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a b s t r a c t

The most significant hominin adaptations, including features used to distinguish and/or classify taxa, are
critically tied to the dietary environment. Stable isotopic analyses of tooth enamel from hominin fossils
have provided intriguing evidence for significant C4/CAM (crassulacean acid metabolism) resource
consumption in a number of Plio-Pleistocene hominin taxa. Relating isotopic tooth signatures to specific
dietary items or proportions of C3 versus C4/CAM plants, however, remains difficult as there is an ongoing
need to document and quantify isotopic variability in modern ecosystems. This study investigates the
ecological variables responsible for carbon isotopic discrimination and variability within the C3-domi-
nated dietary niche of a closed canopy East African hominoid, Pan troglodytes, from Ngogo, Kibale Na-
tional Park, Uganda.

d13C values among C3 resources utilized by Ngogo chimpanzees were highly variable, ranging over
13‰. Infrequent foraging on papyrus (the only C4 plant consumed by chimpanzees at the site) further
extended this isotopic range. Variation was ultimately most attributable to mode of photosynthesis (C3

versus C4), food type, and elevation, which together accounted for approximately 78% of the total sample
variation. Among C3 food types, bulk carbon values ranged from �24.2‰ to �31.1‰ with intra-plant
variability up to 12.1‰. Pith and sapling leaves were statistically more 13C depleted than pulp, seeds,
flowers, cambium, roots, leaf buds, and leaves from mature trees. The effect of elevation on carbon
variation was highly significant and equivalent to an approximately 1‰ increase in d13C for every 150 m
of elevation gain, likely reflecting habitat variability associated with topography. These results indicate
significant d13C variation attributable to food type and elevation among C3 resources and provide
important data for hominin dietary interpretations based on carbon isotopic analyses.

© 2014 Elsevier Ltd. All rights reserved.
Introduction

Extracting feeding and foraging behavioral information from the
fossil record remains a daunting challenge for the study of human
origins and evolution. A number of approaches have been pursued
to characterize or constrain the dietary niche of early hominins,
ranging from analysis of masticatory biomechanics (Grine et al.,
2012; Daegling et al., 2013; Strait et al., 2013), tooth microwear
(Scott et al., 2005; Teaford, 2007; Ungar, 2011), tooth morphology
and micro-structure (Smith et al., 2012), reconstructing aspects of
paleohabitats (Wynn, 2004; Behrensmeyer, 2006; Levin et al.,
2008; Reed, 2008; Bobe, 2011; Kingston, 2011), and
arlson), jkingst@umich.edu
biogeochemical analyses of fossil enamel to reconstruct diet
(Sponheimer et al., 2005, 2006a; Lee-Thorp et al., 2010, 2012;
Cerling et al., 2011a; Wynn et al., 2013). However, inherent in each
of these techniques are limitations and uncertainties that restrict
the specificity or resolution of dietary reconstructions. In addition,
the different lines of evidence rarely converge in a concordant
manner to identify specific components of early hominin dietary
niches (Sponheimer et al., 2013).

Much of the difficulty in interpreting and reconciling the
different types of paleodietary evidence relates to the need to un-
derstand and calibrate these approaches in modern ecosystems - to
the extent that appropriate modern analogs actually exist. The
application of light stable isotopic analyses to reconstruct the diets
of fossil hominins and their vertebrate communities has yielded
important results that also ultimately require a more thorough
understanding of isotopic cycling in extant biological systems for a
comprehensive interpretation of the fossil material.
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While much isotopic research in paleoanthropology has focused
on reconstructing mammalian dietary guilds, vegetational physi-
ognomy, and climatic factors at hominin sites (Zazzo et al., 2005;
Lee-Thorp and Sponheimer, 2006; Kingston, 2011; Cerling et al.,
2011b), recent analyses have examined the isotopic dietary signa-
tures of fossil hominin enamel directly from nine different taxa
across East and South Africa spanning ca. 4.5 to 1.0 Ma (millions of
years ago) (Lee-Thorp et al., 1994; van der Merwe et al., 2003;
Cerling et al., 2013; Sponheimer et al., 2013; Wynn et al., 2013).
These data indicate that prior to about 4 Ma, early hominin diets
were isotopically indistinguishable from modern chimpanzee diets
inmore open habitats and derived almost exclusively fromC3 based
biomass. Starting about 3.5 Ma, multiple hominin lineages began
incorporating variable amounts of 13C-enriched C4 or CAM (cras-
sulacean acid metabolism) based foods, with some East and Central
African lineages (Paranthropus aethiopicus, Paranthropus boisei, and
Australopithceus bahrelgazali) yielding enamel signatures consis-
tent with a C4/CAM dominated isotopic niche. These analyses have
raised significant discussion of the nature/type of the 13C-enriched
dietary components, the relative proportions of C3 and C4/CAM
plants in the diet, and the ranges of isotopic variability documented
for particular taxa.

Previous work has shown that stable isotopic ratios vary
consistently with both ecological and behavioral attributes of the
dietary niche, including the consumption of food items within a
defined environment and the microhabitat within it (i.e., forest
floor or canopy). The d13C of leaves varies significantly according to
the mode of photosynthesis (C3, C4, or CAM) (Farquhar, 1983;
Farquhar et al., 1989), height within the forest canopy
(Schoeninger et al., 1998; Cerling et al., 2004), and mean annual
precipitation (Kohn, 2010). The canopy effect results from plant
resources along the ground utilizing highly recycled, 13C-depleted
CO2 that characterizes forest floor and subcanopy levels (Medina
and Minchin, 1980). Similarly, different species of plants as well
as the different anatomical components of a single species (i.e.,
leaves, fruits, seeds, etc.) may undergo unique metabolic processes
that result in greater or lesser fractionation of atmospheric carbon.
As a result, leaves and fruit pulp from the same plant may have
distinct isotopic signatures (Cernusak et al., 2009; Blumenthal et al.,
2012).

