the PCSA values of the masseter,

temporalis, and medial pterygoid, respectively; LMS, LTMP, and

LPT represent lever arm lengths of the masseter, temporalis and

medial pterygoid, respectively; LD represents the working-side

load arm length of the moment arm for the specific bite point;

L0D represents the balancing-side load arm length for the spe-

cific bite point; and c represents the force constant of

3 kg/cm2.

3.3 | Three-dimensional tooth root analysis

Using Amira 6.3 (Visualization Sciences Group, 2018), all postcanine

teeth in the right mandibular quadrant were manually segmented

for each specimen except when teeth were damaged, in which case

the contralateral side was used. Isolated teeth were converted to

surface files (.ply), with an unconstrained smoothing extent of

3 and then exported to Geomagic® Wrap (3D Systems, 2021). Scan

and segmentation artifacts in the surface file were then smoothed.

Intraobserver error of segmentation and smoothing was found to

be less than 1%. Each tooth was then digitally “cut” at the

cementoenamel junction in order to separate the tooth root from

the tooth crown (Figure 2). Pulp cavities were filled to prevent

them from being included in surface area calculations. Surface area

was calculated for each isolated tooth root using the Geomagic®

Wrap surface area analysis tool.

F IGURE 1 Determination of biomechanical variables used for bite force calculation, using lateral photographs of Eulemur coronatus (AHR
114035). (a) Temporalis (red), masseter (blue), and medial pterygoid (green) origins (solid outlines), insertions (dashed outlines). Colored circles
represent the centroid of each respective muscle origin and insertion. Muscle lines of action represented by a straight line from the centroid of
each muscle's origin to the centroid of its insertion (solid line). (b) Muscle moments (dashed lines) measured as the length of a line perpendicular
to the muscle's line of action (solid line) to the point of mandibular rotation (yellow circle). (c) Working side bite point leverages (solid yellow line)
measured as the distance from the point of rotation to each bite point chosen for this study. (d) Balancing side bite point leverages (dashed yellow
line) measured as the distance from the point of rotation to infradentale plus the distance from infradentale to each bite point

DEUTSCH ET AL. 11



3.4 | Dietary categorization

To explore the relationship between TRSA and diet, species were

sorted into four dietary categories (Table 1). These include species

that consume relatively pliant, unchallenging foods, such as ripe fruits

(Category 1), those that consume insects (Category 2), those that con-

sume tough leaves, which require repetitive mastication (Category 3),

and those that consume obdurate foods, such as hard fruits, seeds,

and nuts (Category 4). Classification was based on published accounts

of dietary components (Mittermeier et al., 2012).

3.5 | Size proxies

Because last living body weight was unavailable for specimens in this

sample, two different body size proxies were utilized to examine the

scaling of TRSA: BM and cranial GM. BM for each specimen was

derived from species-specific accounts presented by Mittermeier

et al. (2012). Sex-specific BM accounts were used when available. For

specimens of unknown sex, overall species averages were used.

Cranial GM was calculated from a series of nine measurements

(Table 2), each measured from a lateral and superior image of each spec-

imen following the protocol outlined in Hartstone-Rose et al. (2018).

The product of these values was taken to the ninth root to produce a

GM. Although mandibular length is often used as an additional body size

proxy, it has been excluded here because it is so closely related to all of

the bite point out-levers and is therefore not a sufficiently independent

variable for masticatory biomechanical analysis (Coleman, 2008).

3.6 | Data analysis

All statistical tests used a significance criterion of α < 0.05. All figures

were produced in JMP15 Pro (SAS). Although data were collected on

Daubentonia madagascariensis, this species, arguably the most derived

member of the order (especially in terms of its masticatory anatomy),

was included in figures, but because its tooth roots are so categori-

cally different was excluded from all statistical analyses. Prior to analy-

sis, all variables were log transformed and standardized, such that

isometry is represented by a slope of 1; three-dimensional variables,

such as BM (a product of volume), were reduced to cubic-roots, while

two-dimensional variables, such as TRSA and BF (derived from

myological cross-sectional areas), were reduced to square-roots. All

analyses of TRSA functional correlation were conducted for five dif-

ferent teeth or groupings of teeth: P4, M2, sum of all premolars (P),

sum of all molars (M), and total postcanine TRSA (Tot). The individual

teeth were chosen for analysis because (with the exception of the

previously excluded D. madagascariensis) they are present in all spe-

cies within the sample. Additionally, P4 represents a transitional tooth

(i.e., a key adaptive region between the more caniniform mesial pre-

molars and the generally grinding or pestle-shaped molars), which may

have a strong dietary signal (see McGraw & Daegling, 2020 and refer-

ences therein), and M2 has been used as a representative molar in

analyses of diet (e.g., Kay, 1975). The effect of tooth number on each

of the tooth category surface area variables (2 vs. 3 for P, 2 vs.

F IGURE 2 (a) Segmented M2 crown (red) and root (blue) of
Eulemur coronatus (AHR 114035). (b) M2 root (blue) digitally separated
from the crown at the cementoenamel junction. (c) M2 root smoothed
to remove scanning and segmentation artifacts. Tooth root surface
area measured as smoothed outer surface area (blue), excluding inner
surface area (orange)

TABLE 2 Measurements that make up the cranial
geometric mean

Mandibular length: Posterior edge of the condyle to infradentale

Cranial length: Prosthion to inion

Height of the mandibular corpus: Inferior to M2 protoconid

Maximum cranial height: Inferior mandible to vertex

Maximum orbital height

Bizygomatic breadth

Maximum cranial breadth: Posterior to the zygomatic arches

Postorbital constriction: Minimum cranial breadth posterior to the

orbits

Biorbital width: Maximum width measured on the lateral margins of

the orbital walls
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3 for M, and 5 vs. 6 for Tot) was assessed using an analysis of variance

(ANOVA) as well as comparison of bootstrapped means conducted in

R version 4.0.5 (R Core Team, 2021) using randomized sampling with

replacement. All iterative tests were conducted with 1000 iterations.

Additional analyses of scaling and a comparison of dietary signals

across teeth were conducted for each individual tooth.

