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Mesowear is adietary proxy that relates attritive wear and abrasive wear to the shape
of worn tooth cusps of ungulates. Traditional mesowear methods categorize cusps
according to relief and sharpness. A geometric morphometric approach has the
potential to measure shape with higher precision and to discover unrecognized
aspects of cusp shape, possibly improving the efficacy of mesowear. We quantified
mesowear in extant Ruminantia, using a 2-D semilandmark outline technique
on upper second molar metacones generated from photographs. Among the
91 species sampled, 65 were preassigned to dietary categories, browser, grazer,
mixed feeder, and frugivore based on substantiated documentation of diet in the
wildlife literature. Metacone cusp shape and metacone mesowear score were
found to be independent of size. Principal component and discriminant function
analyses of Procrustes transformed semilandmark coordinates revealed two diet-
related components of cusp shape. The primary component is related to the
traditional mesowear variables of cusp height and side steepness. The secondary
shape component reveals variation in the mesiodistal symmetry of the metacone
and may relate to a proal vector during the power stroke phase or the relative
orientation of the cusps with respect to the chewing stroke vector. Discriminant
function analysis of semilandmark data accurately classified the diets of species
more frequently (67.2%) than the traditional mesowear method (56.1%). The
semilandmark data successfully recognized the diets of grazing and browsing
species with correct classification rates ranging from 69% to 95%. The diets of
frugivorous and mixed feeding species were less frequently correctly recognized
(33%—-53%). Mixed feeding diets may be more difficult to recognize due to more
heterogeneous diets when compared to browsers and grazers. Frugivores are
more difficult to recognize because their rounded cusp apices resemble those
of mixed feeders and grazers. We conclude that quantitative shape analysis
improves the potential of mesowear. When used as a dietary proxy, we anticipate
that mesowear analysis will correctly categorize the diets of most species.
When misclassifications are made, they may most often be misclassifications of
generalist mixed feeders and frugivores as either browsers or grazers.

mesowear, tooth wear, paleodiet, Ruminantia, geometric morphometrics
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Introduction

Mesowear analysis is a widely employed technique for testing
hypotheses about the diets, feeding ecologies, and paleoenvironments
of ungulates (Croft and Weinstein, 2008; Mihlbachler et al., 2011,
2017; Danowitz et al., 2016; Green and Croft, 2018; Jiménez-Hidalgo
etal, 2019; Ackermans, 2020). Mesowear refers to the macroscopic
morphologies of worn buccal cusp apices of the molar teeth of
ungulates, which vary in ways that are correlated to the observed
diets of extant species (e.g., Fortelius and Solounias, 2000; Franz-
Odendaal and Kaiser, 2003; Fraser and Theodor, 2011; Louys et al,,
2011, 2012; Fraser et al., 2014; Ackermans et al., 2020). Browsing
species presumably have minimally abrasive diets and therefore
experience predominantly attrition-dominated wear and maintain
sharpened molar cusp apices with high amounts of occlusal relief as
a consequence of their ability to maintain precise dental occlusion.
Grazers, on the other hand, consume a greater abundance of highly-
abrasive particles including opaline silicates, which are more
abundant in grasses, and also higher amounts of geological particles
(dust, silt, sand) as a consequence of feeding closer to the soil
substrate (Sanson, 2006; Janis, 2008; Semprebon et al., 2019). The
tendency for grazers to develop and maintain blunter and lower relief
molar cusp apices has been explained as a result of more abrasion-
dominated wear. Recent work has abundantly demonstrated tooth
wear and occlusion to be a complex phenomenon whose causal
factors are not easily unraveled (Sanson et al., 2018; Ackermans et al.,
2020; Schulz-Kornas et al., 2020; Martin et al., 2021). While the
general explanation of mesowear as a reflection of an attrition-
abrasion gradient (Fortelius and Solounias, 2000) is, no doubt, an
oversimplification (e.g., Erickson et al., 2016), there is, nonetheless,
an abundantly demonstrated correlation between diet and apical cusp
morphology among extant ungulates.

Fortelius and Solounias (2000) first evaluated molar cusp apical
morphologies among ungulates and their relationship to diet using
extant species. They found a strong association between diet
(browsing, grazing, and mixed feeding) and the apical cusp
morphology of worn buccal cusps of upper molars. They examined
the buccal cusps of the second upper molars and categorized them
based on relief and sharpness (Figure 1). Many mesowear studies have
employed the original scoring technique or they have devised related
scoring techniques that categorize cusps by some combination of relief
and sharpness (Blondel et al., 2010; Semprebon and Rivals, 2010;
Taylor et al., 2013; Ulbricht et al., 2015; Mihlbachler et al., 2017;
Cohen etal,, 2021). In its simplest representation (e.g., Mihlbachler
et al, 2011), cusps are scored according to arbitrary stages along a
shape continuum ranging from tall and sharp with steeply sloped
sides, to low and dull with shallow sloping sides. Browsers and grazers
occupy the extreme ends of this continuum and mixed feeders occupy
the intermediate range. This conveniently tidy mesowear continuum
is disrupted by frugivores which develop rounded cusp apices,
presumably due to tip-crushing wear associated with mastication of
hard objects (Janis, 1990; Fortelius and Solounias, 2000). The
phenomenon of frugivore tooth wear has not been thoroughly studied
in ruminants, nonetheless, small frugivorous ruminants maintain
rounded cusp morphologies that resemble mixed feeders and grazers,
thus rendering it difficult to differentiate the mesowear signatures of
frugivorous diets from other diets in the fossil record (Mihlbachler
and Solounias, 2006; Mihlbachler et al., 2011).
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Prior attempts to develop quantitative measures of mesowear
involve measures of cusp heights and angles (Widga, 2006; Valli and
Palombo, 2008; Fraser and Theodor, 2010; Loffredo and DeSantis,
2014; Saarinen et al., 2014; Jiménez-Manchén et al., 2021). However,
as we reveal below, cusp shape varies in other ways. Geometric
morphometric methods have the potential to shed light on more
nuanced aspects of tooth mesowear and its relation to diet. To our
knowledge, geometric morphometric methods have not been widely
applied to mesowear (see Rodven et al., 2006 for an example). One
concern is expediency. Unlike more laborious and costly methods,
such as stable isotope analysis and dental microwear texture analysis,
mesowear is a simple technique that facilitates the expedient
compilation of large datasets (Mihlbachler et al., 2011; Semprebon
etal., 2019). More laborious approaches of mesowear quantification,
such as 3-D quantification (Hernesniemi et al.,, 2011) may offer finer-
grained insights into the shapes of the occlusal facets of teeth, but such
approaches also limit the potential for building large data sets thus
removing one of the primary advantages of the technique.