To reconstruct dietary history, the isotopic composition of po-
tential foods and the ecological variables that control or influence
the isotopic compositionmust be well defined. This project seeks to
expand on previous ecological work to establish an isotopic dietary
template within a modern closed canopy C3 dominated environ-
ment with specific relevance for the reconstruction of early homi-
nin feeding behavior. By characterizing the stable isotopic variation
and distribution of 13C within the dietary niche of a large-bodied
omnivorous primate, this study takes a step toward the develop-
ment of a comprehensive frame of reference for reconstructing the
ecology and consumptive behavior of our hominin ancestors.

Materials and methods

Plant collection occurred over approximately threeweeks in late
November and early December 2009 and eight weeks in June/July
2010. Several samples were collected for each of the 40 most
preferred foods as seasonally available within the Ngogo chim-
panzee dietary niche (Kibale National Park, Uganda), including 26
taxa and 10 food types (plant parts). Plant components of the
Ngogo chimpanzee diet were identified from several sources
including published behavioral observation (Watts et al., 2012) and
experienced local field assistants. While collection focused on high
ranking foods, plant species infrequently consumed by the Ngogo
chimpanzees were also included to yield near full coverage of the
dietary niche. Identification and collection of each species pro-
ceeded over several months of study during and between field
seasons, and benefited from the assistance of local field guides and
staff of the Makerere University Biological Field Station, including
Jerry Lwanga, Godfrey Mbabazi, and Lawrence Ndangizi.

The following plant components were sampled from species
within the Ngogo chimpanzee dietary niche: fruit pulp, seeds, fruit
where seeds could not be separated from pulp, flowers, leaves of
saplings, leaves of mature trees, leaf buds, pith of herbaceous
vegetation, cambium, and roots. Samples were collected at the
stage of development (e.g., ripeness) normally consumed by
chimpanzees and were excluded if mold, bite marks, or insect
damage was evident to minimize potential isotopic contamination.
Where appropriate, plant parts were also sampled according to
chimpanzee foraging practice (e.g., pith sampled from lowest and
most succulent section of the plant).

For each food species, every effort was made to sample widely
across the Ngogo range to capture potential geographic variation in
nutritional or isotopic characteristics. Each sample was labeled
with the taxonomic identification, date, time, location collected
(nearest trail intersection and GPS coordinate), as well as the
relative stage of development (e.g., ripeness of fruits, or maturity of
leaves).

Samples were dried within hours of collection at 150e170 �F for
approximately 3.5 h or until completely desiccated in a small oven
heated by a kerosene fueled stove. The stove was positioned
directly under a Coleman camping oven, and samples transferred
only after the stove burned cleanly and the oven reached the proper
temperature (approximately 10e20 min). Leaves typically dried in
2 to 3 hwhile pulp often took 3 to 4 h. Drying time and temperature
were determined by trial and error to eliminate molding while
keeping temperature as low as possible.

Approximately 5 mg of each sample were then frozen with
liquid nitrogen and ground to a fine powderwithmortar and pestle.
Following grinding, all samples were freeze dried to ensure com-
plete dehydration. Between 1 and 2 mg of each powder were then
transferred to individual tin capsules for isotopic analysis.

Bulk isotopic analyses were conducted between December 2010
and February 2011 at the Analytical Chemistry Lab at the Odum
School of Ecology, University of Georgia. All isotopic analyses were
performed on a Carlo Erba NA-1500 CN Elemental Analyzer, and
Thermo Delta V, magnetic sector IRMS coupled to the elemental
analyzer via Thermo Conflo III Interface. Analytical error in isotopic
composition was assessed and corrected using a bovine standard
(NIST 1577-B) run after every 10 samples. The accepted d13CPDB (all
d13C values reported relative to PDB standard) value from the
manufacturer was �21.24 ± 0.15‰, and in lab analysis resulted in a
mean of �21.27 ± 0.08‰ (n ¼ 29).

To examine the contributions of environmental, anatomical,
and taxonomic variables to d13C among C3 resources, a multivar-
iate analysis of variance (ANOVA) model was developed. Multi-
variate models were built stepwise and included the following
variables: food type (plant anatomy), season collected, photosyn-
thetic pathway of the plant species, height within the canopy
(dichotomous: canopy versus ground), and elevation above mean
sea level. The best ANOVA model is one that includes only vari-
ables whose contributions significantly increase the total variance
explained by the model. One means of testing for significant var-
iables is to create one model with all independent variables of
interest included, and examining the effect and statistical signifi-
cance of each within the model. The other process is to build a
series of models one variable at a time and compare the relative
explanatory power of each model before and after inclusion of the
individual variables. All statistical analyses were conducted using
SAS 9.2.
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Results

Most plants within the Ngogo chimpanzee dietary niche utilize
the C3 photosynthetic pathway. Cyperus papyrus was the only C4
plant in the diet, and yielded the most enriched d13C value
of �10.6 ± 0.5‰ at Ngogo (see Table 1).

The d13C values of C3 plant tissues from Ngogo were highly
variable across taxa (Table 1), ranging from �35.6 to �21.8‰. The
d13C values of sapling leaves from Monodora myristica and Morus
lactea were most negative (�32.7 ± 1.4 and �33.7 ± 1.0‰,
respectively). Leaf buds and flowers of M. lactea (�24.2 ± 0.2
and �24.5 ± 0.8‰, respectively) and flowers of Pterygota mild-
braedii (�24.4 ± 1.0‰) had the least negative d13C values among C3
plants. With the exception of sapling leaves fromM. myristica, each
of these resources rank in the top 35 for Ngogo chimpanzee by
feeding time (Watts et al., 2012). The average d13C for all plants in
this sample, �27.7 ± 2.6‰, fell within the range of previously
published literature on C3 plants (Kohn, 2010).

The ANOVA model with photosynthetic pathway alone pro-
duced an R-square of 0.451, meaning C3 versus C4 fractionation
explained roughly 45% of sample variance in d13C. The full model,
including all of the above variables, produced an R-square of 0.782,
Table 1
d13C by taxon and food type within the Ngogo chimpanzee dietary niche.