To study scaling, TRSA variables were regressed on each body

size proxy using a model II reduced major axis (RMA) regression to

account for uncertainty in both x- and y-variables. This was repeated

for individual higher taxonomic groups (Cercopithecoidea, Platyrrhini,

and Strepsirrhini). Residuals from these regressions were used for sub-

sequent analyses as they represent size-adjusted TRSA, or relative

TRSA (rTRSA). 95% confidence intervals of bootstrapped slopes for

RMA regressions for each of these taxa were compared to determine

differences in scaling between taxa. These RMA regressions were pro-

duced in R using the package lmodel2 (Legendre, 2018). Additionally,

ordinary least squares (OLS) regressions were performed on log trans-

formed TRSA of each individual postcanine tooth against log trans-

formed BM variables to generate fit lines allowing for the prediction

of BM from measured TRSA.

ANOVAs were used to assess the differences in rTRSA between

dietary categories. This was followed by Tukey post-hoc tests to find

statistical differences between individual dietary categories. To assess

the relationship between TRSA and BF, residuals from an OLS regres-

sion of TRSA against each body size proxy were RMA regressed

against residuals from an OLS regression of BF against the same body

size proxy. OLS regression was used because deviance in the

y-variables (TRSA and BF) was of interest.

To evaluate the potential effects of phylogeny, conventional sta-

tistics were run in R followed by phylogenetically adjusted statistics

using the packages geiger (Harmon et al., 2008), phytools

(Revell, 2012), and ape (Paradis & Schliep, 2019). The phylogenetic

branching sequence with dates was obtained from 10kTrees version

3 (Arnold et al., 2010). Conventional ANOVA and phylogenetic

ANOVA results were calculated and compared to assess the effects of

phylogeny on the relationship between TRSA and diet.

4 | RESULTS

When all tooth category variables were tested, the effect of tooth

number on total premolar TRSA and total molar TRSA was found to

be statistically significant, such that taxa with more teeth within a

given tooth category have a larger TRSA for that category. As such,

these tooth category variables were not included in subsequent ana-

lyses. All TRSA variables scaled with isometry or positive allometry

with one exception; in strepsirrhines, total TRSA scaled with negative

allometry against BM (Figure 3; Table 3). Further analysis of differ-

ences in scaling were conducted through comparison of bootstrapped

95% confidence intervals of RMA regression slopes. While M2 TRSA

scaled similarly in all taxonomic groups, P4 TRSA relative to BM scaled

significantly differently in strepsirrhines compared to both

cercopithecoids and hominoids. Platyrrhine P4 rTRSA scaling did not

differ significantly from any other lineage. Taxonomic scaling patterns

for total postcanine rTRSA were different relative to BM and cranial

GM. For total postcanine TRSA relative to both BM and GM,

cercopithecoids scaled significantly differently from strepsirrhines;

however, relative to GM hominoids also differed significantly from

strepsirrhines. These findings were largely contrary to scaling predic-

tions outlined in Prediction 1. Due to differences in scaling between

these taxonomic groups, rTRSA values for each species were calcu-

lated as the residual relative to a taxon-specific RMA regression line.

Tarsius syrichta TRSA largely fell in line with strepsirrhines of the same

body size. Tarsius syrichta total TRSA relative to GM fell between

strepsirrhine and platyrrhine fit lines. Tarsius syrichta P4 TRSA relative

to GM fell in line with platyrrhines rather than strepsirrhines of the

same body size.

Using taxon-specific rTRSA for the entire sample, M2 TRSA rela-

tive to GM differed statistically significantly between dietary catego-

ries (p = 0.02), with a Tukey test revealing significant difference

between primates with pliant diets and those with folivorous diets

(p = 0.01; Figure 4; Table 4). Hapalemur griseus has been categorized

as a folivore within this dietary scheme; however, bamboo is both

hard and tough (Amada & Untao, 2001; Lakkad & Patel, 1981).

Because H. griseus was represented by particularly large residuals

(i.e., a functional and statistical outlier), analyses were repeated

excluding H. griseus (Figure 5). When H. griseus was excluded, pairwise

comparisons of P4 and total postcanine TRSA relative to BM also dif-

fered between primates with hard diets and those with folivorous

diets (p = 0.01 and 0.04, respectively; Table 4).

F IGURE 3 Reduced major axis regression lines for whole sample
(black) and each taxon individually (Hominoid: Purple,

Cercopithecoidea: Red, Platyrrhini: Blue, Strepsirrhini: Yellow,
Tarsiidae: Black). Daubentonia madegascariensis (Dm) is shown but
excluded for all regression calculations. Hapalemur griseus (Hg) is also
indicated (see discussion). Shapes represent dietary categories: Circles
represent species with pliant diets, diamonds represent species with
insectivorous diets, triangles represent species with folivorous diets,
and squares represent species with hard diets
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When residuals relative to RMA regressions for the whole order

were used, only M2 TRSA relative to GM was statistically significantly

different between primates with pliant diets and those with folivorous

diets (p = 0.01; Table 5). Phylogenetic ANOVA results using whole-

order residuals revealed additional statistically significant differences

between primates with pliant diets and those with folivorous diets in

total postcanine TRSA relative to GM (p = 0.04; Table 5). Dietary sig-

nals did not change for phylogenetic ANOVA analyses when H. griseus

was excluded. These findings partially support Prediction 2. Additional

ANOVAs for individual taxa revealed that dietary differences were

largely driven by strepsirrhines (Table 5). Phylogenetic ANOVA and

post-hoc test results are also reported for strepsirrhines and reveal

additional dietary signals within the suborder alone (Table 6). Analyses

of individual lineages also revealed significant difference between P4

TRSA relative to GM for cercopithecoids that consume pliant diets

and those that consume hard diets (Table 6). This difference remained

significant with phylogenetic adjustment. No additional signals were

revealed for platyrrhines or hominoids. This is contrary to Prediction 3.