In this paper, we describe an expedient 2-D geometric
morphometric mesowear analysis using photographs in lateral view
of upper molars and apply it to 91 species of extant ruminants.
We hypothesize that quantitative measurement of cusp shape will
provide additional insights into how cusp shape varies with diet.
Secondly, we hypothesize that a more nuanced view of mesowear
provided by morphometrics will sharpen the mesowear tool for
predicting the diets of extinct species and other ancient populations.

Materials and methods

This study consists of 834 skulls representing 91 extant species of
Ruminantia, following the taxonomy of Groves and Grubb (2011),
housed at the mammalogy collections of the American Museum of
Natural History (New York, USA), the Royal Alberta Museum
(Edmonton, Canada), and the National Museum of Natural History,
Smithsonian Institution (Washington D.C., USA). We prioritized
maximization of taxonomic and ecological diversity; therefore,
we sampled specimens without regard for locality, as long as the
specimen was collected from a non-feral wild population. Additional
insights may be achieved from more focused population-level studies,
but this approach also has limitations due to the finite coverage of
natural history collections. The species are divided into two tables
(Tables 1, 2) for reasons explained below. We attempted to sample a
minimum number of 10 specimens when possible but the number of
available specimens for many species was fewer than 10. Our sample
size for each species ultimately ranged from 1 to 20 (Tables 1, 2).

This study focuses on the metacone of the upper second molar
(M2). The cusps of the different tooth positions frequently have
non-identical apical morphologies and there is most often a wear
gradient among the molars. The M1 tends to be the most worn, while
the M3 tends to be the least worn. M2 most often tends to be in an
intermediate state of wear. This wear gradient is related to the different
eruption times (Ungar, 2010) and possibly also to the variable spatial
relationships that teeth have with the temporomandibular joint and
muscles of mastication which may differentially influence occlusal
dynamics at different positions along the tooth row. While it is likely
that the general conclusions of this study about the relationship of
tooth wear and diet can be generalized to other cusps along the molar
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FIGURE 1

feeders showing intermediate morphologies.

Traditional mesowear analysis uses a categorical approach to scoring cusp relief (high or low) and apical shape (sharp, round, or blunt). Browsing
ungulates tend to have high and sharp cusp morphologies, whereas grazing ungulates tend to show low and blunt or rounded cusps, with mixed

row, we caution that any subsequent direct comparisons to our data
would be most meaningful if based on the same M2 metacone.

The amount of tooth wear that an animal has accumulated during
its lifetime is a consideration when selecting specimens for mesowear
analysis. Experimental evidence suggests that mesowear is more of a
). All but the
most brachydont ruminants tend to maintain their cusp morphologies

general signal than a seasonal one (

in a state of relative stasis as the teeth wear, beginning with the initial
development of wear facets and ending with the mechanical
senescence of the tooth ( ). Bearing these basic
findings in mind, we followed typical inclusion criteria for mesowear
studies where young and old individuals were excluded. Inclusion
criteria included a fully erupted adult dentition with visible wear on
the third molar. Dentally senescent individuals, defined as having
nearly all of the first molar crown worn away, were excluded.

Each species was assigned to one of four dietary categories based
on the percentage of dicotyledons, monocotyledons, and fruits in their
diet as follows: browsers (>70% leafy, woody components of
(>70% (>70%
monocotyledons), and mixed feeders (species external to the

dicotyledons), frugivores fruits), grazers
parameters of other categories). Evidence for diet in the literature for
65 out of the 91 species (

and these were used extensively in the analyses described below. The

), was considered by us to be sufficient
remaining 26 species ( ) were used more sparingly as we were
less confident about their dietary assignments. In these instances, the
literature-based evidence for the diet was scant or of low quality, due
to incomplete information or discrepancies in the percentages of food
types reported between different studies. Other species relegated to

, (e.g., Rangifer tarandus) have abundantly documented wild
diets, but consume foods, such as moss and lichens, that fall outside
of the scope of the four dietary categories. The species of were
used to gain a heuristic understanding of how insufficient evidence of

Frontiers in

diet and peculiar diets not fitting typical criteria may complicate the
use of mesowear as a dietary proxy.

Image acquisition

We photographed the upper left cheek tooth row with focus on
the second molar (M2) using a Canon EOS5D or Nikon D200 digital
camera. In instances when the left M2 was damaged or pathological,
we photographed the right tooth row and horizontally inverted the
image. The specimens were oriented so that the buccal wall of the M2
was perpendicular to the camera. If lingual parts of the molars were
visible through the camera ( ), the specimen was rotated

). The
specimens were handheld by the photographer and aligned this way

slightly so that these parts of the tooth were obscured (

by eye. With this approach, we attempted to sufficiently standardize
the orientation of the specimen without greatly compromising
expediency. While more precise orientation of specimens would have
been possible with anchoring devices, this would have further limited
the potential to sample large numbers of specimens and would have
constrained the sizes and shapes of skulls that could be photographed.

Landmark digitization and superimposition

Every image was renamed with a four-digit identifier generated at
random, with the objective of mixing the sample of images and
removing the identity of each image to minimize systematic biases
during landmark digitization. We used tpsDig 2.32 ( ) to
digitize the outline of the occlusal edge of the metacone cusp, starting
on the distal end of the metacone and finishing at the high point of the
arch between the paracone and metacone. The resulting cusp outline
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TABLE 1 Species with high-quality a priori dietary assignments derived from the literature.