Taxon Food type Ranka

Ficus mucuso Figs 1
Uvariopsis congensis Pulp 2
Pterygota mildbraedii Leaves, sapling 3
Pseudospondias microcarpa Fruit pulp 4
Cordia millenii Fruit pulp 5
Monodora myristica Fruit pulp 6
Monodora myristica Fruit (pulp þ seed) 6
Pterygota mildbraedii Fruit (pulp þ seed) 7
Morus lactea Fruit (pulp þ seed) 8
Ficus exasperata Leaves, tree 9
Celtis africana Leaves, sapling 10
Aningeria altissima Fruit pulp 11
Mimusops bagshawei Fruit (pulp þ seed) 12
Treculia africana Pulp 13
Treculia africana Seeds 13
Ficus dawei Figs 14
Chrysophyllum albidum Fruit pulp 15
Ficus natalensis Figs 16
Celtis durandii Fruit (pulp þ seed) 17
Ficus brachylepis Figs 18
Morus lactea Flowers 20
Celtis mildbraedii Leaves, sapling 21
Celtis mildbraedii Leaves, tree 21
Afromomum sp. Pith 23
Acanthus sp. Pith 24
Morus lactea Leaves, tree 26
Morus lactea Leaves, sapling 26
Morus lactea Leaf buds 26
Chaetacme aristata Leaves, tree 29
Warburgia ugandensis Fruit (pulp þ seed) 30
Cyperus papyrus Pith 31
Ficus exasperata Figs 34
Pterygota mildbraedii Flowers 35
Neoboutonia macrocalyx Roots 36
Piper sp. Pith 43
Pterygota mildbraedii Cambium 44
Cordia millenii Flowers 50
Marantochloa sp. Pith 60
Monodora myristica Leaves, sapling 106
Chaetacme aristata Cambium e

Monodora myristica Seeds e

Monodora myristica Flowers e

Neoboutonia macrocalyx Fruit pulp e

Neoboutonia macrocalyx Seeds e

a Watts et al. (2012).
indicating that these parameters accounted for an additional 33% of
sample variance beyond that attributable to photosynthetic
pathway alone.

A reduced multivariate model, including photosynthetic
pathway, food type, and elevation explained nearly as much total
variation as the full model (R-square ¼ 0.776, F11,232 ¼ 73.29,
P < 0.005), indicating that food type and elevation are responsible
for most of the additional isotopic variation in d13C. Notably, sea-
sonality was not a significant explanatory variable in the full
ANOVA model (F1 ¼ 0.34, P ¼ 0.5594), and did not increase the
significance of a reduced model already containing photosynthetic
pathway and food type (R-square ¼ 0.769 versus 0.768).

These two processes of model building revealed that while can-
opy height was a significant contributor to sample variance, it rep-
resented a moderating variable for variation attributable to food
type: the canopy effect was subsumed within the isotopic difference
between ground based pith and sapling leaves relative to the canopy
based food types (e.g., ripe fruit, leaf buds, flowers, etc.). Given that
pith and sapling leaves were the only ground resources, and that no
food type contained both ground and canopy resources, once food
type was entered in the model there was little remaining variability
to be explained by the addition of the canopy variable. So, even
n Food type d13C range Species average

™13C ± SD(‰) (Low, high ‰) ™13C ± SD(‰)

9 �26.9 ± 0.3 �27.3, �26.4 �26.9 ± 0.3
5 �27.4 ± 0.6 �28.0, �26.5 �27.4 ± 0.6
9 �30.9 ± 1.0 �32.2, �29.2 �27.2 ± 2.9
4 �27.3 ± 0.6 �28.0, �26.5 �27.3 ± 0.6
3 �26.4 ± 1.5 �27.6, �24.7 �26.2 ± 1.3
3 �27.1 ± 1.9 �29.0, �25.3 �28.4 ± 2.7
5 �28.4 ± 2.5 �31.0, �25.7 �28.4 ± 2.7
6 �27.5 ± 1.3 �29.5, �26.5 �27.2 ± 2.9
5 �25.4 ± 0.5 �26.2, �24.8 �28.0 ± 4.4

12 �28.0 ± 1.7 �32.1, �25.5 �27.3 ± 1.8
9 �29.1 ± 1.6 �31.1, �23.5 �29.1 ± 1.6
5 �25.7 ± 1.5 �26.5, �23.1 �25.7 ± 1.5
6 �26.7 ± 0.9 �28.0, �25.4 �26.7 ± 0.9
4 �26.0 ± 1.4 �27.7, �24.6 �26.2 ± 1.2
2 �26.7 ± 1.0 �27.4, �26.0 �26.2 ± 1.2
3 �26.0 ± 0.9 �27.1, �25.5 �26.0 ± 0.9
9 �27.3 ± 1.0 �29.2, �26.1 �27.3 ± 1.0
6 �26.9 ± 0.8 �28.0, �26.0 �26.9 ± 0.8
5 �26.2 ± 0.8 �27.1, �25.4 �26.2 ± 0.8
5 �28.3 ± 1.6 �30.8, �26.5 �28.3 ± 1.6
5 �24.5 ± 0.8 �25.5, �23.2 �28.0 ± 4.4
3 �30.3 ± 0.8 �30.9, �29.5 �30.2 ± 0.7
1 �29.7 . �30.2 ± 0.7
8 �29.5 ± 1.8 �33.4, �27.4 �29.5 ± 1.8
7 �29.4 ± 2.3 �33.5, �26.4 �29.4 ± 2.3
4 �25.0 ± 0.7 �25.9, �24.3 �28.0 ± 4.4
9 �33.7 ± 1.0 �35.6, �32.2 �28.0 ± 4.4
2 �24.2 ± 0.2 �24.0, �24.3 �28.0 ± 4.4
5 �28.9 ± 1.8 �30.7, �26.8 �27.8 ± 1.5
6 �24.6 ± 2.2 �27.7, �21.8 �24.6 ± 2.2
5 �10.6 ± 0.5 �11.2, �10.0 �10.6 ± 0.5
7 �26.3 ± 1.4 �28.8, �24.7 �27.3 ± 1.8