Contrary to Prediction 4, analysis of differences in taxon-specific

rTRSA by dietary category revealed different dietary signals in P4 and M2

TABLE 3 Descriptive statistics for RMA regressions of TRSA variables against body mass and cranial geometric mean

Body mass proxy Y-variable Sample Y-intercept Slope (β) Lower β CL Upper β CL r2

P4 Root surface area

Log body mass (g)1/3 All Primates �1.28 1.01 0.94 1.08 0.96

Hominoids �1.84 1.39 0.96 1.99 0.93

Cercopithecoids �1.43 1.14 0.84 1.54 0.74

Platyrrhines �1.29 0.99 0.83 1.19 0.88

Strepsirrhines �1.05 0.80 0.62 1.04 0.76

Log cranial geometric mean All Primates �0.84 1.18* 1.11* 1.16 0.93

Hominoids �1.27 1.64* 1.10* 2.45 0.85

Cercopithecoids �1.02 1.42* 1.15* 1.75 0.85

Platyrrhines �0.85 1.13 0.97 1.31 0.91

Strepsirrhines �0.74 1.05 0.88 1.24 0.88

M2 Root surface area

Log body mass (g)1/3 All Primates �1.39 1.16 1.07* 1.25 0.95

Hominoids �1.71 1.34 0.93 1.94 0.93

Cercopithecoids �1.39 1.19 0.86 1.66 0.71

Platyrrhines �1.49 1.18 0.96 1.46 0.84

Strepsirrhines �1.19 0.99 0.82 1.20 0.86

Log cranial geometric mean All Primates �0.89 1.36* 1.25* 1.47 0.89

Hominoids �1.15 1.59* 1.07* 2.36 0.85

Cercopithecoids �0.96 1.49* 1.20* 1.84 0.84

Platyrrhines �0.97 1.34* 1.13* 1.60 0.89

Strepsirrhines �0.80 1.30* 1.03* 1.63 0.81

Total postcanine TRSA

Log body mass (g)1/3 All Primates �0.89 1.02 0.95 1.09 0.96

Hominoids �1.46 1.39 0.96 1.99 0.93

Cercopithecoids �1.08 1.19 0.89 1.58 0.76

Platyrrhines �0.98 1.07 0.89 1.27 0.88

Strepsirrhines �0.67 0.84* 0.71 0.99* 0.88

Log cranial geometric mean All Primates �0.45 1.20* 1.12* 1.28 0.92

Hominoids �0.89 1.64* 1.10* 2.44 0.85

Cercopithecoids �0.65 1.48* 1.25* 1.76 0.89

Platyrrhines �0.51 1.21 1.06 1.38 0.93

Strepsirrhines �0.34 1.10 0.94 1.29 0.90

Note: CL represents the 95% confidence interval. r2 represents the coefficient of determination or the amount of TRSA variation predictable by body size.

Abbreviations: RMA, reduced major axis; TRSA, tooth root surface area.
*Statistical significance.
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(Figures 6 and 7; Table 6). Additional analyses of individual postcanine

teeth demonstrated a similar pattern across all molars as well as a similar

pattern across all premolars when H. griseus is excluded (Tables 4 and 7).

Prediction 5 was supported as all RMA regressions of rTRSA

against BF had weak correlations. All r2 values were below 0.07

with a mean of 0.03, such that, independent of body size,

F IGURE 4 Analysis of variance (ANOVA) of M2 rTRSA by dietary
category. Means diamonds represent the 95% confidence interval for
each group mean. The center line of each diamond represents the
sample mean of each group. Small horizontal lines are “overlap
lines”—Marks that indicate statistically significant difference between
groups of equal sizes and normal distribution. Because these rules are
violated within this sample, these lines should be regarded only as
suggestive of significance and not true statistical indications thereof.
Line below the diamond plots represents significant difference
(*p < 0.05, **p < 0.01, ***p < 0.001) between groups. See Figure 3
caption for symbol color and shape key

TABLE 4 ANOVA and Tukey post-hoc test results for taxon-specific tooth root surface area residuals by dietary category

P4 rTRSA by GM P4 rTRSA by BM M2 rTRSA by GM M2 rTRSA by BM
Total postcanine
rTRSA by GM

Total postcanine
rTRSA by BM

Including Hapalemur

ANOVA 0.29 0.08 0.02* 0.65 0.12 0.17

Tukey pairwise-comparisons

S to I 0.99 1.00 1.00 1.00 0.97 1.00

S to F 0.60 0.39 0.01* 1.00 0.13 0.64

S to H 0.29 0.35 0.61 0.60 0.35 0.40

I to F 0.98 0.89 0.44 1.00 0.87 0.95

I to H 0.76 0.59 0.91 0.79 0.86 0.64

F to H 0.81 0.05 0.81 0.69 1.00 0.12

Excluding Hapalemur

ANOVA 0.29 0.02* 0.04* 0.54 0.18 0.07

Tukey pairwise-comparisons

S to I 1.00 1.00 0.99 1.00 0.99 1.00

S to F 0.78 0.14 0.03* 1.00 0.26 0.36

S to H 0.24 0.26 0.63 0.55 0.34 0.33

I to F 0.99 0.74 0.58 1.00 0.91 0.86

I to H 0.69 0.50 0.94 0.75 0.83 0.60

F to H 0.64 0.01* 0.89 0.50 0.98 0.04*

Note: Dietary categories represent: A pliant and mechanically unchallenging diet (soft; S), insectivory (I), folivory (F), and a hard diet (H).

Abbreviations: ANOVA, analysis of variance; BM, body mass; GM, geometric mean.
*Statistical significance.

F IGURE 5 Analysis of variance (ANOVA) of strepsirrhine P4

rTRSA by dietary category including (top) and excluding (bottom)
Hapalemur griseus (Hg). Lines above the diamond plot represent
significant difference (*p < 0.05, **p < 0.01, ***p < 0.001) between
groups. See Figure 3 caption for symbol shape key
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anatomically derived BF explained less than 7% of the variation

in TRSA.

5 | DISCUSSION

Although total postcanine TRSA is not significantly affected by tooth

number, tooth number has a significant inverse effect on total premo-

lar TRSA and total molar TRSA. Thus taxa with fewer premolars com-

pensate with larger molar root surface areas and vice versa, such that

total postcanine TRSA remains relatively consistent. This may be

because, regardless of tooth number, the tooth row as a whole must

be capable of resisting masticatory forces. Additionally, postcanine

space within the mandible is limited, and there exists a tradeoff

between jaw length and mechanical advantage. Taxa with more teeth

may need to have smaller teeth in order to fit them within a relatively

mechanically efficient jaw.

