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ARTICLE INFO ABSTRACT

Article history: As the only extant graminivorous primate, gelada monkeys (Theropithecus gelada) offer unique insights
Received 12 May 2015 into how hominins and other extinct primates with strong Cy4 isotopic signatures may have subsisted
Accepted 19 May 2016 on graminoid-rich diets. Fossil Theropithecus species sharing a strong C4 signal (i.e., Theropithecus

Available online 26 July 2016 brumpti, Theropithecus darti, and Theropithecus oswaldi) have been reconstructed as predominantly

graminivorous and potentially in ecological competition with contemporaneous hominins. However,
inferring the breadth and variation of diet in these species (and therefore hominins) has proven
Dietary diversity proble‘ma.tic. Understanding how ecological varifltion wiFhip extapt gelade.ls impacts microwgar and
Graminivory isotopic signatures may contribute to reconstructions of diet in fossil Theropithecus. Here, we build on a
Hominin recent study at an ecologically intact tall grass ecosystem (Guassa, Ethiopia) that expanded the known
Theropithecus diversity of gelada diets by demonstrating lower reliance on graminoids, greater consumption of forbs,
and greater dietary species richness than previously described at disturbed sites. We used dental
microwear texture analysis to explore how dietary variation among extant geladas may inform our
understanding of the diets of fossil Theropithecus. First, we compared the dental microwear textures of
geladas at Guassa to those of geladas from other sites. The microwear textures of geladas at Guassa
exhibited more complexity, less anisotropy, and more variance in anisotropy and heterogeneity,
reflecting the greater dietary diversity of Guassa geladas. Comparing microwear texture variables
among this expanded gelada sample to those for T. brumpti, T. oswaldi, and T. darti yielded no signif-
icant differences. These results raise the intriguing possibility that data on how ecological variation
and diet impact dental microwear and (possibly) isotopic signatures in extant geladas can be used to
reconstruct the diets of extinct theropiths and, more broadly, hominins with strong C4 isotopic sig-
natures. We conclude that extant gelada populations offer a powerful analog for inferring dietary
variation among predominantly graminivorous fossil primates.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction [Cerling et al., 2011, 2013], Australopithecus bahrelghazali [Lee-

Thorp et al,, 2012], and Australopithecus afarensis [Wynn et al.,

The influence of open environments on the dietary ecology and 2013]) consumed diets consisting of up to ~80% C4 foods.' The

evolution of hominins is a topic of long-standing interest to pa- focus on C4 foods poses a stark contrast to chimpanzees, which
leoanthropologists (Dart, 1925; Robinson, 1963; Jolly, 1970; Vrba,
1988; Aiello and Wheeler, 1995; Reed, 1997; Cerling et al., 2011).

In the past decade, studies based on stable carbon isotopes have 1 ¢4 and G refer to different carbon fixation pathways used by plants. From hard

concluded that several hominin species (e.g., Paranthropus boisei tissues, stable carbon isotope analyses can estimate the contributions of C4 plants

(mostly tropical grasses and sedges) and Cs plants (most other plants such as trees,

shrubs, and non-tropical grasses and sedges), or the animals that consumed these

plants, in the diet of fossil species. Tissues high in C4 indicate a substantial open

* Corresponding author. environment component to the diet since C4 plants are found almost exclusively in
E-mail address: aeshapiro@asu.edu (A.E. Shapiro). open environments.
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exhibit C3 isotopic signatures even in open environments where
edible C4 foods are abundant (Schoeninger et al., 1999; Carter, 2001;
Sponheimer et al., 2006). In concert with these isotopic findings,
dental microwear studies of East African hominins (Ungar et al.,
2008, 2010; Grine et al., 2012) have called into question the long-
standing assumption that the derived suite of dentognathic fea-
tures of the robust australopiths was adapted for cracking hard
objects (Kay, 1981; Lee-Thorp et al., 2012; Strait et al., 2013). The
finding that P. boisei bears a strong C4 signature similar to that of the
coeval Pliocene grazing monkey Theropithecus oswaldi in East Africa
has led to the suggestion that hominins regularly consumed grasses
and/or sedges (i.e., graminoids?; van der Merwe et al., 2008; Cerling
et al., 2011, 2013; Ungar and Sponheimer, 2011). This interpretation
emphasizes the repetitive mastication of tough foods in the evo-
lution of robust masticatory morphology and suggests that some
hominins, like P. boisei, were essentially grazers in competition with
graminivorous theropiths (Cerling et al., 2011, 2013; Scott et al.,
2014). These studies have generated a renewed interest in the
Theropithecus clade as a referential model for hominins (Wood and
Schroer, 2012; Fashing et al, 2014). Yet as Cerling et al.
(2013:10507) noted with respect to the diet of T. oswaldi and its
relative T. brumpti, “many questions remain about their respective
dietary specializations.”