10 �24.4 ± 1.0 �26.4, �23.4 �27.2 ± 2.9
5 �26.3 ± 1.3 �28.5, �24.8 �26.6 ± 1.2
9 �31.3 ± 1.4 �33.4, �29.8 �31.3 ± 1.4
5 �25.8 ± 1.0 27.2, �24.8 �27.2 ± 2.9
2 �25.8 ± 1.1 �26.6, �25.1 �26.2 ± 1.3
5 �32.3 ± 1.7 �35.3, �31.1 �32.3 ± 1.7
6 �32.1 ± 1.4 �33.6, �30.7 �28.4 ± 2.7
8 �27.1 ± 0.7 �28.2, �26.0 �27.8 ± 1.5
3 �28.6 ± 1.5 �30.4, �27.5 �28.4 ± 2.7

10 �26.6 ± 1.4 �29.3, �24.7 �28.4 ± 2.7
5 �27.6 ± 0.8 �28.8, �26.7 �26.6 ± 1.2
5 �26.1 ± 0.9 �27.4, �24.9 �26.6 ± 1.2



Table 2
ANOVA e Sources of variation for bulk d13C.

Model R-square F-value (df) P-value

C3/C4 0.45 207.02 (1252) <0.0001
Canopy 0.14 40.41 (1252) <0.0001
Food type 0.24 7.47 (10,243) <0.0001
C3/C4 þ Food type 0.77 72.98 (11,242) <0.0001
C3/C4 þ Food type þ Season 0.77 66.86 (12,241) <0.0001
C3/C4 þ Food type þ Canopy 0.77 67.69 (12,241) <0.0001
C3/C4 þ Food type þ Elevation 0.78 73.29 (11,232) <0.0001
Full1 0.78 63.61(13,230) <0.0001

Variable in full modela F-value (df)b P-value
C3/C4 516.03 (1) <0.0001
Food Type 3.98 (9) <0.0001
Elevation 9.18 (1) <0.005
Canopy 6.02 (1) <0.05
Season 0.34 (1) 0.56

Effect in reduced modelc Estimated P-value
C4 (papyrus) 19.4 <0.0001
Food type ¼ cambium �0.22 0.78
Food type ¼ flower 1.49 <0.05
Food type ¼ pulp 0.04 0.95
Food type ¼ pulp þ seed �0.68 0.34
Food type ¼ leaf bud 2.50 0.06
Food type ¼ mature leaf �1.27 0.07
Food type ¼ sapling leaf �4.40 <0.0001
Food type ¼ pith �3.64 <0.0001
Food type ¼ roots 0.59 0.51
Food type ¼ seeds 0.000
Elevation (change in ‰

per 300 m gain)
2.18 <0.05

a Full model ¼ C3/C4 þ Food type þ Elevation þ Season þ Canopy.
b F-value of Type III Sums of Squares.
c Reduced model ¼ C3/C4 þ Food type þ Elevation.
d The Estimate represents the effect of each variable on bulk d13C controlling for

all other variables in the model.

Table 3
Isotopic differentiation by photosynthetic pathway and food type.

Photosynth. Plant part n d13C ± SD(‰)

C3 All 246 ¡27.7 ± 2.6
Leaves, sapling 36 �31.1 ± 2.4
Pith 29 �30.5 ± 2.1
Leaves, tree 22 �27.7 ± 2.1
Pulp þ seed 16 �27.4 ± 1.8
Seeds 10 �27.0 ± 1.5
Pulp 85 �26.6 ± 1.4
Cambium 13 �26.6 ± 1.0
Roots 6 �26.3 ± 1.3
Flowers 27 �25.3 ± 1.5
Leaf buds 2 �24.2 ± 0.2

C4 All 5 ¡10.6 ± 0.5
Pith 5 �10.6 ± 0.5
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though both variables were statistically significant within the full
model, adding canopy to a model that already contained food type
only explained an additional 0.3% of the total variance (Table 2).

Variability attributable to food type (plant anatomy)

Leaves of saplings and pith were the most 13C-depleted of all
food types at �31.1 ± 2.4‰ and �30.5 ± 2.1‰, respectively (Table 3
and Fig. 1). Pairwise comparisons (Tukey's) showed that these two
dietary items differed significantly from all others (P < 0.0005), but
not from each other (P ¼ 0.768) (Table 4). Some significant differ-
ences were apparent between other food types (e.g., between
flowers and pulp, pulp/seeds, and leaves), but sufficient overlap
remains to confound reconstruction of their individual contribu-
tions to tissue level d13C.

The unique carbon isotopic signatures of pith and sapling leaves
are apparent on comparison with other food types. The isotopic
separation between food types was also observable within indi-
vidual species (e.g., M. myristica, M. lactea, and P. mildbraedii; see
Table 1). This differentiation is in part a result of the canopy effect
(with ground based sapling leaves and pith significantly depleted in
13C), but also independent of it. Within the ANOVA model, food
type accounted formore total variability than canopy alone, and the
distribution of d13C between canopy resources (i.e., flowers, pulp,
etc.) appears to vary slightly between food types. For example,
flowers and leaf buds appear least 13C-depleted and leaves from
mature trees most 13C-depleted.

Variability attributable to elevation

Elevation also had a significant effect on d13C variation (F1¼9.18,
P < 0.005), with 2.2‰ enrichment in 13C for every 300 m of gain
(Table 2). This may be related to the partial pressure of carbon di-
oxide at differing elevations. Alternatively, it may result from
topographical effects and water stress within the Ngogo range. At
Ngogo, elevation ranges from approximately 1200 to 1500 m above
mean sea level, with only 300 m between the lowest and highest
points of the chimpanzee foraging range. The lowest elevations are
largely characterized by streambeds and swamp ecosystems,
whereas the highest elevations are associated with forest margin
habitats and open patches of grassland. Previous work has shown
xeric locations along ridges or slopes significantly more 13C-
enriched than mesic locations within riparian zones or valley bot-
toms (Garten and Taylor, 1992). Therefore, the affect of elevation
within this sample may track ecological factors including water
stress, sun exposure, and soil composition.