10.3389/fevo.2023.950463

Species Abbr Family N a priori diet References
Antilocapra americana ANT Antilocapridae 11 B 525
Addax nasomaculatus an Bovidae 1 G 12;21; 28; 34
Aepyceros melampus Am Bovidae 12 M 12
Alcelaphus buselaphus ab Bovidae 11 G 12;21
Ammelaphus imberbis Ai Bovidae 9 M 12
Antidorcas marsupialis Ama Bovidae 10 M 12
Bos bison bb Bovidae 18 G 25; 34
Boselaphus tragocamelus Bt Bovidae 2 M 19
Bubalus depressicornis Bde Bovidae 8 M 11; 34
Cephalophus callipygus cC Bovidae 9 F 12
Cephalophus dorsalis <D Bovidae 10 F 12
Cephalophus leucogaster cL Bovidae 16 F 12
Cephalophus niger cNI Bovidae 9 F 12; 16
Cephalophus nigrifrons cNG Bovidae 10 F 12
Cephalophus rufilatus R Bovidae 11 F 12; 16
Cephalophus silvicultor cS Bovidae 12 F 12
Connochaetes gnou cg Bovidae 6 G 12;21
Connochaetes taurinus ct Bovidae 10 G 12;21
Damaliscus lunatus dl Bovidae 12 G 12
Damaliscus pygargus dp Bovidae 10 G 12;21
Eudorcas thomsonii et Bovidae 11 G 12
Hippotragus equinus he Bovidae 10 G 12521
Hippotragus niger hn Bovidae 10 G 12;21
Kobus ellipsiprymnus ke Bovidae 11 G 12; 21
Kobus kob kk Bovidae 10 G 10;12; 21
Kobus leche kl Bovidae 7 G 12;21;22
Litocranius walleri w Bovidae 20 B 12
Madoqua kirkii MK Bovidae 12 B 12
Nanger granti Ng Bovidae 16 M 12
Neotragus moschatus NM Bovidae 7 B 12
Nyala angasii Na Bovidae 4 M 12
Oreotragus oreotragus Or Bovidae 16 M 12
Oryx gazella og Bovidae 10 G 12
Ourebia ourebi 00 Bovidae 10 G 12
Pelea capreolus PC Bovidae 2 B 12
Philantomba maxwellii pM Bovidae 10 F 12; 16
Philantomba monticola pMO Bovidae 19 F 12
Procapra gutturosa Pg Bovidae 13 M 417
Raphicerus campestris Re Bovidae 12 M 12
Redunca arundinum ra Bovidae 14 G 12
Redunca fulvorufula rf Bovidae 10 G 12;21
Redunca redunca r Bovidae 12 G 12
Saiga tatarica St Bovidae 2 M 1; 3; 29; 34
Strepsiceros strepsiceros Ss Bovidae 11 M 12
(Continued)
Frontiers in Ecology and Evolution 04 frontiersin.org
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TABLE 1 (Continued)

10.3389/fevo.2023.950463

Species Abbr Family N a priori diet References
Sylvicapra grimmia SG Bovidae 11 B 612
Syncerus caffer Ne Bovidae 17 G 12;21
Taurotragus derbianus TD Bovidae 6 B 12;15
Tragelaphus eurycerus TE Bovidae 5 B 12
Tragelaphus scriptus TSC Bovidae 9 B 12
Tragelaphus spekii Tsp Bovidae 10 M 12
Alces alces AA Cervidae 15 B 3;25
Axis axis Ax Cervidae 3 M 18; 26; 34; 35
Axis porcinus Ap Cervidae 4 M 9; 33; 34
Blastocerus dichotomus BD Cervidae 5 B 19; 23; 29
Capreolus capreolus CA Cervidae 9 B 3;27; 34
Cervus canadensis Cca Cervidae 8 M 3;7;25
Cervus elaphus Ce Cervidae 5 M 3;7;25
Hippocamelus antisensis Han Cervidae 3 M 2;34
Odocoileus hemionus OH Cervidae 20 B 14; 25; 34
Odocoileus virginianus oV Cervidae 16 B 25; 34
Panolia eldii pe Cervidae 5 G 31;32
Pudu mephistophiles PME Cervidae 5 B 34
Giraffa camelopardalis GC Giraffidae 11 B 8;23
Okapia johnstoni )} Giraffidae 17 B 13; 34
Hyemoschus aquaticus hA Tragulidae 9 F 34

B=browser, G =grazer; M = mixed feeder; F =frugivore. References for a priori diet classifications: (1) Bannikov, 1976; (2) Barrio, 2013; (3) Baskin and Danell, 2003; (4) Campos-Arceiz et al,,
2004; (5) Clemente et al., 2009; (6) Codron et al., 2007; (7) Cook, 2002; (8) Dagg, 2014; (9) Davis et al., 2008; (10) Djagoun et al., 2013; (11) Flores-Miyamoto et al., 2005; (12) Gagnon and
Chew, 20005 (13) Hart and Hart, 1989); (14) Heffelfinger, 2018; (15) Hejcmanovd et al., 2010; (16) Hofmann and Roth, 2003; (17) Jiang et al., 2002; (18) Johnsingh and Sankar, 1991; (19) Leslie,
2008; (20) Marin et al., 2020; (21) Miiller et al., 2011; (22) O’shaughnessy et al., 2014; (23) Owen-Smith, 1997; (24) Pinder and Grosse, 1991; (25) Renecker and Schwartz, 1997; (26) Schaller,

1967; (27) Sempéré et al., 1996; (28) Seri et al., 2018; (29) Sokolov, 1974; (30) Tomas and Salis, 2000; (31) Tripathi et al., 2019; (32) Tuboi and Hussain, 2016; (33) Wegge et al., 2006; (34)

Wilson and Mittermeier, 2011; (35) Watter et al., 2020.

was then resampled to obtain 24 evenly spaced points that were
judged to adequately capture the metacone outline
(Supplementary Table S1). Points 1 and 24 are regarded as landmarks
and points 2-23 represent semilandmarks (Figure 2C). All of the
specimens were digitized by the same researcher (CIB-O). Levels of
photographing and digitization error were low (2.1%), as evidenced
by Procrustes ANOVA performed on a subset of an earlier version of
our dataset in which specimens were photographed and digitized
twice (Barron-Ortiz et al., 2013).