For decades, researchers have attempted to distinguish diet
among three of the most abundant fossil theropiths recovered from
Plio-Pleistocene deposits (Jablonski and Frost, 2010): T. brumpti
(3.4—2.0 Ma; East Africa), T. darti (3.5—2.4 Ma; East and South Af-
rica), and T. oswaldi (2.5—0.25 Ma; East and South Africa). In
addition to postcranial features related to manual terrestrial
foraging (Jolly, 1970; Guthrie, 2011), all members of the Ther-
opithecus genus exhibit expanded high-crowned molars with
rugged topography and increased cusp relief (Jablonski, 1993a, b),
suggesting that graminivory was primitive for the genus. In addi-
tion to morphological analysis, evidence for subsequent dietary
evolution in the clade has been informed by dental microwear and
stable isotope analyses.

Dental microwear directly preserves evidence of the physical
properties of consumed foods on the molar surface (Teaford and
Walker, 1984; Teaford, 1988; Teaford and Oyen, 1989; Scott et al.,
2005; Schulz et al., 2013). Studies using scanning electron micro-
scopy (SEM) on molar teeth suggested that primates eating tough
foods, such as leaves or graminoids, would have thinner scratches
and higher scratch frequencies, while primates eating hard foods,
such as hard fruits and seeds, as well as grittier items, would have
larger pits and higher pit frequencies (Teaford and Walker, 1984;
Teaford, 1988, 1993; Teaford and Robinson, 1989; Teaford and
Glander, 1996; Daegling and Grine, 1999). Using SEM on East Afri-
can specimens, Teaford (1993) found more pitting and higher fre-
quencies of wear in T. brumpti than in T. oswaldi and Theropithecus
gelada, which he interpreted as indicating a diet containing more
fruit or grit for T. brumpti. He also found similar frequencies and
sizes of pits and scratches in T. oswaldi and T. gelada, suggesting that
diets in the two species were similar. Also using SEM, El-Zaatari
et al. (2005) found that T. oswaldi from South African sites did not
differ from T. gelada in microwear features; additionally, these re-
searchers examined two specimens of T. darti from South African
sites, which were similar to the T. gelada and T. oswaldi samples (El-
Zaatari et al., 2005), suggesting a similar diet in T. darti. Taken
together, these previous analyses have suggested that the diets of
T. oswaldi and T. darti were similar to that of extant T. gelada, while

2 ‘Graminoids’ worldwide include the grasses, sedges, and rushes. Because extant
geladas are not known to consume rushes, however, the term ‘graminoids’ as used
in this manuscript implies only grasses and sedges.

the diet of T. brumpti was different, containing more wear-causing
particles, either from hard fruits or grittier items.

Recent research on the isotopic ecology of fossil Theropithecus
has painted a somewhat different picture. Cerling et al. (2013)
estimated T. brumpti C4 plant consumption at 55—75%, while
T. oswaldi averaged ~80% and effectively 100% C4 plant consumption
towards the end of its temporal range. Results for T. darti also
indicate frequent consumption of Cy4 tissues (Lee-Thorp et al., 1989;
Cerling et al., 2013). These results are in the range of modern Cy4
grazers, indicating high amounts of C4 graminoid consumption in
all fossil species of Theropithecus (Cerling et al., 2013). Cerling et al.'s
(2013) results, along with those of the Guthrie's (2011) study of the
T. brumpti postcrania, have shifted our understanding of T. brumpti
as a semi-arboreal frugivore (Eck and Jablonski, 1987; Benefit and
McCrossin, 1990; Bobe and Behrensmeyer, 2004) to that of a
terrestrially adapted open-habitat grazer.

Cerling et al.'s (2013) results invite re-interpretation of the
dental microwear analyses by Teaford (1993) and El-Zaatari et al.
(2005) described above. In particular, Teaford's (1993) results are
compatible with those of Cerling et al. (2013) if we consider that
substantial dietary variation can exist within a graminoid-eating
niche. According to this framework, higher pitting and wear fre-
quencies in T. brumpti could result from exogenous grit on vege-
tation or quartz particles adhering to underground storage organs
(USOs; Lucas et al., 2013), the physical properties of graminoids (see
Venkataraman et al.,, 2014), or some other dietary component
within the larger pattern of graminivory. Addressing this question
requires revisiting the dental microwear of Theropithecus, and
particularly that of the gelada, the only extant primate graminivore,
for which substantial variation in diet among populations has
recently been described (Fashing et al., 2014 ). Furthermore, despite
recent advances in microwear analysis methodology such as three-
dimensional texture analysis, which is less prone to data loss and
inter-observer error (Scott et al., 2005, 2006), the microwear of
fossil Theropithecus has not been revisited since the studies of
Teaford (1993) and El-Zaatari et al. (2005). Accordingly, the goal of
the present study is to use three-dimensional texture analysis to
explore how dietary variation among extant gelada populations
may be used to reconstruct variation in the diets of fossil
Theropithecus.