5.1 | Scaling of TRSA within primates

For the combined sample, all TRSA variables scale with positive allom-

etry or isometry, as has been found for other masticatory force vari-

ables (e.g., Deutsch et al., 2020; Hartstone-Rose et al., 2018; Perry,

Hartstone-Rose, & Logan, 2011; Perry & Wall, 2008) as well as in a

previous study of TRSA scaling in platyrrhines (Perry et al., 2010). This

remains true for individual higher taxonomic groups with the excep-

tion of total postcanine TRSA relative to BM in strepsirrhines, which

scales with negative allometry. Small strepsirrhines have larger total

postcanine TRSA than do small haplorhines (Figure 3), while larger

strepsirrhines are similar in TRSA to haplorhines, thus reducing the

slope of this line. 95% confidence intervals of bootstrapped

y-intercepts for RMA regressed total postcanine TRSA against GM

differ significantly between strepsirrhines and haplorhines, suggesting

that strepsirrhines have larger TRSAs relative to body size than

haplorhines. These findings may relate to the greater prognathism of

small strepsirrhines relative to the substantially orthognathic small

haplorhines (e.g., the callitrichids), thus giving the former more mesio-

distal space, potentially allowing for larger teeth. Alternatively, it may

relate to a reduction in canine root volume in the tooth-combed

strepsirrhines, giving them more space available for postcanine teeth.

Tarsier TRSA aligns with that of strepsirrhines of the same body size,

with the exception of P4 relative to cranial GM, which is more similar

to that of platyrrhines of the same skull size.

5.2 | Impacts of diet on TRSA

The largest and most consistent dietary signal within this sample is for

folivory versus relatively pliant, unchallenging diets. This split, largely

between folivory and frugivory, has been identified in molar crown

morphology (e.g., Kay, 1975) as well as in previous studies of platyr-

rhine TRSA (Perry et al., 2010; Spencer, 2003). This finding is contrary

to previous examinations of TRSA in bats (Self, 2015) and carnivorans

(Kupczik & Stynder, 2012), which suggest that increased TRSA is

largely driven by hard foods rather than tough foods. Within the com-

plete primate sample, a pliant versus tough signal is present in rTRSA-

by-GM for each molar (M1, M2, and M3). This suggests that molar root

morphology has been shaped by the functionally different mechanical

demands of tough and soft foods, at least relative to the size of the

TABLE 5 Results of Tukey post-hoc test for whole order TRSA residuals by dietary category with and without phylogenetic adjustment

P4 rTRSA by GM P4 rTRSA by BM M2 rTRSA by GM M2 rTRSA by BM

Total postcanine

rTRSA by GM

Total postcanine

rTRSA by BM

Conventional statistics

S to I 0.72 0.65 0.77 0.57 0.71 0.50

S to F 0.66 0.46 0.01* 0.79 0.10 1.00

S to H 0.66 0.60 0.95 0.80 0.72 0.51

I to F 0.99 0.21 0.68 0.90 0.98 0.47

I to H 1.00 1.00 0.98 0.98 1.00 1.00

F to H 0.99 0.15 0.31 0.99 0.98 0.48

Phylogenetic adjustment

S to I 0.52 0.45 0.42 0.35 0.38 0.34

S to F 0.26 0.50 0.00* 0.35 0.04* 0.88

S to H 0.31 0.27 0.50 0.42 0.27 0.21

I to F 0.97 0.32 0.43 0.79 0.69 0.48

I to H 0.98 0.96 0.75 0.73 0.93 0.91

F to H 0.95 0.18 0.16 0.96 0.57 0.41

Note: Dietary categories represent: A pliant and mechanically unchallenging diet (soft; S), insectivory (I), folivory (F), and a hard diet (H).

Abbreviations: BM, body mass; GM, geometric mean; TRSA, tooth root surface area.
*Statistical significance.
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TABLE 6 ANOVA and Tukey post-hoc test results for taxon-specific tooth root surface area residuals by dietary category for individual taxa