We superimposed the 834 landmark configurations in tpsRelw
1.75 (Rohlf, 2015) using a generalized least squares (GLS) Procrustes
superimposition method in which semilandmarks were allowed to
slide to minimize thin-plate spline bending energy. To accomplish
this, we created a “sliders file” in tpsUtil 1.82 (Rohlf, 2015) to indicate
that semilandmarks 2-23 were allowed to slide during GLS Procrustes
superimposition. In standard GLS Procrustes superimposition, the
configurations of landmarks are translated to the origin, scaled to unit
centroid size (centroid size is the square root of the sum of squared
distances of all the landmarks from their centroid), and rotated to
minimize the summed square distances between homologous
landmarks (Zelditch et al., 2004). A consensus (average) configuration
is obtained and the deviation of each configuration of landmarks from
the consensus yields the Procrustes residuals (Procrustes transformed
coordinates). The standard GLS Procrustes superimposition is

Frontiers in Ecology and Evolution

extended in the sliding semilandmarks method. In addition to
translating, scaling, and rotating the configurations of landmarks, the
sliding semilandmarks method allows semilandmarks to slide along
lines tangent to the outline curve to optimize their position with
respect to the average shape of the entire sample (Zelditch et al., 2004;
Perez et al., 2006; Gunz and Mitteroecker, 2013). Semilandmarks are
allowed to slide to either minimize thin-plate spline bending energy
or to minimize Procrustes distance (Perez et al., 2006; Gunz and
Mitteroecker, 2013). The sliding semilandmarks method attempts to
reduce the amount of shape variation that results solely from the
arbitrary spacing of semilandmarks; thus, improving the geometric or
biological correspondence of the semilandmarks across specimens
(Zelditch et al., 2004; Perez et al., 2006; Gunz and Mitteroecker, 2013).

Scoring of traditional mesowear variables

In order to compare traditional mesowear analysis and 2-D
geometric morphometric mesowear analysis, we also scored the
metacones from the photographs for every specimen in our dataset
(Supplementary Table S1) using the categorical methodology
introduced by Fortelius and Solounias (2000). This methodology uses
two categories: (1) cusp height (high or low) and (2) cusp shape
(sharp, rounded, or blunt) (Fortelius and Solounias, 2000). Cusps
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TABLE 2 Species with questionable a priori dietary assignments derived from the literature.

10.3389/fevo.2023.950463

Species Abbr Family N a priori diet References
Ammodorcas clarkei AC* Bovidae 1 B 5
Bubalus mindorensis Bm* Bovidae 4 M 4;18
Cephalophus natalensis cN* Bovidae 5 F 5,18
Cephalophus weynsi cW* Bovidae 9 F 5;18
Gazella dorcas GD* Bovidae 8 B 25
Gazella subgutturosa GU* Bovidae 10 B 3;10; 19
Madoqua guentheri MG* Bovidae 11 B 5518
Madoqua saltiana MS* Bovidae 9 B 5;18
Nanger soemmerringii Ns* Bovidae 12 M 2;5
Neotragus batesi NB* Bovidae 10 B 5
Taurotragus oryx TO* Bovidae 2 B 58
Tetracerus quadricornis TQ* Bovidae 3 B 13;14; 18
Tragelaphus buxtoni TB* Bovidae 6 B 5
Elaphodus cephalophus Ec* Cervidae 6 M 13
Mazama americana mA* Cervidae 8 F 6; 15
Mazama gouazoubira mGO* Cervidae 8 F 6; 15
Muntiacus muntjak mU* Cervidae 7 F 9; 18
Muntiacus putaoensis mP* Cervidae 4 F 18
Muntiacus reevesi mR* Cervidae 8 F 18
Rangifer tarandus Rt* Cervidae 10 M 3;16
Rusa marianna Rm* Cervidae 5 M 1;17
Rusa unicolor Ru* Cervidae 7 M 13;18; 20
Moschus moschiferus Mm* Moschidae 10 M 3;7
Moschiola meminna mME* Tragulidae 5 F 18
Tragulus javanicus tJ* Tragulidae 9 F 14;18
Tragulus napu tN* Tragulidae 8 F 18

B=browser, G =grazer; M =mixed feeder; F=frugivore. References for dietary assignments: (1) Ali et al., 2021; (2) Baamrane et al, 2012; (3) Baskin and Danell, 2003; (4) Custodio et al., 1996;
(5) Gagnon and Chew, 2000; (6) Gayot et al., 2004; (7) Green, 1987; (8) Hejcmanova et al., 2020; (9) Ilyas and Khan, 2003; (10) Kingswood and Blank, 1996; (11) Leslie, 2011; (12) Leslie and
Sharma, 2009; (13) Leslie et al., 2013; (14) Miiller et al., 2011; (15) Prado, 2013; (16) Renecker and Schwartz, 1997; (17) Wiles et al., 1999; (18) Wilson and Mittermeier, 2011; (19) Xu et al.,

2012; (20) Zhang et al., 2020.

judged to be at the border between high and low were measured using
ImageJ 1.53s (Rasband et al.,, 2022) to assign them to one of these two
categories. Categorization of these borderline specimens was
accomplished by measuring the maximum depth of the valley formed
between the paracone and metacone (by measuring the vertical
distance from a line connecting the paracone and metacone cusps)
and dividing this value by the length of the molar, as indicated by
Fortelius and Solounias (2000). Ratios >0.15 were assigned as high,
conversely ratios <0.15 were assigned to the low category. The same
observer (CIB-O) evaluated all specimens in our dataset for traditional
mesowear variables.

Following Fortelius and Solounias (2000), we calculated the
percentage of individuals with high, low, sharp, rounded, and blunt
cusps for every species. We confined analysis of traditional
mesowear data to species with sample sizes of 5 or more individuals
(Supplementary Table 52). We also calculated mesowear scores for
individual specimens (Supplementary Table S1) by assigning a
score of 0 to specimens with high and sharp cusps, a score of 1 to
specimens with high and rounded cusps, a score of 2 to specimens
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with low and rounded cusps, and a score of 3 to specimens with
low and blunt cusps (Rivals and Semprebon, 2006; Rivals et al.,
2007). Out of 834 specimens, 19 could not be scored because the
paracone cusp was damaged preventing us from determining cusp
height, and 26 specimens had peculiar metacone shapes that were
difficult to score and were ignored; thus, we only report and
analyze the mesowear score for the remaining 789 specimens
(Supplementary Table S1).

Covariation between size and cusp shape/
mesowear score

To test for allometry (covariation between size and shape),
we performed multivariate regressions in MorphoJ 1.05f
(Klingenberg, 2011), where size is the independent variable and
the Procrustes transformed coordinates (Supplementary Table S1)
are the dependent variables. Size was measured as either M2
ectoloph length (measured with a digital caliper accurate to 0.01),

frontiersin.org


https://doi.org/10.3389/fevo.2023.950463
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Mihlbachler et al.

metacone cusp length (obtained by calculating the Euclidean
distance between the extreme points of the cusp), or metacone In
centroid size (Supplementary Table S1). We also evaluated
covariation between size and metacone mesowear score by
performing linear regressions in PAST 4.12b (Hammer et al,
2001), where size (as quantified above) is the independent variable
and mesowear score (Supplementary Table S1) is the dependent
variable. For each analysis, we report the amount of cusp shape
variation predicted by size and p-values of permutation tests
(10,000 replicates) used to evaluate the null hypothesis
of independence.