The strength of inference for inferring diet in fossil taxa depends
heavily on our understanding of the feeding ecology of extant
species. As the only extant grazing primate, the ecology of the
gelada (T gelada) is therefore fundamental to understanding
broader patterns of dietary evolution in the Theropithecus clade.
Until recently, surprisingly little was known about the dietary di-
versity of geladas, which has in turn complicated interpretations of
fossil Theropithecus (Fashing et al., 2014). Geladas have traditionally
been characterized as obligate graminivores (Dunbar and Bose,
1991; Jablonski, 1994; Swedell, 2011; Cerling et al., 2013), though
this characterization has been based on only a few short studies in
disturbed ecosystems where livestock grazing and other anthro-
pogenic impacts are common (e.g., Bole Valley, Ethiopia: Dunbar
and Dunbar, 1974; Simien Mountains National Park, Ethiopia:
Dunbar, 1977; Iwamoto, 1979; Hunter, 2001).

A recent multi-year study (Fashing et al., 2014) at Guassa, a more
ecologically intact site in the Menz Highlands of north—central
Ethiopia, has expanded the documented diversity of gelada diets.
Geladas at Guassa fed less heavily on graminoids and more heavily
on forbs and invertebrates, while consuming a more species-rich
diet than geladas at more disturbed sites (Fashing et al., 2014: Ta-
ble 4). Further, while geladas at all sites increased consumption of
USOs in the dry season, geladas at Guassa relied much less inten-
sively on USOs than conspecifics at disturbed sites (Fashing et al.,
2014).
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The present study addresses how heterogeneity of the diet
documented at Guassa influences dental microwear signals. Our
study examined whether microwear from geladas at Guassa (a)
resembled that of previously examined individuals from more
degraded sites and (b) reflected the more heterogeneous diet
consumed by geladas at this site. Microwear of geladas from pop-
ulations living in ecologically disturbed areas tends to exhibit thin
scratches and strongly directional wear or anisotropic textures
(Teaford, 1993; Scott et al., 2012). The frequent dry season con-
sumption of USOs in these geladas (Hunter, 2001), which would be
expected to produce pitted features (Daegling and Grine, 1999;
Lucas et al., 2013) or complex surfaces (Scott et al., 2012), is not
strongly reflected in the microwear of these specimens (Teaford,
1993; Scott et al, 2012). Additionally, gelada occlusal surfaces
appear homogeneous (Scott et al., 2012), potentially reflecting low
variation in diet during the time microwear was accumulating in
these individuals. By expanding our comparative sample to include
Guassa geladas, we hope to refine our understanding of the dietary
breadth of extinct Theropithecus.

We employed microwear texture analyses using scale-sensitive
fractal analysis variables to characterize the dental surface in three
dimensions at different scales; three parameters that relate to
primate diets are area-scale fractal complexity (Asfc, or
complexity), exact proportion length-scale anisotropy of relief
(epLsar, or anisotropy), and heterogeneity of area-scale fractal
complexity (HAsfc, or heterogeneity; Scott et al., 2005, 2006, 2012).
Complexity measures changes in relative surface area with scale; as
the scale at which area is calculated decreases, more complex
surfaces have a greater increase in surface area than less complex
surfaces (Scott et al., 2006). Anisotropy measures the directionality
of surface roughness, such that more features in a single direction
increase anisotropy while more features in many directions
decrease anisotropy (Scott et al., 2006). Complexity has been
shown to be greater on molars of primates that eat more hard,
brittle foods, such as hard fruits, while anisotropy has been shown
to be greater on molars of primates that eat tough foods, such as
leaves (Scott et al., 2005, 2006, 2012; Calandra et al., 2012). Het-
erogeneity measures the variation in textures across the tooth's
surface when it is broken down into equal size quadrants; it is
related to both the size and variability in wear-causing particles
and, thus, has been suggested to be greater in species with more
diverse or varying diets (Scott et al., 2006, 2012).

Our predictions for microwear texture variables are based on
the documented diet of Guassa geladas and previous re-
constructions of fossil Theropithecus diets. Less frequent con-
sumption of graminoids and greater dietary variability at Guassa
suggest that Guassa geladas should have 1) greater complexity and
lower anisotropy, 2) greater intra-site variance in complexity and
anisotropy, and 3) greater heterogeneity than specimens from more
disturbed sites. For fossil analyses, we expected T. brumpti to have
more complex microwear textures than other species of Ther-
opithecus typically reconstructed as more specialized graminivores.
Based on previous research, we expected no differences in micro-
wear textures among the species T. darti, T. oswaldi, and T. gelada.