Analysis and

comparison

P4 rTRSA

by GM

P4 rTRSA

by BM

M2 rTRSA

by GM

M2 rTRSA

by BM

Total postcanine

rTRSA by GM

Total postcanine

rTRSA by BM

Hominoids ANOVA 0.99 0.40 0.71 0.66 0.85 0.52

Tukey pairwise-comparisons

S to I — — — — — —

S to F 0.99 0.40 0.71 0.66 0.85 0.52

S to H — — — — — —

I to F — — — — — —

I to H — — — — — —

F to H — — — — — —

Cercopithecoids ANOVA 0.02* 0.22 0.10 0.12 0.18 0.14

Tukey pairwise-comparisons

S to I — — — — — —

S to F 0.12 0.83 0.67 0.41 0.64 0.30

S to H 0.03* 0.35 0.08 0.45 0.16 0.67

I to F — — — — — —

I to H — — — — — —

F to H 0.29 0.19 0.19 0.13 0.35 0.19

Cercopithecoids with

phylogenetic adjustment

ANOVA 0.06 0.46 0.10 0.24 0.36 0.34

Tukey pairwise-comparisons

S to I — — — — — —

S to F 0.15 0.83 0.91 0.58 0.52 0.55

S to H 0.01* 0.35 0.21 0.06 0.30 0.12

I to F — — — — — —

I to H — — — — — —

F to H 0.20 0.19 0.18 0.17 0.15 0.26

Platyrrhines ANOVA 0.88 0.58 0.61 0.82 0.89 0.74

Tukey pairwise-comparisons

S to I 0.98 1.00 1.00 0.98 1.00 0.98

S to F 1.00 1.00 0.62 0.80 0.90 0.97

S to H 0.92 0.53 0.99 0.97 0.99 0.69

I to F 0.98 1.00 0.81 0.99 0.92 1.00

I to H 0.87 0.87 1.00 1.00 0.98 0.97

F to H 0.98 0.71 0.60 0.97 0.99 0.96

Strepsirrhines ANOVA 0.90 0.02* 0.01* 0.63 0.10 0.15

Tukey pairwise-comparisons

S to I 0.98 0.88 0.84 1.00 0.76 0.99

S to F 1.00 0.02* 0.01* 0.85 0.08 0.33

S to H 0.93 0.99 0.68 0.75 0.50 0.63

I to F 0.91 0.36 0.23 0.84 0.81 0.76

I to H 1.00 0.84 0.98 0.72 0.96 0.62

F to H 0.92 0.12 0.57 0.96 1.00 0.15

Strepsirrhines with

phylogenetic adjustment

ANOVA 0.93 0.06 0.05 0.84 0.29 0.32

Tukey pairwise-comparisons

S to I 0.61 0.62 0.46 0.90 0.34 0.82

S to F 0.93 0.02* 0.02* 0.73 0.15 0.32

S to H 0.65 0.84 0.30 0.18 0.18 0.25

I to F 0.72 0.23 0.32 0.74 0.72 0.61

(Continues)
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skull. Alternatively, tooth root morphology may reflect differences in

occlusal morphology, which is highly correlated with diet

(e.g., Kay, 1975, 1978). Tooth crown shape may impact the way that

masticatory loads are transmitted through the teeth, influencing the

loading environment experienced by the roots. A signal for folivory

versus a pliant diet is not found relative to BM. While GM and BM are

tightly correlated, GM scales with negative allometry relative to BM

such that heavier species have relatively smaller skulls. A similar rela-

tionship between BM and facial size was previously reported by

Scott (2011). This may be because folivory requires a larger gut sur-

face area relative to body size for absorption of nutrients (Chivers &

Hladik, 1980). This large gut may impact BM, driving up folivore BM

but not GM.

When the sample is analyzed as a whole, premolar signals are

absent, potentially because premolars reflect other ingestive and taxo-

nomic differences. However, H. griseus is a particularly orthognathic

species, with a molariform P4, which it likely uses to increase the den-

tal grinding surface. Given this and because its diet of bamboo is so

distinct—both tough and hard—H. griseus was removed from the

folivorous category resulting in an additional signal for P4 as well as

total postcanine TRSA, which may reflect premolar differences. With-

out H. griseus, an ANOVA of P4 TRSA relative to BM by dietary cate-

gory becomes significant with the difference being between folivores

and species that consume a hard diet (Table 4). This may reflect a

functional divide in the usage of P4 between folivores and hard-object

feeders. Whereas folivores largely do not use P4 for grinding, frugi-

vores have been found to use P4 for ingestion and bifurcation of large

foods (Hiiemae & Kay, 1972; Perry, 2008; Perry & Hartstone-

Rose, 2010; Yamashita, 2003) because of the constraints of gape

preventing high linear excursion between the more distal molars. Simi-

larly, hard-object feeders may make use of premolars to consume hard

nuts requiring larger gapes than can be accommodated at the more

TABLE 6 (Continued)

Analysis and

comparison

P4 rTRSA

by GM

P4 rTRSA

by BM

M2 rTRSA

by GM

M2 rTRSA

by BM

Total postcanine

rTRSA by GM

Total postcanine

rTRSA by BM

I to H 0.98 0.40 0.78 0.23 0.67 0.09

F to H 0.64 0.01* 0.19 0.69 0.84 0.00*

Note: Phylogenetic ANOVA and post-hoc test results are also reported for cercopithecoids and strepsirrhines. Dietary categories represent: A pliant and

mechanically unchallenging diet (soft; S), insectivory (I), folivory (F), and a hard diet (H). Dietary categories not represented by specimens are represented

by “—.” Hapalemur griseus has been excluded from strepsirrhine results.

Abbreviations: ANOVA, analysis of variance; BM, body mass; GM, geometric mean; TRSA, tooth root surface area.
*Statistical significance.

F IGURE 6 Analysis of variance (ANOVA) of TRSA relative to body mass by dietary category for each taxon individually (Hominoidea: Purple,
Cercopithecoidea: Red, Platyrrhini: Blue, Strepsirrhini: Yellow). Hapalemur griseus has been excluded from analyses. Platyrrhine results are
reported with (solid) and without (dashed) Brachyteles arachnoides (Ba). Lines above the diamond plot represent significant difference (*p < 0.05,

**p < 0.01, ***p < 0.001) between groups. See Figure 3 caption for symbol shape key
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mechanically advantageous molars (see McGraw & Daegling, 2020

and citations therein). This trend was similarly observed across P2 and

P3 relative to BM (Table 7).

Hard-object feeders do not clearly align with either species that

eat tough foods or those that eat pliant foods. This may be because

the mastication of tough foods requires frequent chewing cycles (per-

haps at high-magnitude forces) with directionally complex loading

regimes, while hard food consumption requires larger peak forces but

not high frequency forces nor directional complexity, as processing is

primarily done through perpendicular crushing (Crompton &

Hiiemae, 1970). Tough object mastication may promote more root

complexity to prevent tooth displacement (Perry et al., 2010;

Spencer, 2003), potentially through increasing TRSA (although root

complexity can also be increased without increasing surface area

through elongating root cross-sections or increasing root splay;

Kupczik et al., 2018).

5.3 | Impacts of diet on TRSA within Strepsirrhini

Examination of dietary signals within individual higher taxa reveals

that these dietary signals are largely driven by strepsirrhine variation.