In order to evaluate covariation between metacone mesowear
score and metacone cusp shape, we performed a multivariate
regression in Morpho] 1.05f (Klingenberg, 2011). In this analysis,
mesowear score (Supplementary Table S1) is treated as the
independent variable and Procrustes transformed coordinates
(Supplementary Table S1) are the dependent variables.

Principal component analysis

To identify directions of maximal shape variation in our dataset,
we performed a principal component analysis (PCA) on the variance-
covariance matrix of the Procrustes transformed coordinates

Metacone

Paracone

FIGURE 2

Left upper cheek tooth row of Cervus canadensis showing
photographic angle. Specimens were oriented so the buccal wall of
M2 was perpendicular to the camera lens. (A) When lingual sides of
the cheek teeth were visible, (B) the specimen was rotated slightly
until the lingual sides were obscured from view, and the photograph
was taken. (C) Buccal view of the second upper molar (M2) of a
specimen of Syncerus caffer (AMNH 53582) showing the landmarks
(yellow) and semilandmarks (red) that were digitized on the occlusal
outline of the metacone cusp. Digitization of the occlusal outline
starts at the posterior end of the metacone (right side of the image)
and ends at the metacone-paracone valley.
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(Supplementary Table S1) using species in Tables 1, 2. PCA was
performed in Morpho] 1.05f (Klingenberg, 2011).

Discriminant function analysis

To test the efficacy of 2D cusp shape as a means of accurately
classifying diets, stepwise discriminant function analyses (DFA) were
run using SPSS v. 27 on the Procrustes transformed coordinates
(Supplementary Table S1) using diet (browser, grazer, mixed feeder,
frugivore) as the group variable (Table 1). In stepwise DFA, single
variables are added to the discriminant model to optimize
discrimination among groups according to predetermined inclusion
criteria. We followed Meloro (2011) in using p < 0.05 and p > 0.1 for
the probability of F for the entry and removal of variables, respectively
(Supplementary Table S5). Attempts were made to match the dietary
classifications of species made from the literature to dietary
classifications generated from the DFAs. We refer to dietary
classifications based on the literature as a priori and dietary
classifications resulting from DFA of mesowear data as a posteriori.

DFAs were run including the individual specimens as
observations. The analyses were done assuming equal prior
classification probabilities for all dietary groups and using a
within-groups covariance matrix. The modal (most common) a
posteriori individual classification within each species was used to
assign that species to an a posteriori dietary category. Modal
classifications were not generated for species represented by fewer
than three specimens.

The common method of DFA classification is resubstitution,
where the DFA classifies the same specimens used to generate the
discriminant model. A degree of circularity is inherent in this
method because the resulting classifications are not independent of
the observations (Lance et al., 2000) and the resulting apparent error
rate of classification tends to be underestimated. To avoid this
problem, we employed a leave-one-out jackknifing technique that
maintains independence between the observations used to generate
the discriminant function and the classifications (Lance et al., 2000;
Louys et al., 2011). The leave-one-out method works by removing
one observation from the data and then it classifies that observation
based on the DFA of the remaining data. That observation is
subsequently returned to the data set and the procedure is repeated
for each observation. Because each classification is based on a model
that excluded the observation, the resulting actual error rate is
expected to be less biased than the apparent error rate generated
from the resubstitution method. Species in Table 1 were used to
generate the discriminant models. Species in Table 2 were entered
into the analysis without a priori classifications and jackknifing was
therefore not used for a posteriori classifications of these
species’ diets.

To visualize cusp shape features that covary with discriminant
functions that maximize the separation between dietary groups,
we performed multivariate regressions in Morpho]J 1.05f (Klingenberg,
2011). In these analyses, discriminant function scores were the
independent variables and the Procrustes transformed coordinates
(Supplementary Table SI) of species in Table 1 were the
dependent variables.

Two additional series of DFAs were run using only the species in
Table 1 to account for potential complications of our dataset:
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(1) Frugivores were excluded to examine the possibility that they
interfere with discrimination of browsers, grazers, and mixed feeders,
due to their potentially overlapping low-relief and rounded
cusp morphologies.

(2) To compare the performance of 2D semilandmarks and the
original categorical techniques, we ran standard DFAs (i.e., not
stepwise DFAs) on the arcsine transformed traditional mesowear data
we calculated (% high, % sharp, % round, and % blunt)
(Supplementary Table S2).

Results

Covariation between size and cusp shape/
mesowear score

Table 3 summarizes the results of the regression analyses. The
amount of cusp shape variation predicted by size is minimal (values
ranging from 0.13% to 0.34%) and none of the analyses produced a
statistically significant result. Cusp shape does not appear to covary
with either tooth size or cusp size. Similarly, the amount of mesowear
score variation predicted by size is minimal (values ranging from
0.01% to 0.24%) and none of the analyses produced a statistically
significant result.

TABLE 3 Results of regression analyses.

Independent / dependent % p-value
variables predicted

Ln centroid size / metacone shape (91 species,

n=_3834) 0.13 0.33
Metacone length / metacone shape (91 species,

n=_3834) 0.34 0.06
M2 ectoloph length / metacone shape (91

species, n=_834) 0.28 0.09
Ln centroid size / mesowear score (90 species,

n=789) 0.01 0.83
Metacone length / mesowear score (90 species,

n=789) 0.24 0.17
M2 ectoloph length / mesowear score (90

species, n=789) 0.23 0.18
Mesowear score / metacone shape (90 species,

n=789) 24.44 <0.0001

The table shows the amount of variation predicted by size or mesowear score and p-values of
permutation tests (10,000 replicates) used to evaluate the null hypothesis of independence.

10.3389/fevo.2023.950463

Cusp shape significantly covaries with mesowear score. The
amount of cusp shape variation predicted by mesowear score is 24.4%.
Features of cusp shape that covary with mesowear score are primarily
related to the traditional mesowear variables of cusp height and side
steepness. Low mesowear scores are associated with high cusps and
steep sides, whereas high mesowear scores are associated with low
cusps and shallow sides (Figure 3).