Variability attributable to canopy

d13C has previously been reported to vary within the canopy as a
result of carbon dioxide recycling at the forest floor (Medina and
Minchin, 1980; Schoeninger et al., 1998; Cerling et al., 2004). To
test this relationship within the Ngogo chimpanzee dietary niche,
resources were classified as ‘canopy’ or ‘ground’. Canopy resources
were defined as those originating from the canopy (e.g., flowers,
pulp, tree leaves, leaf buds, etc.). Ground resources were defined as
those originating at or near the ground (e.g., sapling leaves and
pith). Fallen fruit and flowers collected from the ground, therefore,
were defined as canopy resources.

Canopy samples averaged �26.6 ± 1.7‰ while ground samples
averaged �30.7 ± 2.3‰. This difference was statistically significant
(P < 0.0001), and a similar magnitude (4.1‰ between canopy and
ground resources) to that previously reported by Cerling et al.
(2004) in the Ituri Forest. Canopy position was a significant
explanatory variable within the model (F1 ¼ 6.02, P < 0.05) after
controlling for photosynthetic pathway, food type, season, and
elevation.

Discussion

Developing an isotopic template for preferred chimpanzee foods
is relevant for reconstructing early hominin isotopic tooth signa-
tures. In general, there is a trend towards increasing consumption
of 13C-enriched foods in the fossil hominin record (especially in East
Africa), potentially reflecting foraging in more open and arid en-
vironments, as well as increasingly varied consumption among
several Plio-Pleistocene taxa (Cerling et al., 2013; Wynn et al.,
2013). These data provide evidence of evolving dietary niches
that may ultimately have led to the emergence and diversification
of the genus Homo and evolution of the robust australopith



Figure 1. d13C composition of the Ngogo chimpanzee dietary niche. Data presented for
all C3 resources (mean ± one standard deviation), ground versus canopy resources
(mean ± one standard deviation), and by food type (mean ± one standard deviation).
PDB ¼ Pee Dee Belemnite.
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lineages. Characterizing dietary evolution during this period re-
mains ongoing and in general focuses on four key issues:

(1) What are the specific dietary item(s) that contribute to the
13Ceenriched isotopic signature in Plio-Pleistocene hominins?
Grass blades, meristems, seeds and rhizomes of C4 grasses, under-
ground storage organs (USOs) or C4 sedges, termites (and other
insects), and the flesh or marrow of grazing ungulates have been
proposed, but these resources do not reconcile in any simple way
with other lines of evidence (Ungar and Sponheimer, 2011;
Sponheimer et al., 2013).

(2) Semi-quantitative estimates of C3 and C4 proportions of food
in the diet generally rely on isotopic mixing models (i.e., calcula-
tions of relative contributions), which require knowledge of the
physiological fractionation between diet and enamel apatite for
hominins, average C3 and C4 end member values appropriately
selected for the reconstructed environment, and acknowledgment
of variability within the C3 and C4 systems. None of these variables,
however, are well constrained or understood within modern
hominoid niches, let alone ancestral hominin populations. Most
hominin taxa younger than ca. 4 Ma have yielded isotopic enamel
signatures between C3 and C4 end members, thereby emphasizing
the importance of characterizing the ecological and physiological
variables capable of producing an intermediate dietary signal.

(3) A number of taxa (including Australopithecus sediba, Aus-
tralopithecus anamensis, and Ardipithecus ramidus) and a number of
specimens of most other taxa (with the notable exceptions of
P. boisei, P. aethiopicus, and Australopithecus bahrelghazali) have
dietary carbon isotopic values consistent with either exclusive C3 or
mixed C3/C4 (or CAM) foraging. What dietary items contributed to
this C3 component of the diet? How can we differentiate specific
components of exclusive C3 andmixed C3/C4 isotopic dietary niches
that dominate the fossil hominin isotopic record over the last 4Ma?
The generalized C3 dietary niche can accommodate multiple
feeding strategies including frugivory, folivory, insectivory, omni-
vory, faunivory, or even C3 grazing, and there is a need to differ-
entiate these behaviors isotopically, if possible.
(4) Several hominin taxa, including Australopithecus afarensis,
Australopithecus africanus, Kenyanthropus platyops, Paranthropus
robustus, and specimens attributed to the genus Homo, exhibit
highly variable enamel apatite d13C. Specimens of these taxa span
the isotopic range between pure C3 and pure C4/CAM consumers,
thereby raising a number of questions about Plio-Pleistocene
hominin dietary flexibility, niche separation, taxonomic classifica-
tion, and the compression of temporal and spatial variation within
the fossil record. Is enamel apatite d13C variation a direct marker of
dietary variation? Might ecological, behavioral, anatomical, and/or
physiological factors contribute to variation in diet-enamel frac-
tionation within a single taxon? Intra-species isotopic variation in
the fossil record might reveal evidence of dietary flexibility or the
conflation of morphologically similar but behaviorally distinct
species or sub-species into a single taxon.

Isotopic characterization of the chimpanzee dietary niche at
Ngogo contributes to these discussions, primarily by providing
empirical evidence for the nature of carbon isotopic variability
among C3 dietary resources. With respect to the four issues above,
this study does not specifically address the nature of a 13C-enriched
(less negative d13C) dietary signal ubiquitous in fossil hominin
specimens younger than 4 Ma as outlined in issue 1. Within the
Ngogo chimpanzee diet, papyrus is the only C4 resource and is
consumed infrequently (less than 0.5% of feeding time) (Watts
et al., 2012). While of relatively low nutritive value, papyrus has,
however, been hypothesized a significant component of the P. boisei
diet (van der Merwe et al., 2008; Harrison and Marshall, 2011).
Exploring this particularly unique dietary niche will require a body
of C4 nutritional analyses and modeling to identify additional di-
etary resources capable of providing sufficient caloric and nutrient
requirements for a primate of that size within a single ecosystem.

The Ngogo data more directly address issues 2e4, namely in
providing insights into isotopic variability within a hominoid
ecosystem that will help constrain estimates of C3 and C4/CAM
contributions to in the diet, characterize potential C3 dietary items,
and identify ecological/geographic variables that influence the
isotopic signatures of a large bodied hominoid species.