2. Materials and methods

Our extant sample included first or second molars from 24
specimens of geladas, 15 from museum collections, and nine new
specimens from Guassa (see Supplementary Online Material
[SOM]). Data from eight of the museum specimens were previ-
ously published by Scott et al. (2012). While using data collected by
other individuals may introduce interobserver error, paired t-tests
on microwear textures from five specimens analyzed by both Scott
et al. (2012) and this study showed no significant differences

between collectors in any microwear variables (see SOM).2 Twelve
of the 15 museum specimens have known provenience and date of
collection, although ecological conditions at the collection sites
were not recorded. Because the specimens from Guassa were from
individuals who died naturally and were generally found (oppor-
tunistically) much later on the landscape, season of death is un-
known for all but one individual. This individual (MCA 601) died
and was collected during the dry season (April), when thick layers
of grit usually cover the vegetation at Guassa (Fashing et al., 2014;
Venkataraman et al., 2014). We expected this individual to display
greater complexity as grit consumption has been implicated in
surface pitting (Teaford, 1993; Daegling and Grine, 1999). Five of the
specimens from Guassa were also used in a recent study of gelada
chewing efficiency (Venkataraman et al., 2014). For more details
about ecological conditions at Guassa and the Guassa Gelada
Research Project, see Fashing et al. (2014) and Nguyen et al. (2015).

Our fossil sample included 16 first or second molars of Ther-
opithecus from East African Pliocene deposits, including specimens
of T. brumpti, T. darti, and T. oswaldi (see SOM). The T. brumpti
specimens are from Koobi Fora (Lokochot Area 117), with a time
estimate of ~3.4 Ma (Jablonski et al., 2008). The T. darti specimens
are from the Sidi Hakoma and Denen Dora Members of Hadar and
have estimated ages of ~3.42—3.20 Ma (Campisano and Feibel,
2008). The T. oswaldi specimens are from Koobi Fora (~2—1.5 Ma),
Olorgesailie (~1 Ma), Olduvai (~1.98—1.86 Ma), and Omo (Shungura
Formation, Member G, 2.12—2.10 Ma; Feibel et al., 1989), repre-
senting a wide range of localities and dates.

Specimens were cleaned with alcohol-soaked cotton swabs, and
vinyl impressions were made using President's Jet Regular Body
Dental Impression Material (Coltene-Whaledent). Specimens were
molded in the field at Guassa or at the museums housing the
specimens (see SOM). Molds of fossil specimens were obtained
from B. Benefit or collected directly in the National Museum of
Ethiopia in 2011. Casts were made using Epotek 301 epoxy resin
and hardener (Epoxy Technologies) and then scanned on Phase II
occlusal facets (Kay, 1977) using a Sensofar Plu white-light scanning
confocal profiler (Solarius, Sunnyvale, CA) with a 100x objective
following previous studies (Scott et al., 2005, 2006, 2012). The
resulting point clouds had a lateral sampling interval of 0.18 pum and
a vertical resolution of 0.005 um, and four adjoining fields were
collected for a total area of 276 pm x 204 um. Scans were leveled
using Solarmap Universal software, and artifacts, such as dust
particles, were excluded by thresholding and erase operators.
Complexity, anisotropy, and heterogeneity were calculated through
the scale-sensitive fractal analysis program Toothfrax (Surfract),
and medians of the four scans were used as in previous studies
(Scott et al., 2005, 2006, 2012).

We made four main comparisons in microwear textures among
the Theropithecus groups: 1) Guassa geladas versus all other gela-
das, 2) gelada individuals collected in the wet season versus those
collected in the dry season, 3) all Theropithecus individuals by
species, and 4) all Theropithecus individuals with known collection
location by site. Because microwear may be heavily impacted by
foods eaten around the time of death (i.e., the ‘last meal(s) eaten,’
Grine, 1986), we undertook the second comparison to evaluate the
impact of season of death on microwear patterns. Since time of
death was known for only one Guassa specimen, only one of nine
specimens in this analysis was from Guassa. Additionally, small
sample size allowed only qualitative analyses for this comparison.

3 It is important to note that microwear values are not expected to be equivalent
for different scans of the same specimen, such as scans collected by different re-
searchers, since each scan will differ in its topography due to differing locations on
the tooth.
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The fourth comparison was only conducted among sites that had
three or more individuals (n = 7 sites). We compared the means of
microwear texture variables using Mann—Whitney U tests for the
two-way comparison since the data were not normally distributed.
For the multiple comparisons, we used multiple analysis of vari-
ance (MANOVA) on the natural log-transformed variables; if this
was significant, we then conducted single analysis of variance
(ANOVA) and post hoc Tukey's honestly significant difference (HSD)
tests to identify significant differences, following previous studies
(Ungar et al., 2010; Scott et al., 2012). To compare variances, we
used Levene's test, which is an ANOVA on the residuals and is
robust to deviances from normality, making it appropriate for
testing non-normal microwear data (Donnely and Kramer, 1999;
Plavcan and Cope, 2001; Ungar et al., 2010). Using the calculated
residuals rather than the log-transformed data and the default
Levene's test allows for post hoc comparisons (e.g., Ungar et al.,
2010). All analyses were conducted in RStudio (v. 0.98.978).