Principal component analysis

The first two principal components (PCs) account for over 90% of
the variation (Supplementary Table S3). The resulting PC1 is related
to variation in the height of the cusp and steepness of the sides, with
positive scores corresponding to low relief and shallower sides, and
negative scores corresponding to high relief and steeper sides
(Figure 4). Dietary groups are distributed on PC1 as we might predict,
with browsers tending to be positioned at one end of the axis (tall and
steep) and grazers and frugivores tending to be positioned at the other
(low and shallow), with mixed feeders tending to occupy the
intermediate range. PC2 reveals a component of variation in the
degree of mesiodistal cusp asymmetry (Figure 4). Browsers are more
frequently distributed at one end of the component where the cusp
apex is more mesially positioned with a longer and shallower distal
slope. At the other extreme, grazers and frugivores tend to have a more
distally positioned cusp apex with a longer and shallower mesial slope.
There is considerable overlap between the dietary groups in the PCA
results, however, the group centroids of browsers, mixed feeders and
grazers form a trend that is negatively associated with both PC1 and
PC2. The frugivore group centroid departs slightly from this overall
trend, as they tend to possess lower cusp relief than expected with
respect to cusp symmetry.

Discriminant function analysis

The DFAs produced significant results (p <0.001 in all cases). The
first two discriminant functions (DFs) account for 95% of the variation
among groups (Supplementary Table S4). DF1 tends to separate
browsers from grazers, with mixed feeders and frugivores occupying
intermediate positions (Figure 5). DFI is related to cusp height, side
steepness, and mesiodistal asymmetry. The metacones of browsers
tend to be taller, steeper, and with an apex that is more mesially
positioned with a longer and shallower distal slope. The cusps of
grazers are lower, shallower, and with a more distally positioned apex
with a longer and shallower mesial slope. Along DF2, frugivores

MS 0 MS 1

FIGURE 3

Metacone cusp shape deformations obtained from multivariate regression analysis of metacone mesowear score and Procrustes transformed
coordinates (Supplementary Table S1; n=789). Cusp shape deformations at a mesowear score (MS) of 0, 1, 2, and 3.

MS 2 MS 3
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Scatter plot of the first two principal component scores derived from PCA of Procrustes transformed coordinates shown in Supplementary Table S1.
Indicated in the plot are the centroids for each dietary group with corresponding 95% confidence intervals. The shape models located along the
margins of the plot demonstrate the change in cusp shape along each axis. Abbreviations are as follows: b=browser, f=frugivore, g=grazer, and
m=mixed feeder. Procrustes transformed coordinates for all 834 specimens were used in this analysis, but only specimens of species with high-quality
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Indicated in the plot are the centroids for each dietary group with corresponding 95% confidence intervals. The shape models located along the margins
of the plot demonstrate the change in cusp shape along each axis. Abbreviations are as follows: b=browser, f=frugivore, g=grazer, and m=mixed feeder.
Only Procrustes transformed coordinates for specimens of species with high-quality dietary information (Table 1) were used in this analysis (1=649).
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TABLE 4 Jackknifed percentages of correct a priori and a posteriori matches based on DFAs with high-quality data.

Individual All diets Browsers Grazers Mixed feeders Frugivores
specimens
All Diets 53 59.7 624 37.8 45.2
Frugivores excluded 65.5 66.9 81 42.6 NA
Modal classifications
All diets 67.2 68.8 73.7 4338 50
Frugivores excluded 76.5 75 94.7 56.3 NA
Traditional mesowear
All diets 56.1 56.3 73.7 33.3 50
Frugivores excluded 63.7 50 89.5 41.7 NA
(Table 4; Figure 6). The strongest improvement was among grazers
100 T (94.7%), with a diminishing magnitude of improvement in match rate
% + ¥ among browsers (75%) and mixed feeders (56.3%). Exclusion of
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FIGURE 6

Percent of species whose a priori and a posteriori dietary
assignments were correctly matched using the jackknifed DFA
results. Asterisks (*) are the percent of correct matches in the
analyses excluding frugivores.

separate most strongly from the other dietary groups (Figure 5). The
shape transformation in DF2 is strongly related to cusp height with
aforementioned cusp asymmetry only transforming very subtly.

Supplementary Table S6 compares the a priori (literature) and a
posteriori (DFA) dietary classifications of the species of Table 1,
resulting in a match rate of 53% for individual cases (Table 4; Figure 6).
The a posteriori classification of species correctly matched the mode
based a priori classifications 67.2% of the time, and this rate is an
improvement of 11 percentage points over match rates of species diets
using traditional mesowear data (56.1%). Grazing diets were most
frequently matched (73.7%) using the mode-based classifications,
followed by browsers (68.8%), frugivores (50%) and mixed feeders
(43.8%). Although the traditional data yielded lower frequency of
correct match rates, the successful match rate for grazers was identical
to that of the morphometric data (73.7%), but the traditional data
yielded lower match rates for other diets in the same diminishing
order: browsers (56.3%), frugivores (50%) and mixed feeders (33.3%).
The order of the diminishing trend, common to both methods, seems
to highlight a general problem with mesowear, and not a weakness of
any particular method.

The exclusion of frugivores from the analysis had the tendency of
improving correct match rates of individual specimens (65.5%) and
species (based on modes: 76.5%) for the remaining dietary groups

Frontiers in Ecology and Evolution

frugivores in the traditional mesowear data gave more mixed results
with match rate improvements for grazers (89.5%) and mixed feeders
(41.7%), but diminished match rates for browsers (50%). Mesowear
most successfully identifies grazers and, to a lesser extent, browsers, but
mesowear has more difficulty identifying mixed feeders and frugivores.

Small sample sizes were a concern for some species, however, the
exclusion of the 17 species with fewer than 8 observations in Table 1
suggests that improved sampling may not substantially improve the
apparent efficacy of mesowear analysis. Modal match rates of species
from Table | with greater than 8 observations were 69.6%, only a 2.4
percentage-point increase over the modal match rate found in the
entire sample in Table 1. Within the set of results from the traditional
mesowear data, discarding species with fewer than 8 observations
actually diminished the rate of correct classification by about 2
percentage points. Elimination of the most poorly sampled species did
not have notable effects on the match rate, suggesting that improved
sampling may not greatly improve the results.

Species in Table 2 are those species whose a priori dietary
classifications were more uncertain or problematic. The individual
classifications correctly matched 33.5% of the time and modal
375% of the
(Supplementary Table S7). Traditional mesowear data correctly

classifications  correctly  matched time
matched only 14.3% (Supplementary Table S7). These match rates are
considerably lower than species in Table 1 that were deemed to have
more substantiated literature-based diets. These lower match rates are
most easily explained by the more questionable a priori categorizations

of the diets of these species.