C3 fractionation by food type

While the isotopic difference between most C3 food types is
typically less than that between C3 and C4 resources, the isotopic
range of C3 food types preferred by Ngogo chimpanzees was
nearly 7‰ (i.e., between the means of flowers and pith) (Table 3),
and the range between individual samples nearly 14‰ (i.e., be-
tween the highest and lowest single values) (Supplementary On-
line Material [SOM] Table S1). Sapling leaves and pith were
significantly more 13C-depleted than any other food resources
(P < 0.001), and flowers were significantly more 13C-enriched than
both pulp (P < 0.01) and pulp/seeds (P < 0.005) (Table 4). In this
context, a deviation from ripe fruit consumption by increasing pith
or sapling leaves would further deplete tissue 13C, while con-
sumption of flowers or flower buds would increase tissue d13C. In
theory, differential specialization on the most or least 13C-enriched
food types within a 100% C3 dietary niche could lead to highly
variable tissue d13C.

Isotopic analyses of chimpanzee teeth from Kibale have yielded
d13C values ranging from �12.3‰ to �15.8‰ (Nelson, 2013), while
Kibale chimpanzee bone apatite has been reported from �12.0‰
to �16.8‰ (Carter, 2001). In both of these cases, the distinction
between specimens from the sites of Ngogo and Kanyawara are not
made, although there are ecological differences between sites.
Assuming a physiological fractionation between diet and bone/
enamel apatite of 10e13‰ (Smith et al., 2010), these apatite values
represent a dietary range of �22.0‰ to �29.8‰. This spans almost



Table 4
Pairwise tests for d13C equivalence between C3 food types controlling for elevation effects. P-values ¼ Pr > jt j for H0: m(i) ¼ m(j).

i/j Ca Fl Lb Le Ls Pi Pu Pu/Sd Rt Se

Ca 0.13 0.55 0.77 <0.0001 <0.0001 1.0000 1 1 1.0000
Fl 0.13 1 <0.0001 <0.0001 <0.0001 0.01 0 0.98 0.4
Lb 0.55 1 0.1 <0.0001 <0.0001 0.6 0.29 0.94 0.69
Le 0.77 <0.0001 0.1 <0.0001 0 0.07 0.99 0.3960 0.7080
Ls <0.0001 <0.0001 <0.0001 <0.0001 0.77 <0.0001 <0.0001 <0.0001 <0.0001
Pi <0.0001 <0.0001 <0.0001 0 0.77 <0.0001 <0.0001 <0.0001 <0.0001
Pu 1.0000 0.01 0.6 0.07 <0.0001 <0.0001 0.88 0.9990 1.0000
Pu/Se 1 0 0.29 0.99 <0.0001 <0.0001 0.88 0.88 0.99
Rt 1 0.98 0.94 0.3960 <0.0001 <0.0001 0.9990 0.88 1
Se 1.0000 0.4 0.69 0.7080 <0.0001 <0.0001 1.0000 0.99 1

KEY: Ca ¼ cambium, Fl ¼ flowers, Lb ¼ leaf buds, Le ¼ leaves of tree, Ls ¼ leaves of sapling, Pi ¼ pith, Pu ¼ pulp, Pu/Sd ¼ pulp/seeds, Rt ¼ roots, Se ¼ seeds.
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the entire range of chimpanzee dietary resources at Ngogo, thereby
emphasizing the need to develop a more specific estimate of iso-
topic fractionation from diet to tissues.

As outlined in issue 4, recent analyses of Plio-Pleistocene
hominins (Cerling et al., 2013; Wynn et al., 2013) have signifi-
cantly expanded the hominin isotopic dataset (Table 5), revealing
significant d13C variation within several Plio-Pleistocene taxa
including Au. afarensis, Au. africanus, K. platyops, P. robustus, and
earlyHomo spp. Each of these hominin taxa include specimens with
enamel apatite d13C indicative of substantial C3-based resource
consumption, substantial C4/CAM-based consumption, and a range
of mixed feeding in between. At least four hypotheses may explain
these data: (1) these taxa were highly flexible and perhaps
opportunistic consumers, (2) each of these taxa represent two or
more morphologically similar but behaviorally distinct taxa, (3) the
dietary niches of each hominin species were narrowly defined in
terms of C3:C4/CAM but diet to tissue fractionation was highly
variable as a result of environmental or physiological factors not yet
understood, or (4) the dietary niches are similar among the pop-
ulations being sampled across space and time, but the isotopic
values of constituent dietary components may vary depending on
local climatic conditions, topography, and extent of broken canopy
or general vegetation physiognomy.
Table 5
Review of published isotopic analyses performed on extant chimpanzees and extinct ho

Hair Coll

Species Site d13C‰±SD(n) d13C‰

Extant chimpanzees
Pan troglodytes schweinfurthii Kibale �21.8 (1) �21.5 ±
Pan troglodytes schweinfurthii Ugalla �22.0 ± 0.3 (12)
Pan troglodytes verus Fongoli �22.2 ± 0.4 (36)
Pan troglodytes schweinfurthii Ishasha �23.1 ± 0.3 (10)
Pan troglodytes verus Tai �24.9 ± 0.6 (30) �23.3 ±
Pan troglodytes verus Ganta �21.5 ±
Pan troglodytes All ¡23.2 ± 1.3 (89) ¡22.1 ±

Fossil hominins
Paranthropus boisei
Australopithecus bahrelghazali
Paranthropus aethiopicus
Homo sapiens
Kenyanthropus platyops
Homo spp.
Australopithecus africanus
Paranthropus robustus
Australopithecus afarensis
Ardipithecus ramidus
Australopithecus anamensis
Australopithecus sediba

References: 1Carter, 2001, 2Cerling et al., 2011b, 3Cerling et al., 2013, 4Fahy et al., 2013, 5
2010, 9Lee-Thorp et al., 2012, 10Schoeninger et al., 1999, 11Smith et al., 2010, 12Sponh
15Sponheimer et al., 2006a, 16Sponheimer et al., 2013, 17van der Merwe et al., 2003, 1
Interpopulation differences across chimpanzee sites support
hypotheses (1) and (2). The datasets from Ugalla and Ishasha
(Schoeninger et al., 1999), Fongoli (Sponheimer et al., 2006b),
Kibale (Carter, 2001), Ganta (Smith et al., 2010), and Taï (Fahy et al.,
2013) exhibit little intrapopulation variation, with the standard
deviation typically less than 0.5‰ across hair keratin and bone
collagen d13C samples (Table 5). Pooled data for hair keratin and
bone collagen across study sites yields standard deviations of 1.3
and 1.0‰, respectively, which is relatively minor variation
compared to Au. afarensis and K. platyops, but equivalent to that
observed among Ar. ramidus, Au. anamensis, Paranthropus boisei,
and P. robustus. Therefore, we may speculate that the dietary niche
of the later taxa may have been roughly as variable as that of extant
chimpanzees, while those of Au. afarensis and K. platyops were far
more variable.