3. Results
3.1. Guassa geladas vs. other geladas

We first compared the means and variances of microwear
texture variables from Guassa to those of other geladas (Tables 1
and 2). Compared to other geladas, geladas from Guassa had 1)
higher mean complexity (Mann—Whitney U test: U= 113, p < 0.01),
2) lower mean and variance in anisotropy (Mean, Mann—Whitney
U test: U = 32, p < 0.05; Variance, Levene's test: F (1,22) = 5.31,
p < 0.05), and 3) higher variance in heterogeneity (Levene's test: F
(1,22) = 15.82, p < 0.001; Table 2, Fig. 1). Because one specimen
(GUA 202) was an outlier with high complexity and heterogeneity,
these tests were rerun with this specimen removed; however, all
test results remained unchanged. We present photosimulations of
selected enamel surfaces of geladas in Figure 2a—c.

3.2. Effects of season of death on microwear textures

We then compared gelada specimens collected in the dry
season (February, March, and April) to those collected at the end of
the wet season (October). Because sample sizes were small (dry:
n =7, wet: n = 2), we only compared these groups qualitatively.
Specimens collected in the dry season had higher heterogeneity
and marginally higher complexity than those collected in the wet
season (Fig. 3), but anisotropy did not appear to differ between the
seasons. The sole specimen included in this analysis from Guassa,
MCA 601, belonged to an adult female that died in the dry season
(April) but did not have high complexity, contrary to our
expectations.

Table 1

Summary statistics.”
Species n Asfc epLsar HAsfc

Mean SD Mean SD Mean SD

T. gelada 24 1.02 0.55 0.00413 0.0016 0.629 0.19
Guassa 9 1.32 0.74 0.0032 0.00093 0.745 0.28
Other Sites 15  0.835  0.31 0.00469  0.0016 0.559  0.056
Wet 2 0.717 0.13 0.00501 0.0038 0.491 0.028
Dry 7 0.991 0.41 0.00444 0.0015 0.585 0.051

T. brumpti 3 0756 037 0.003
T. darti 3 0506 0.048  0.00428
T. oswaldi 10 075 0.22 0.00474

0.00093 0.695  0.062
0.0018 0.671  0.19
0.0021 0.665 0.17

2 Mean and standard deviation (SD) of complexity (Asfc), anisotropy (epLsar), and
heterogeneity (HAsfc) for each Theropithecus species and intraspecific group.

Table 2
Mann—Whitney and Levene's test results.”

Variable Mean (Mann Variance (Levene's)
—Whitney)
U p F(1,22) p
Asfc 113 <0.01¢ 3.81 ns
epLsar 32 <0.05° 5.31 <0.05"
HAsfc 90 ns 15.82 <0.001°¢

2 Tests for differences in mean and variance in complexity (Asfc), anisotropy
(epLsar), and heterogeneity (HAsfc) between Guassa geladas and geladas from other
sites.

b Guassa geladas lower than geladas from other sites.

¢ Guassa geladas greater than geladas from other sites.

. Site

1.0 E Guassa
E Other

0.5

Value

0.0

-0.5+ %

Anisotro[;y (x 100)
Variable

Complexity (In) Heterogeneity (In)

Figure 1. Distribution of gelada microwear. Box plots showing the distribution of
values for complexity (In-transformed), anisotropy (x100), and heterogeneity (In-
transformed) for geladas from Guassa (n = 9) and other sites (n = 15). Guassa geladas
had greater complexity (Mann—Whitney U test: U = 113, p < 0.01), lower anisotropy
(Mann—Whitney U test: U = 32, p < 0.05), lower variance in anisotropy (Levene's test:
F (1,22) = 531, p < 0.05), and higher variance in heterogeneity (Levene's test: F
(1,22) = 15.82, p < 0.001).

3.3. Comparisons of microwear textures in extant and fossil
Theropithecus

Next, we compared our entire Theropithecus sample by species.
Our sample showed no differences among species of Theropithecus
in means or variances (Means, MANOVA: Pillai's trace = 0.35, F
(3,36) = 1.58, p > 0.05; Variances, MANOVA: Pillai's trace = 0.28, F
(3,36) = 1.25, p > 0.05; Table 3, Fig. 4). When we ran the same tests
by taxon and site, however, we found differences among the groups
in means (MANOVA: Pillai's trace = 1.08, F (6,24) = 2.05, p < 0.05),
but not in variances (MANOVA: Pillai's trace = 0.86, F (6,24) = 1.61,
p > 0.05); individual ANOVAs showed that groups varied in mean
complexity (ANOVA: F (6,24) = 5.08, p < 0.01; Fig. 5) but not in
mean anisotropy or heterogeneity (Table 3). A post hoc Tukey's HSD
test showed that Guassa T. gelada had higher mean complexity than
T. gelada from the area of Debre Birhan, T. darti from Hadar, and
T. oswaldi from Olduvai, but no other differences were found. These
results held when the Guassa outlier (GUA 202) was removed,
which is not surprising since the lowest complexity value found in
the Guassa sample is still higher than any found in T. darti from
Hadar or T. oswaldi from Olduvai. We present photosimulations of
selected fossil Theropithecus microwear scans in Figure 2d—f.