Discussion

Cusp shape variation and distribution of
dietary groups in morphospace

Neither tooth size nor cusp size was found to significantly
influence metacone cusp shape or metacone mesowear score (Table 3).
Previously, body mass and mesowear score were not found to
be correlated in extant ungulates (Kaiser et al, 2013). The
semilandmark data was found to significantly covary with mesowear
score. However, the amount of cusp shape variation predicted by
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mesowear score was less than 25% (Table 3), suggesting that there are
aspects of cusp shape variation, discussed below that are not reflected
by mesowear score.

The main shape transformations captured by the semilandmark
data are related to the height of the cusp and steepness of the sides and
the traditional mesowear variables cusp height and sharpness. These
shape variables have been abundantly associated with relative amounts
of abrasion and attrition and, thus far, this relationship has continued
to serve as the theoretical basis for mesowear (Ackermans, 2020). A
secondary shape component that has not yet been accounted for in
mesowear analysis involves the relative position of the cusp apex along
a mesiodistal axis and the differential slopes, lengths, and shapes of
the mesial and distal sides of the cusp.

On average, the cusps of browsing species are taller, with steeper
sides, and with cusp apices that are positioned more mesially. The
distal slope of the cusp is longer than the mesial slope, has a shallower
angle, and is more concave. Among grazers, the cusps are shorter, with
shallower sides, with apices that are positioned slightly distally with
the mesial slope of the cusp having a greater length, shallower slope,
and more concave surface than the distal slope. Mixed feeders occupy
an intermediate position and overlap all other dietary categories.
Frugivores tend to resemble mixed feeders and grazers more
frequently than browsers, but frugivores may have some subtle shape
distinctions as suggested by DF2 (Figure 5).

In ungulates, the height of cusps and the complexity of the
occlusal relief of the antagonistic dentition play an important role in
guiding the movement of the jaw during food comminution (Fortelius,
1985; von Koenigswald et al., 2013). Attritional wear promotes precise
occlusion and maintains the guiding effect of the cheek teeth during
comminution thereby generating strongly defined attritional facets
with high cusp relief and sharpened tips. Abrasion causes decreased
tooth relief, thereby diminishing the guiding effect of the teeth,
resulting in less precise chewing movements and less precise occlusion
with rounded cusp apices. In browsers, attritional wear is the
predominant mode of wear, while grazers experience high rates of
abrasive wear.

Principal components are, by their very nature, uncorrelated.
Because cusp relief is strongly reflected in PC1 (Figure 4) and has
previously been associated with relative amounts of attrition and
abrasion, it is difficult to explain the uncorrelated shape factor revealed
by PC2, relating to cusp asymmetry, as also being a consequence of
attrition and abrasion.

Cusp asymmetry may relate to differences in how ruminants chew
or how their cusps are oriented with respect to the chewing direction
that may have some correlation with diet. The power stroke of the
ruminant chewing cycle occurs primarily in a transverse direction
with a minor proal (from posterior to anterior) contribution (von
Koenigswald et al., 2013). A proal vector during the power stroke may
exert greater compressive loads and, consequently, more wear on the
distal slopes of the upper cusps by the occluding lower teeth. This
proal vector may play a role in creating asymmetrical cusp wear and
could explain the condition observed more frequently among
browsers (top of the PC2 axis in Figure 4; left of the DFI axis in
Figure 5) where the posterior slope of the metacone is more worn
resulting in a mesial-ward shift in the position of the cusp apex.

Grazers tend to have more distally shifted cusp apices (bottom
of the PC2 axis in Figure 4; right of the DFI axis in Figure 5),
suggesting the mesial and distal slopes of the cusp are subjected to
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slightly more wear on the anterior cusp slope causing the cusp apex
to shift slightly distally. For frugivores, a greater vertical inclination
during phase I of the power stroke and a “tip crushing” type of wear
associated with mastication of hard objects may explain the shape of
frugivore cusps, but in this case, the similarity of frugivore cusp
morphology with those of mixed feeders and grazers would be due
to a different type of wear process compared to other dietary
categories where the power stroke is mostly transverse and optimized
for shearing.

On the efficacy of mesowear as a dietary
proxy

Studies that attempt to match mesowear patterns with literature-
based dietary classifications of extant species agree that while
mesowear is strongly related to diet, it also yields some frequency of
erroneous dietary classifications (Fortelius and Solounias, 2000; Fraser
and Theodor, 2011; Louys et al., 2011; this study). Nonetheless, despite
its shortcomings, mesowear seems to generate higher rates of correct
diet classification than dental microwear and craniodental
measurements (Fraser and Theodor, 2011), therefore it remains a
promising means for predicting diet.

Fortelius and Solounias (2000) and Louys et al. (2011) reported
accurate diet classification rates ranging from 49% to 58% using
similar statistical methods (DFA jackknifing) to analyze traditional
categorical mesowear data. Geometric morphometric data presented
here produced higher correct classification rates ranging from 67.2—-
76.5%, depending on whether or not frugivores were considered. The
semilandmark data improved the correct classification rates of species’
diets by 12-13 percentage points in comparison to our results from
traditional mesowear data. Geometric morphometric techniques seem
capable of outperforming categorical techniques, but realistically, it
seems that mesowear will inevitably lead to some proportion of
erroneous dietary classifications.

The most widely recognized confounding variable when relating
mesowear to diet is the relative impact of extrinsic geological
material (e.g., dust, silt, sand) that is ingested along with food
(Schulz et al., 2013; Wronski and Schulz-Kornas, 2015) and this
additional source of abrasion may be responsible for some degree of
dietary misclassification.

Intrinsic differences in the properties of the animals themselves
may also obfuscate a simple relationship between mesowear and diet.
Heritable (phylogenetic) differences in the dynamic aspects of
mastication (bite force, occlusal vectors), functional morphology of
the masticatory apparatus, and dental material properties cause teeth
to wear differently regardless of diet. Phylogenetic methods are
occasionally applied to mesowear analyses (Mihlbachler and
Solounias, 2006; Mihlbachler et al., 2011; Kaiser et al., 2013; Fraser
etal, 2014), although mesowear is most often assumed to be a taxon-
free method (Fraser and Theodor, 2011; Ackermans, 2020).
Nonetheless, phylogenetic influences on dental wear are demonstrable
(Fraser et al., 2018). For example, dental microwear of ruminant
artiodactyls differs from those of perissodactyls (Mihlbachler et al.,
2016). Ruminants have highly specialized digestive adaptations
allowing them to ingest, wash, and regurgitate their food before orally
processing (ruminating) their food (Hatt et al., 2019, 2020, 2021).
Ruminants adopt different chewing strategies than perissodactyls
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(Zhou et al., 2019) who must process their food fully during initial
ingestion, and this may contribute to differential tooth wear.