Reading too much into comparative analyses of fossil hominin
variance is risky given relatively small current sample sizes. How-
ever, the variation reported here by food type within a C3 domi-
nated dietary niche indicates that significant intra-species variation
could arise from the preferential consumption of different food
types, perhaps seasonally, even within a niche dominated by C3
resources, or with invariable contributions of C3 and C4/CAM re-
sources. Future work may allow such comparative analyses to
minins by tissue.

agen Apatite (bone) Apatite (enamel)

±SD(n) d13C‰±SD(n) d13C‰±SD(n) References

0.7 (9) �15.0 ± 1.6 (9) �16.0 (1) 1
10
14
10

0.5 (22) 4
0.5 (36) �16.7 ± 0.6 (33) 11
1.0 (67) ¡16.6 ± 0.6 (34) 1, 4, 10, 11, 14

�1.2 ± 1.1 (30) 2, 3, 18
�2.6 ± 1.8 (3) 9
�3.7 ± 2.2 (4) 3
�4.8 ± 2.3 (5) 3
�6.2 ± 2.7 (21) 3
�6.3 ± 1.9 (32) 3, 7, 18
�7.1 ± 1.8 (22) 8, 12, 13, 16, 17
�7.5 ± 1.2 (22) 6, 7, 13, 15
�7.5 ± 2.6 (20) 20

�10.3 ± 0.9 (7) 19
�10.9 ± 0.8 (12) 3
�11.7 ± 0.1 (2) 5

Henry et al., 2012, 6Lee-Thorp et al., 1994, 7Lee-Thorp et al., 2000, 8Lee-Thorp et al.,
eimer and Lee-Thorp, 1999, 13Sponheimer et al., 2005, 14Sponheimer et al., 2006b,
8van der Merwe et al., 2008, 19White et al., 2009, 20Wynn et al., 2013.
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further inform our understanding of modern and extinct popula-
tion, sub-species, and species level behavior.

C3 fractionation by elevation

Apart from the mode of photosynthesis and food type, d13C also
varied by elevation with approximately 1‰ of enrichment in d13C
for every 150 m of elevation gain at Ngogo. This effect is likely
confounded with topographical features of the local ecology, but
still represents an additional source of d13C variation within this C3
dominated environment. If hominoid populations were dispersed
over a range characterized by 600 m of elevation change (not un-
common within the East African Rift Valley) or specific groups
foraged through this magnitude of elevation change (as chimpan-
zees at Bwindi Impenetrable do), this effect could potentially pro-
duce a 4‰ shift in d13C of dietary items and tissue isotopic
signatures within a single dietary niche. The effect of elevation on
carbon isotopic discrimination at Ngogo is consistent in direction
and magnitude with previous isotopic ecological analyses (K€orner
et al., 1991; Sparks and Ehleringer, 1997), and remained highly
significant after controlling for food type, canopy effect, photo-
synthetic pathway, and seasonality.

What these data suggest is that a portion of hominin d13C
variation previously interpreted to represent a dietary shift toward
C4 resources may instead result from C3 consumption at higher
elevations locally. Ecological reconstruction of associated fossil
herbivore guilds based on d13Cenamel may provide evidence for the
contribution of 13C-enrichment by elevation or increasing C4/CAM
feeding. In addition, further isotopic work at study sites with high
topographic relief (e.g., Bwindi Impenetrable National Park,
Uganda) and comparative isotopic ecology between sites at
different elevations may also provide greater insight into the effect
of elevation on isotopic discrimination and its contribution to tissue
level isotopic variability. Unfortunately, determining paleo-
elevations or paleotopographic variability for early hominin sites
within the rift remains difficult.

C3 fractionation by canopy position

The effect of canopy position on d13C has been reported often in
the literature, and was found significant again here. Within closed
canopy forested environments, carbon is increasingly recycled at
the forest floor by resident microbiota resulting in increasingly 13C-
depleted circulating CO2 trapped in the understory (Medina and
Minchin, 1980; van der Merwe and Medina, 1991). The result is a
gradation of CO2, from most 13C depleted at the forest floor to less
depleted at the canopy crown (Cerling et al., 2004). Schoeninger
and colleagues reported that this effect may be utilized to differ-
entiate between primate feeding strategies within the canopy
(Schoeninger et al., 1998).

The canopy effect on carbon observed within the Ngogo chim-
panzee niche, 4.1‰ between ground and canopy resources, was
highly significant and consistent with previous findings, lending
further support to its potential utility in studying the evolution of
hominin terrestriality. This study indicates that alongside a number
of other dietary and ecological variables of interest, canopy position
remains one of the most significant drivers of d13C variation within
the C3 dominated dietary niche of the Ngogo chimpanzees. Within
the Kibale Forest, d13Cenamel of fauna indicate that in conjunction
with oxygen isotopic data, distinctions in different diets and
feeding positions within the canopy can be made (Nelson, 2013).

Our earliest hominin ancestors likely lived in a similarly closed
canopy, C3 dominated environment in East Africa. The pattern and
range of C3 isotopic variability at Ngogo mirrors that of Central and
Eastern Africa (Cerling et al., 2011b), lending further support for its
relevance and applicability in regional isotopic modeling. As early
hominins spent more time terrestrially, their diet presumably
contained either increasing quantities of C3 low canopy and ground
vegetation (e.g., extant bonobos) in forest or woodland habitats, or
C4 resources within open woodland or grassland contexts (e.g.,
extant baboons).