These findings of significance may relate to the sample sizes within

the higher taxonomic groups. The sample includes more strepsirrhines

F IGURE 7 Analysis of variance (ANOVA) of TRSA relative to cranial geometric mean by dietary category for each taxon individually
(Hominoidea: Purple, Cercopithecoidea: Red, Platyrrhini: Blue, Strepsirrhini: Yellow). Hapalemur griseus has been excluded from analyses.
Platyrrhine results are reported with (solid) and without (dashed) Brachyteles arachnoides (Ba). Lines above the diamond plot represent significant
difference (*p < 0.05, **p < 0.01, ***p < 0.001) between groups. See Figure 3 caption for symbol shape key

TABLE 7 ANOVA and Tukey post-hoc test results for taxon-specific tooth root surface area residuals by dietary category

Analysis and

comparison

P2 rTRSA

by GM

P2 rTRSA

by BM

P3 rTRSA

by GM

P3 rTRSA

by BM

M1 rTRSA

by GM

M1 rTRSA

by BM

M3 rTRSA

by GM

M3 rTRSA

by BM

ANOVA 0.56 0.06 0.70 0.02* 0.04* 0.47 0.06 0.94

Tukey pairwise-comparisons

S to I 0.99 1.00 0.99 1.00 0.92 1.00 0.81 1.00

S to F 0.99 0.35 0.94 0.06 0.03* 1.00 0.04* 0.99

S to H 0.55 0.24 0.65 0.64 0.41 0.44 0.88 0.93

I to F 0.97 0.53 1.00 0.67 0.78 0.99 0.94 1.00

I to H 0.85 0.51 0.95 0.75 0.95 0.82 0.99 1.00

F to H 0.56 0.03* 0.88 0.04* 0.98 0.45 0.65 0.98

Note: Dietary categories represent: A pliant and mechanically unchallenging diet (soft; S), insectivory (I), folivory (F), and a hard diet (H).

Abbreviations: ANOVA, analysis of variance; BM, body mass; GM, geometric mean; TRSA, tooth root surface area.
*Statistical significance.
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than any other individual higher taxonomic group, while the suborder

itself includes fewer species than does Platyrrhini or Cercopithecoidea

despite the higher taxonomic level of the former, such that a larger

percentage of all strepsirrhine species are represented within this

sample. Further, within this sample, strepsirrhines span a larger range

of body sizes relative to the maximum body size within the lineage

(including members of the smallest genus of the order and the second

largest lemur) and dietary categories (i.e., all those found in the order

except for the unique obligate faunivory of tarsiers) than any of the

other broad lineages. Alternatively, haplorhines may be more anatomi-

cally conservative, lacking functional adaptations to diet in tooth

roots. This could possibly be a result of generally greater ortho-

gnathism within haplorhines placing constraints on the adaptability of

their postcanine teeth.

Examination of the strepsirrhine suborder alone further reflects

the pattern seen in the whole order analysis: a split between species

that consume a pliant, mechanically unchallenging diet and those that

consume a primarily folivorous diet (Figure 6). This difference is signif-

icant for both P4 TRSA relative to BM and M2 TRSA relative to GM. A

phylogenetic ANOVA reveals additional signals for difference

between pliant and hard-object feeders in P4 and total postcanine

TRSA relative to BM within Strepsirrhini (Table 6; Figure 6). Higher P4

rTRSA for hard-object feeders may again relate to the constraints of

gape at more distal teeth where potential force production is greater.

Here, anterior teeth must resist particularly high BFs, potentially

requiring larger roots with greater surface areas. Higher total

postcanine rTRSA may reflect the need for hard-object feeders to

resist higher magnitude forces across the tooth row as a whole com-

pared to species that consume mechanically unchallenging diets.

5.4 | Impacts of diet on TRSA within Platyrrhini

Contrary to previous findings (Perry et al., 2010; Spencer, 2003), no

significant differences between dietary categories are found in platyr-

rhines when this sample is examined as a whole. However, Brachyteles

arachnoides rTRSA residuals are particularly low relative to other spe-

cies within the folivore category. Although several studies suggest

that B. arachnoides devotes more than 50% of time spent feeding to

leaf consumption, much of this time is devoted to young rather than

mature leaf consumption (Milton, 1984; Strier, 1991). Observations

by Strier (1991) suggest that B. arachnoides may spend only around

8.86% of foraging time feeding on mature leaves annually. Addition-

ally, more recent observations suggest that B. arachnoides may spend

less time feeding on leaves—21.6% of feeding time—with mature

leaves making up only 3.5% of total feeding time (Talebi et al., 2005).

Because young leaves are significantly less tough than mature leaves

(Dunham & Lambert, 2016; Matsuda et al., 2017), processing young

leaves may produce a less mechanically challenging loading environ-

ment, reducing the need for a large TRSA capable of resisting dis-

placement from complex forces associated with folivory.

When B. arachnoides is removed from the platyrrhine sample,

average folivore rTRSA for all tooth categories and body size proxies

become consistently larger than average rTRSA for other dietary cate-

gories; however, this relationship is only significant for M2 TRSA rela-

tive to GM, with the significant difference being between species

with pliant diets and those with folivorous diets (p < 0.05; Figure 7).

This potentially suggests that the large TRSA of folivorous platyr-

rhines is an adaptation to resist displacement from the complex and

high frequency forces produced while processing mature leaves; how-

ever, significance disappears with phylogenetic correction. The

absence of a strong dietary signal may relate to the limitations of this

largest but still limited sample—with the exclusion of B. arachnoides,

the platyrrhine folivore sample is small (n = 2) and monogeneric.

While several folivorous taxa are missing from this sample, the par-

vorder itself has only two predominantly folivorous genera (Brachy-

teles and Alouatta), both of which are fairly closely related—within the

family Atelidae (Fleagle, 2013). This unbalanced distribution of

folivores within Platyrrhini may complicate distinguishing between

dietary and phylogenetic signals; however, future studies should

attempt to tease apart these factors by incorporating additional taxa

within both folivorous genera.

5.5 | Impacts of diet on TRSA within Catarrhini

Among cercopithecoids, no folivory-frugivory signal emerges; how-

ever, mean TRSA of hard-object feeders relative to both body size

proxies is consistently larger than mean TRSA of species with either

folivorous diets or pliant diets for all tooth categories. This relation-

ship is only statistically significant for P4 TRSA relative to GM, with

the difference being between species with pliant diets and those with

hard diets. Here, the constraints of gape may force hard-object

feeders to make greater use of P4 for crushing obdurate foods, subjec-

ting P4 to relatively high magnitude forces. As such, P4 TRSA may

need to be large to resist tooth displacement. Average TRSA within

Cercopithecoidea was lowest in folivores for all teeth relative to

BM. This finding aligns with previous research suggesting that col-

obine molar crown morphology may reduce the occlusal forces

required for processing tough leaves (Kupczik et al., 2009). Similar to

observations within Strepsirrhini, however, this pattern was not found

relative to GM. This likely reflects the relatively large stomachs of col-

obines, as colobines display the lowest TRSA values relative to BM.