4. Discussion

Recent research has indicated that all known fossil theropiths
were probably strongly graminivorous, but detecting dietary vari-
ation within the clade has proven difficult in part because there is
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Figure 2. a—f. Photosimulations of Theropithecus microwear scans. Each montage derives from 3D point clouds representing four scans and a total occlusal area of 276 pm x 204 pm.
Specimens are (a) Theropithecus gelada (MCA 601) from Guassa, (b) T. gelada (GUA 202) from Guassa, (c) T. gelada (FMNH 27186) from Gich, (d) T. darti (A.L. 412-1) from Hadar, (e)
T. oswaldi (Old 63DK1-105) from Olduvai, and (f) T. brumpti (KNMER 3738) from Koobi Fora.

only one extant graminivorous primate, T. gelada. We explored
whether dental microwear textures from an expanded sample of
gelada specimens from ecologically diverse sites could enable fine-
grained dietary distinctions among fossil Theropithecus diets. Our
results demonstrate that dietary variation among gelada pop-
ulations is reflected in microwear textures, a finding which holds
important implications for reconstructing the diets of fossil
Theropithecus.

4.1. Variation among extant geladas

Microwear textures of geladas from Guassa were more complex
and less anisotropic than those of geladas from other sites. Guassa

0.8
Season
- Dry
E Wet
0.4
S
(>g 0.0
-0.4
=
_08 -

T T
Anisotropy (x 100)  Heterogeneity (In)

Variable

Complelxity (In)

Figure 3. Distribution of gelada microwear by season. Box plots and distribution points
of complexity (In-transformed), anisotropy ( x100), and heterogeneity (In-transformed)
for gelada specimens collected from the dry (n = 7) and wet (n = 2) seasons.

geladas also exhibited lower variation in anisotropy and greater
variation in heterogeneity. Our microwear results are consistent
with ecological data demonstrating that Guassa geladas have a
more diverse diet compared with geladas at other sites (Fashing
et al, 2014) and support a connection between variation in
texture variables and variation in diet, as other researchers have
suggested (Merceron et al., 2004, 2010; Scott et al., 2006, 2012;
Ungar et al., 2010; Shapiro, 2015).

The lower proportion of graminoids and higher proportion of
forbs in the Guassa gelada diet may be responsible for the
observed differences from other gelada populations, since forbs
and graminoids vary in silica content (forbs contain less silica than
graminoids: e.g., Epstein, 1999; Richmond and Sussman, 2003;
Hodson et al., 2005). Experimental work in rabbits indicates that
higher levels of silica consumption lead to lower variance in the
number of pits and length of microwear scratches, potentially
because abrasive, silica-heavy diets quickly and consistently
overwrite microwear features (Schulz et al,, 2013). In contrast,
diets higher in dicotyledonous plants, such as forbs, provide less
overwriting and allow for greater variance in these microwear

Table 3
MANOVA and ANOVA results.”

Mean (MANOVA) Variance (MANOVA)
Pillai's df F p Pillai's df F p
Trace Trace
Taxon 0.23 (3,36) 1.00 ns 0202 (3,36) 087 ns
Taxon & Site  0.88 (6,24) 190 <0.05 0.88 (6,24) 166 ns

Mean (ANOVA)
Taxon & Site  F(6,24) p

Asfc 5.05 <0.001
epLsar 1.07 ns
HAsfc 1.28 ns

¢ Test results for differences among Theropithecus species for mean and variance
in the microwear variables of complexity (Asfc), anisotropy (epLsar), and hetero-
geneity (HAsfc). Analyses were run by taxon and by sites with at least three
specimens.
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Figure 4. Distribution of Theropithecus microwear by species. Box plots and distribu-
tion points of complexity (In-transformed), anisotropy (x100), and heterogeneity (In-
transformed) for each Theropithecus species. The species did not differ in microwear
texture means (MANOVA: Pillai's trace = 0.35, F (3,36) = 1.58, p > 0.05) or variances
(MANOVA: Pillai's trace = 0.28, F (3,36) = 1.25, p > 0.05).
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Figure 5. Distribution of complexity by site. Box plots and distribution points of
complexity (In-transformed) for Theropithecus species for each site with at least three
specimens. Guassa T. gelada had higher complexity than T. darti from Hadar, T. gelada
from Debre Birhan, and T. oswaldi from Olduvai (ANOVA: F (6,24) = 5.08, p < 0.01;
Tukey's HSD test).

parameters (Schulz et al., 2013). These experimental results are
consistent with our findings that geladas at Guassa exhibit lower
anisotropy and higher complexity with a diet of comparatively less
graminoid tissue and more forb tissue compared to other gelada
populations.