Baboons have been examined as referential models for early
hominin diet (Jolly, 2001), consuming a mixture of C3 and C4 re-
sources (Codron et al., 2008). However, neither extant baboons nor
bonobos exhibit a dietary isotopic range equivalent to any currently
sampled hominin taxa. Notably, each hominin taxa (with the
exception of Ar. ramidus, Au. anamensis, and Au. sediba) is signifi-
cantly more 13C enriched than any modern primate species
currently sampled.

As hominins spent increasing time on the ground from the late
Miocene through the early Pleistocene, their dietary niche seems to
have shifted toward C4 resources, prey herbivores who were C4
consumers, or foraging in more open C3 environments or topo-
graphically variable habitats. How this transition occurred is un-
clear, but is ultimately testable. In the earliest stages, whether our
hominin ancestors adopted a subsistence strategy similar to extant
bonobos (i.e., upon increased terrestrial C3 resources), extant ba-
boons (i.e., upon increased consumption of C4 roots or seeds), or
another model altogether will leave traces upon and within the
teeth. A closed canopy C3 diet at increased elevation may resemble
incipient dietary input from C4 resources isotopically, but consil-
ience with enamel microwear, dental functional analyses, and
nutritional modeling may tip the balance in favor of one interpre-
tation or the other.

Implications for mixing models

Mixing models that attempt to estimate the relative contribu-
tions of C3 and C4 resources to the diet of extinct hominins are
confounded by uncertainty and error, which too often goes unac-
knowledged. This is unfortunate and important, as a number of
adaptive interpretations hinge on these estimates. Using fossil
apatite d13C values, C3:C4 estimates rely not only on physiological
fractionation offsets (which need to be developed from extant
hominoids), but also average C3 and C4 end members used in
simple linear mixing models with two food sources. The significant
variation found across C3 resources reported here reiterates the
difficulty in utilizing simple mixing models for accurate C3:C4
paleodietary reconstruction.

The use of average C3 values in simple mixing models is only
appropriate in contexts of minor variability. As this study shows,
significant variation exists within the C3 dominated Ngogo chim-
panzee dietary niche. Therefore, mixing models utilizing average C3
values are likely to be confounded by use of inappropriately defined
C3 end members (i.e., a single d13C value representing all potential
C3 contributions). Additionally, because significant variation exists
and is clumped or significantly correlated with dietary or ecologi-
cally meaningful variables (e.g., food type and canopy height), then
early hominin d13C variation may be interpreted in a broader
context than contributions of C4 based dietary inputs.

Conclusion

Dietary reconstruction via stable isotopic analyses requires an
environmental or dietary template to interpret the signature ob-
tained from the organism. The d13C values within this C3 dominated
ecosystem were highly variable, with d13C ranging nearly 7‰ be-
tween classes of C3 resources and nearly 14‰ between individual
samples. These results suggest that apart from the carbon isotopic
discrimination between C3 and C4 photosynthetic plants, there are
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a number of additional variables responsible for driving variability
among and between plant species. Isotopic variability within the
Ngogo chimpanzee dietary niche was most significantly attribut-
able to photosynthetic system (C3 or C4), plant anatomy (i.e., food
type), and elevation. These variables accounted for approximately
78% of total sample variation in d13C.

Further work remains to validate whether the variability
described within this C3 dietary niche is applicable across sites and
between species. However, these data significantly contribute to a
number of major issues currently facing isotopic reconstruction of
hominin diet, namely (1) the exposition of isotopic variability
within a hominoid ecosystem that informs C3:C4mixingmodels, (2)
characterization of the isotopic signatures of potential C3 dietary
items, and (3) identification of ecological variables that may influ-
ence the isotopic signatures of a large bodied hominoid as well as
inform interpretations of intra-species variation.

Thus, given significant isotopic variation between C3 food types,
this study suggests that the use of a single C3 end member for
calculating C3:C4/CAM is problematic. Heavy reliance on 13C-
enriched C3 resources (e.g., roots/tubers, leaf buds, flowers) may
erroneously be interpreted as a small contribution from C4 re-
sources. Alternatively, heavy reliance on 13C-depleted C3 resources
(e.g., sapling leaves or pith) may mask actual contributions of C4
resources in mixing models dependent on average C3 and C4/CAM
end members. As a result, attempts to define precise C3:C4/CAM
should only be applied where potential C3 (and C4/CAM) inputs are
isotopically homogenous, thereby validating the use of single C3
and C4/CAM end members.

Moreover, C3 variation attributable to food type (and canopy
height) may be extremely valuable for reconstructing hominin
behavioral ecology (including diet) at the origins of terrestriality.
Sapling leaves and pith were found to be significantly more 13C
depleted than any other resource, largely attributed to canopy ef-
fects. Late Miocene hominins undergoing adaptations for efficient
bipedal locomotion may exhibit increasing reliance on terrestrial
resources, or utilize bipedal locomotion to traverse between widely
distributed patches of canopy resources. These hypotheses are test-
able, and data presented here suggest that increasingly depleted
enamel apatite d13C around the origins of bipedal locomotion may
indicate increased reliance on pith or sapling leaves (e.g., similar to
extant bonobos) beforemoving into a niche inclusive of C4 resources.

Finally, topographical effects within a geographically diverse
niche (e.g., coincident here with elevation) may further confound
efforts to reconstruct diet from fossil enamel. These effects on
Ngogo plant d13C could effectively increase estimated proportions
of C4/CAM intake for C3 consumers ranging across a similarly
heterogenous niche. This is not to say that interpretations of C4
consumption are erroneous within the hominin fossil record, but
rather that topographical effects, including water stress and partial
pressure of CO2, may contribute to additional variation among C3
and/or C4/CAM based dietary resources. These effects further
confound simple mixing models utilizing single C3 and C4 end
members, and may contribute to some of the intra-species iso-
topic variation found in the hominin fossil record.

Acknowledging and characterizing this environmental vari-
ability is a critical step for the application of stable isotopicmethods
to extant primate populations and fossil hominin remains alike.
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