Despite the great diversity of Ruminantia, phylogenetic influence
may not strongly obfuscate dietary classifications generated from
mesowear within this group. Captive ruminants consistently show
different mesowear patterns from their wild conspecifics due to
artificial zoo diets (Clauss et al., 2007; Kaiser et al,, 2009), and
experimental approaches to mesowear in goats show that mesowear
responds to feeding treatments with different abrasive properties
(Ackermans et al., 2018). Such studies demonstrate that among
ruminants mesowear is highly sensitive to proximate ecological
variables and these, rather than phylogenetic influence, may be the
primary drivers of the morphology of worn cusps. Although there are
presently no clear signs that phylogeny complicates use of mesowear
data within Ruminantia, phylogenetic methods are needed to
ascertain the contribution of phylogenetic influence to mesowear
(Barr and Scott, 2014). Ruminants are the dominant clade of
herbivorous ungulates today, and all datasets of extant ungulate
mesowear are overwhelmingly comprised of ruminants. Phylogeny
may exert a stronger influence on more disparate assemblages of
species that may include non-ruminant artiodactyls, perissodactyls,
marsupials, and other extinct clades, such as South American
notoungulates (Croft and Weinstein, 2008).

The heterogeneous quantity and quality of evidence for extant
species’ diets in the literature (Gagnon and Chew, 2000) is a third
complication that may undermine the apparent efficacy of mesowear
analysis. Incomplete, erroneous, or biased observations in the wildlife
literature concerning species diets almost certainly explain, to some
degree, the mismatches found in our DFAs and other similar analyses
(e.g., Fortelius and Solounias, 2000; Fraser and Theodor, 2011; Louys
et al., 2011). Likewise, highly specialized diets that are not easily
pigeonholed into basic dietary categories may have similar effects.
Consequently, the match rates for species with uncertain dietary
classifications (in Table 2) was far lower than species with more certain
a priori dietary classifications (in Table 1).

Opportunities to examine independent evidence of diet (such
as stable isotopes) and mesowear, where both proxies are measured
in the same specimens, are rare (Louys et al., 2012). Within a
species, diet may vary between populations and between
individuals, and possibly within individuals’ lifetimes. The
literature and mesowear data may yield unmatched dietary
classifications due to such ecological diversity. Mixed feeders are
expected to have lower match rates than browsers and grazers as
their diets are expected to be more heterogeneous in nature,
possibly shifting seasonally or between populations in comparison
to more specialized browsers and grazers. The mesowear data seem
to reflect this expectation, as mixed feeders have lower match rates
than browser and grazers.

We were able to correctly match literature-based and mesowear-
based dietary classifications for species 67.2%-76.5% of the time,
depending upon whether frugivores were excluded. However, these
results underestimate, to some degree, the magnitude of error in
species-level mesowear-based dietary classifications. Browsing, mixed
feeding, and grazing are segments with arbitrary boundaries along a
continuum of diets relating to the proportions of monocots and dicots
consumed. It would be less erroneous to misclassify a browser as a
mixed feeder than to misclassify a browser as a grazer. The former
error still correctly acknowledges that the animal participates, to some
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degree, in one aspect of its diet. Many of the mismatches in our results
are of the lesser kind. Eleven of twenty mismatches of species in
Table 1 are assignments to an adjacent category in the continuum.
Four other misclassifications are more egregious errors involving
failure to differentiate grazers and mixed feeders from frugivores and
vice versa.

Removing frugivorous species from consideration is a reasonable
strategy for improving dietary classification in some instances.
Frugivorous diets only occur among small-bodied ruminants (<30kg)
from tropical and subtropical rainforests (Pineda-Munoz et al., 2016).
Medium and large species and species from other environments that
do not facilitate frugivory are unlikely to be specialized frugivores and,
in these instances, frugivores can be removed from consideration.
When frugivores are excluded, all 12 misclassifications in the species
of Table 1 are classifications to the adjacent category in the browser-
grazer continuum. In no instances were species at the opposite ends
of the dietary continuum (browsers and grazers) confused with
one another.

Conclusion

Laterally oriented photographs of upper molar cusps capture
aspects of 2D cusp shape variation that, in ruminants, are
correlated with diet and not with size. Geometric morphometric
analysis of cusp shape can be used, with some expected degree of
error, to classify species according to their type of diet (browser,
grazer, mixed feeder, frugivore) that may improve upon traditional
categorical approaches to mesowear analysis. Aspects of shape
variation related to cusp relief and sharpness, the fundamental
traditional mesowear variables, were found to be the primary
elements of shape variation in the semilandmark data. The
semilandmark data revealed a secondary shape aspect related to
mesiodistal cusp asymmetry. Browsers more frequently have
mesially positioned cusp apices with longer, shallower distal cusp
slopes. Grazers more frequently have cusp apices that are slightly
shifted distally. Mixed feeders and frugivores tend to have
intermediate cusp morphologies. Mesiodistal cusp asymmetry in
all but frugivores may be both influenced by the attritive and
abrasive wear process and intrinsic differences in the relative
strength of vertical and proal vectors in the power stroke phase of
the chewing cycle, or the orientation of cusps with respect to that
cycle. The cusp morphology of frugivores may relate to a greater
vertical inclination during phase I of the power stroke and a “tip
crushing” type of wear.

While geometric morphometric techniques show potential for
providing a higher rate of correct dietary classification compared to
categorical methods, researchers can expect a certain
misclassification rate with either approach. The semilandmark data
correctly classified diet ~67% of the time but when small frugivorous
species are not considered mesowear was able to correctly classify
browsers, grazers, and mixed feeders more than 75% of the time.
With frugivores eliminated, mesowear correctly identifies browsing
and grazing diets more frequently than it correctly identifies mixed
feeding diets. Therefore, while mesowear remains a promising
dietary proxy, we caution that its primary weakness may be its
tendency to underestimate the proportion of generalized

mixed feeders.
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