Although the hominoid sample is too small to yield statistical

results, several patterns emerge. As seen in previous examinations of

hominoid TRSA relative to a facial size proxy (Kupczik & Dean, 2008),

premolar TRSA for Pongo is larger than either P. troglodytes or Gorilla

relative to BM. This trend may again reflect the constraints of gape

for this primarily frugivorous species that also consumes some hard

nuts (Lucas et al., 1994). These foods are potentially too large to be

processed at posterior dentition. Relative to GM, however, P4 rTRSA

is smaller than that of the female G. gorilla. This pattern suggests that

similar to folivorous strepsirrhines and cercopithecoids, G. gorilla have

relatively large bodies. This relationship between BM and diet across

several taxa suggests that while skull size and BM may be adequate

body size proxies for the exploration of TRSA scaling and dietary
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signals, BM itself is not entirely independent of diet. Contrary to pre-

vious examinations of hominoid TRSA relative to a facial size proxy

(Kupczik, 2003; Kupczik & Dean, 2008), M2 and total postcanine

TRSA of G. gorilla relative to both GM and BM was smaller than or

overlapping with that of the substantially frugivorous apes, not mat-

ched by similarly larger dentition, as has been observed for their molar

crowns (Gingerich et al., 1982). While G. gorilla is often classified as a

folivore, observations by Remis et al. (2001) suggest that although the

diet of G. gorilla consists primarily of tough plant material during dry

seasons, fruit makes up a similar proportion of total nutrition on an

annual basis. At least one population of G. gorilla has also been

observed feeding on hard-objects seasonally (van Casteren

et al., 2019). This dietary diversity may be reflected in TRSA. Future

TRSA studies should incorporate data for G. berengei, the most

folivorous hominoid (Watts, 1984). In all cases, male G. gorilla TRSA is

considerably smaller than that of females, suggesting that the larger

BM and skull size of males is not matched by similarly larger dentition.

The discrepancy between these and previous observations may relate

to the use of different body size proxies or alternatively may be due

to individual variation, a problem given the comparatively few homi-

noid taxa within this sample and in the lineage as a whole.

5.6 | Relationship between BF and TRSA

Relative TRSA correlates poorly with BF; however, BF itself is more

strongly correlated with body size than with dietary category

(Deutsch et al., 2020; Perry, Hartstone-Rose, & Logan, 2011). While

osteological correlates correspond with BF (Perry, 2018) more

strongly than does rTRSA, rTRSA seems to better reflect dietary adap-

tations. While rTRSA does not reflect BF estimates, it may be the case

that it does reflect actual physiological BFs; however, in vivo data

needed for this examination are absent at this time due to the ethical

and methodological challenges posed by its collection. While TRSA

may be more useful for dietary reconstruction than is anatomically-

derived BF, this current sample suggests that this may be limited and

primarily useful within Strepsirrhini. Individual molar teeth demon-

strate clear dietary signals, but only when relative to GM. Skull size is

not necessarily available for fossil species (although it is, obviously,

more likely to be available than BM). When the highly specialized

H. griseus is removed from the sample, P4 TRSA relative to BM can be

used to distinguish folivorous species from either pliant-object

feeders or hard-object feeders; however, soft and hard-object feeders

cannot be distinguished.

5.7 | Correlation between body size and TRSA

While few strong dietary signals of TRSAs exist for the order Primates

as a whole or for individual taxa, strong body size signals exist across

nearly all teeth and taxa, with body size explaining most of tooth root

variation for each tooth individually (mean r2 = 0.82; maximum r2

= 0.92). Given this tight correlation between TRSA and BM, it seems

that TRSA may be a valuable variable for paleontological BM predic-

tion and reconstruction. The predictive linear equations from OLS

regressions of log transformed TRSA and log transformed BM for each

tooth by taxon and for the order as a whole are reported in Table 8.

The r2 values for mandibular premolar TRSAs exceed or are similar to

those reported previously for two-dimensional measures of tooth

crown occlusal area (Gingerich et al., 1982). As such, reconstruction of

BM from certain teeth may be more accurate based on root rather

than crown surface area. Additionally, while tooth crown surface area

can be impacted by dental wear (e.g., Dennis et al., 2004; Ungar

et al., 2017; Ungar & Bunn, 2008), TRSA is unimpacted, potentially all-

owing it to be more widely applicable to the paleontological primate

record.

5.8 | Limitations and future directions

This study examines the dietary signals and scaling of mandibular

postcanine tooth roots within primates. Due to sampling limitations,

most species within this sample are represented by a single individual.

As such, this research does not address intraspecific variation. Addi-

tionally, some lineage-diet combinations are represented by few spec-

imens and bear further investigation in future research. While force

magnitudes experienced by maxillary tooth roots must be identical as

loading occurs between the jaws, other factors, such as sinus mor-

phology and force directionality (Dempster et al., 1963), cause

splanchnocranium and mandibular corpus morphology to diverge in

adulthood (Jung et al., 2021). These differences may independently

shape and constrain maxillary tooth root morphology, leading to dif-

ferences in these patterns relative to those observed or mandibular

tooth roots. Future research should explore dietary signals and scaling

within maxillary tooth roots independently and as they relate to man-

dibular tooth root patterns and diet.

Our findings suggest that diet explains relatively little of the varia-

tion seen in TRSA for most lineages. The space between the root and

alveolar volumes may better reflect dietary signals, as the thickness

and distribution of the periodontal ligament play important roles in

preventing the tooth from crushing into the alveolar bone (Bemmann

et al., 2021). A thicker periodontal ligament and, therefore, larger

distance between root and alveolus, could potentially resist higher-

magnitude forces, better cushioning the tooth and resisting displace-

ment. As such, a stronger signal may exist, distinguishing folivorous

species from those that consume hard diets. Future work should

explore this potential relationship. Root shape, including splay, in both

the mandibular and maxillary teeth is also likely important for fully

understanding the relationship between dental morphology and diet.