Overall, results from extant geladas illustrate a range of
microwear textures despite highly specialized anatomical ad-
aptations for graminivory. We should note here, however, that
although our results indicate an expanded range of variance in
dental microwear textures for geladas, this species remains the
least variant cercopithecid species in its dental microwear
textures (Scott et al., 2012; Shapiro, 2015; Fig. 6), reflecting the
specialized nature and high abrasiveness of their diets. Geladas
may have more variable diets and microwear than previously
thought, but they still exhibit low variation in multiple
microwear texture variables and an overall texture pattern
clearly discernable from other cercopithecids (Scott et al.,
2012; Shapiro, 2015).

4.2. Role of USO consumption in creating microwear textures

As studies of gelada feeding ecology and food mechanical
properties have recently highlighted (Fashing et al, 2014;
Venkataraman et al., 2014), having an accurate referential model
of primate graminivory and USO consumption that includes sea-
sonal variation may continue to change our understanding of
graminivore microwear signatures and refine our ability to infer
graminivorous behavior in the primate fossil record. Gelada diets
can vary widely over time (Dunbar and Dunbar, 1974; Dunbar,
1977; Iwamoto, 1979; Hunter, 2001; Fashing et al, 2014).
Comparing specimens collected at different times of the year
provides the opportunity to refine concepts of how diet and
exogenous material impact microwear patterns. We expected to
observe higher complexity and lower anisotropy in geladas that
died during the dry season due to the high frequency of USO
consumption (>50% of diet, versus > 90% short graminoids during
the wet season) reported from disturbed sites during this time
(Dunbar, 1977; Iwamoto, 1993; Hunter, 2001). Although
complexity appeared marginally higher in dry season specimens,
anisotropy did not differ between seasons, and only heterogeneity
was clearly greater during the dry season. It is surprising that a
seasonal dietary switch to USOs coated in exogenous grit was
generally not discernable in microwear textures. Geladas do,
however, manually clean USOs prior to consumption and expel
corm tunics (Fashing et al., 2014), potentially reducing the abrasive
effect of grit. Our results suggest it may not be possible to detect
an unambiguous USO signal in gelada microwear. More broadly,
our findings suggest that systematic ecological and dietary dif-
ferences among gelada populations have a greater impact on
microwear patterns than seasonal shifts in diet. This result implies
that seasonal shifts in diet in fossil species, such as shifts to hard
objects or USOs, may be difficult to detect in graminivores with
present analytical techniques. However, this conclusion is provi-
sional given the small sample size of this comparison.

4.3. Extant and fossil Theropithecus

Our results provide a novel comparative context for revisiting
the microwear textures of fossil Theropithecus. Contrary to our ex-
pectations and previous findings (e.g., Teaford, 1993), we found no
differences among geladas and any fossil Theropithecus species in
either the means or variances of any microwear variables. The
microwear data presented here corroborate Cerling et al.'s (2013)
recent finding based on stable isotopes that all known fossil Ther-
opithecus were likely highly graminivorous.

By examining the microwear textures of geladas inhabiting
different environments, we have provided a framework for
discerning dietary variability and its hard-tissue correlates
within a predominantly graminoid-eating niche. Intriguingly,
intraspecific differences in microwear textures among gelada
populations were greater than the differences among Ther-
opithecus species. Given that gelada populations consume
varying proportions of graminoids, forbs, USOs, and in-
vertebrates (Fashing et al., 2014), this result is not surprising,
but it does complicate traditional notions of the simplicity of
gelada diets based on early studies (Dunbar, 1977; Swedell,
2011) that continue to pervade the paleoanthropological liter-
ature (e.g., Cerling et al., 2013).

We suggest that modern gelada populations represent a
powerful analog for inferring dietary variation among fossil Ther-
opithecus, and potentially hominins, although sample sizes are too
small for fossil Theropithecus in the present study to do so. For
example, consider the analog between Guassa geladas and
T. brumpti, which appear to have consumed similar amounts of
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Figure 6. Complexity vs. anisotropy for six species of Cercopithecidae. Scatter plots of complexity versus anisotropy for T. gelada and five other species of Cercopithecidae (adapted
from Shapiro, 2015; other species are Cercopithecus mitis, C. neglectus, Colobus guereza, Papio anubis, and Procolobus rufomitratus.).

graminoids. Compared to other fossil theropiths such as T. oswaldi,
T. brumpti consumed less (55—75%) C4 plant material, and the C3
material it consumed appears to have derived from non-forest
sources (Cerling et al, 2013). Guassa geladas consumed an
annual diet that included 56% graminoids and consumed no more
than 74% graminoids during any month of the year (Fashing et al.,
2014). Consumption of non-graminoids came mostly, though not
entirely, in the form of forbs, which were consistently present in
the diet in substantial amounts (19—61% of the monthly diet and
38% of the annual diet; Fashing et al., 2014). From this perspective,
the feeding ecology of Guassa geladas strikingly resembles that of
T. brumpti. Consistent with this notion, Guassa geladas evince the
highest microwear complexity values of any theropith, followed
by one specimen of T. brumpti, then the other theropiths (Fig. 4). If
analyses involving larger sample sizes confirm this trend of
T. brumpti having more complex microwear than other fossil
theropiths, such a signal might be consistent with terrestrial forb
consumption from non-forest environments. While coarse, this
example demonstrates how matching hard-tissue data with di-
etary variation in a modern analog can provide insight into finer
aspects of diet in fossil Theropithecus. Carrying out this research
agenda would necessitate obtaining larger sample sizes for
microwear analyses of fossil specimens (especially T. brumpti) and
characterizing gelada feeding ecology and its hard-tissue corre-
lates (dental microwear and isotopic chemistry) at the individual
level.

4.4. Implications for hominin evolution

Since the discovery that several hominins bear strong C4 iso-
topic signals and likely consumed grasses and/or sedges inten-
sively, research devoted to inferring dietary ecology in these species
has increased (Sponheimer et al., 2006; Ungar et al., 2010; Cerling
et al., 2011; Grine et al., 2012; Lee-Thorp et al., 2012; Wynn et al,,
2013). Several recent reviews cover this topic thoroughly (e.g.,
Ungar and Sponheimer, 2011; Grine et al., 2012).

Here, we update the arguments presented in Fashing et al.'s
(2014) study on variation in the ecology of geladas and its impli-
cations for understanding theropith and hominin dietary evolution.
Relevant to the present study, two arguments were advanced using
modern geladas as referential models for extinct graminoid-eating
primates. First, Fashing et al. (2014) argued that extinct graminoid-
eating primates could have consumed a wide variety of food items
and plant species. In the present study, dietary differences between
gelada populations were clearly manifested in their molar micro-
wear, indicating that variation in food items within graminoid-
eating primates is associated with a hard-tissue signal. This result
appears to derive from variation in the amount of graminoids and
forbs consumed across populations. We conclude that detecting
variation in graminoid consumption by fossil species, including
hominins, is achievable.

Second, Fashing et al. (2014) also argued that extinct graminoid-
eating primates may have relied seasonally on underground foods.
Detecting the extent and nature of underground food consumption
by hominins is currently a major goal of research in paleoanthro-
pology (e.g., Yeakel et al., 2007, 2014; Dominy et al., 2008; Macho,
2014). USOs represent plausible candidate foods for hominins
because they use the C4; photosynthetic pathway and are me-
chanically resistant (hard and tough), qualities consistent with the
isotopic signals and robust morphological features of hominins
such as P. boisei (Dominy et al., 2008). Unfortunately, differentiating
the consumption of aboveground versus belowground plant tissues
is not resolvable using current stable isotope analyses (Cerling et al.,
2011). Our results on gelada microwear contribute to ongoing dis-
cussions about the extent to which theropiths and hominins
exploited aboveground versus belowground graminoids.

Gelada microwear textures differed little across seasons, and dry
season specimens were unremarkable in microwear textures. Ma-
jor shifts to underground foods observed among geladas on a
seasonal basis were not reflected in microwear signals. Graminoid-
eating primates can, therefore, consume a wide variety of foods and
exhibit microwear variation within the graminoid-eating niche.
Geladas could never be mistaken for hard-object feeders, however,
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no matter the season of death. These results suggest a minimal
confounding impact of exogenous grit on dietary signals of gra-
minivory, supporting the fidelity of microwear to diet (Scott et al.,
2012). However, the disconcerting fact that the mechanisms of
microwear formation remain poorly understood (see Lucas et al.,
2013) render this conclusion provisional. At any rate, our study
could somewhat minimize concern, at least in graminoid-eating
primates, about a misleading ‘Last Supper Effect, whereby a di-
etary shift in the last week of an animal's life records an unfaithful
dietary signal (Grine, 1986; Gogarten and Grine, 2013). Despite
increased complexity seen in Guassa geladas in comparison to
geladas from other sites, the overall microwear pattern remains
consistent with a graminivorous diet.

The preceding discussion is relevant to the interpretation of
microwear in several hominins (Australopithecus anamensis,
A. afarensis, and P. boisei), which, contrary to expectations based on
masticatory morphology, show little evidence of hard-object con-
sumption (Grine et al., 2006a, b; Ungar et al., 2008, 2010, 2012).
Unfortunately, our results suggest there is little hope of using
microwear alone to distinguish between aboveground and below-
ground plant consumption in fossil taxa, since both aboveground
and belowground dietary items can lead to similar microwear
patterns, and gelada individuals that likely consumed USOs do not
exhibit complex microwear. The isotopic and microwear signals of
several hominins and theropiths seem to be consistent with sub-
stantial consumption of both USOs and aboveground graminoids,
and higher complexity in any new specimens of these species
would still be consistent with an overall signal of graminivory.
Further studies on how wild primates exploit aboveground and
belowground foods, and how such behaviors are reflected and
absorbed in hard-tissue, are needed to shed further light on hom-
inin dietary adaptations to C4 plants.
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