The absence of correlation between BF and TRSA as well as diet,

as observed in previous literature (e.g., Deutsch et al., 2020; Perry,

Hartstone-Rose, & Logan, 2011), may suggest that a BF signal does

not exist for these variables; however, these findings may alterna-

tively reflect problems with the assumptions and methods of anatomi-

cal BF estimation itself. Discrepancies may relate to the way that the

complex temporomandibular joint is modeled as a single axis of
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rotation (Terhune et al., 2011) or the use of two-dimensional rather

than three-dimensional leverage (Greaves, 1978). As such, it may be

the case that anatomically derived BF does reflect actual physiological

BFs; however, in vivo data needed to fully examine this correlation

are largely absent at this time.

5.9 | Conclusion

The results of this study contribute to the current understanding of

trends within tooth root morphology relative to both body size and

diet, while representing the most comprehensive examination of

TRSA in primates to date. As with previous studies of other mastica-

tory variables within primates, TRSA appears to be more a function of

body size than diet across the order and within each lineage. TRSA

scales differently across individual tooth variables and lineages; how-

ever, all tooth variables scale with positive allometry or isometry rela-

tive to both BM and cranial GM, except for strepsirrhine total TRSA

relative to BM, which scales with negative allometry. Like TRSA scal-

ing, dietary signals also vary across individual lineages. While an

absence of dietary signals is found within Hominoidea—a finding that

runs contrary to previous work within smaller samples (Kupczik, 2003;

Kupczik & Dean, 2008)—several statistically significant relationships

between TRSA and diet are uncovered within this first examination of

TRSA across all major primate clades. For example, there is a distinc-

tion between strepsirrhines that consume pliant diets and those that

consume folivorous diets as well as between strepsirrhines that con-

sume pliant diets and those that consume hard diets. As in previous

examinations of TRSA within Platyrrhini (Perry et al., 2010;

Spencer, 2003), a potential signal exists that distinguishes platyrrhines

who consume a folivorous diet and those that consume a pliant diet.

Additionally, within Cercopithecoidea, a distinction between

cercopithecoids that consume pliant diets and those that consume

hard diets is uncovered. These signals are all tooth specific and body

size proxy specific. Across the sample as a whole, TRSA was poorly

correlated with anatomically derived BF, potentially because

TABLE 8 OLS regression equations
for body mass prediction based on TRSA
values for the primate order and each
taxon individually

Tooth Sample Fit line r2

P2 All Primates log(BM) (g) = 3.58 + 1.38 � log(P2 TRSA) (cm
2) 0.70

Platyrrhines log(BM) (g) = 3.82 + 1.55 � log(P2 TRSA) (cm
2) 0.83

Strepsirrhines log(BM) (g) = 3.43 + 1.53 � log(P2 TRSA) (cm
2) 0.78

P3 All Primates log(BM) (g) = 3.73 + 1.32 � log(P3 TRSA) (cm
2) 0.91

Hominoids log(BM) (g) = 4.05 + 0.90 � log(P3 TRSA) (cm
2) 0.89

Cercopithecoids log(BM) (g) = 3.73 + 0.94 � log(P3 TRSA) (cm
2) 0.72

Platyrrhines log(BM) (g) = 3.90 + 1.53 � log(P3 TRSA) (cm
2) 0.87

Strepsirrhines log(BM) (g) = 3.77 + 1.52 � log(P3 TRSA) (cm
2) 0.86

P4 All Primates log(BM) (g) = 3.77 + 1.42 � log(P4 TRSA) (cm
2) 0.91

Hominoids log(BM) (g) = 4.02 + 1.01 � log(P4 TRSA) (cm
2) 0.87

Cercopithecoids log(BM) (g) = 3.78 + 1.14 � log(P4 TRSA) (cm
2) 0.74

Platyrrhines log(BM) (g) = 3.84 + 1.42 � log(P4 TRSA) (cm
2) 0.88

Strepsirrhines log(BM) (g) = 3.80 + 1.64 � log(P4 TRSA) (cm
2) 0.77

M1 All Primates log(BM) (g) = 3.61 + 1.40 � log(M1 TRSA) (cm
2) 0.92

Hominoids log(BM) (g) = 3.90 + 1.05 � log(M1 TRSA) (cm
2) 0.83

Cercopithecoids log(BM) (g) = 3.63 + 1.23 � log(M1 TRSA) (cm
2) 0.81

Platyrrhines log(BM) (g) = 3.66 + 1.33 � log(M1 TRSA) (cm
2) 0.86

Strepsirrhines log(BM) (g) = 3.51 + 1.39 � log(M1 TRSA) (cm
2) 0.86

M2 All Primates log(BM) (g) = 3.59 + 1.23 � log(M2 TRSA) (cm
2) 0.89

Hominoids log(BM) (g) = 3.88 + 1.04 � log(M2 TRSA) (cm
2) 0.87

Cercopithecoids log(BM) (g) = 3.55 + 1.06 � log(M2 TRSA) (cm
2) 0.71

Platyrrhines log(BM) (g) = 3.71 + 1.16 � log(M2 TRSA) (cm
2) 0.84

Strepsirrhines log(BM) (g) = 3.54 + 1.40 � log(M2 TRSA) (cm
2) 0.86

M3 All Primates log(BM) (g) = 3.69 + 1.19 � log(M3 TRSA) (cm
2) 0.83

Hominoids log(BM) (g) = 4.02 + 0.97 � log(M3 TRSA) (cm
2) 0.83

Cercopithecoids log(BM) (g) = 3.63 + 0.93 � log(M3 TRSA) (cm
2) 0.66

Platyrrhines log(BM) (g) = 3.82 + 0.93 � log(M3 TRSA) (cm
2) 0.64

Strepsirrhines log(BM) (g) = 3.70 + 1.39 � log(M3 TRSA) (cm
2) 0.81

Abbreviations: BM, body mass; OLA, ordinary least squares; TRSA, tooth root surface area.
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anatomically derived BF itself may be poorly correlated with actual

in vivo BFs. Nevertheless, these data demonstrate the potential appli-

cability of mandibular postcanine TRSA for the reconstruction of BM

in fossil primates (Table 8). In many teeth and taxa, this method of BM

reconstruction allows for similar or better accuracy than do methods

based on tooth crown surface area (e.g., Gingerich et al., 1982).
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