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In the 65 million years since a mass extinc-
tion led to the demise of dinosaurs, evolution
has generated amazingly diverse and complex
foodwebs on each continent (1). These food-
webs contain hundreds to thousands of inter-
acting species, each linked to other species
either by feeding on them or by being fed
on by them. However, it has been difficult
to determine consumer diets across seasons,
individuals, and space, and especially hard to
quantify the strengths of these linkages in all
but the simplest foodwebs. These issues have
limited the ability of ecologists to understand
how foodwebs are structured, how so many
interacting species can coexist, and how the
patterning and strengths of these linkages de-
termine the stability of foodwebs (2). The use
of next-generation sequencing is emerging as
a key tool for quantifying, with fine resolu-
tion, the diet composition of consumers (3).
By using these high-throughput techniques
on fecal samples from large African herbivore
species to quantify their diets, Kartzinel et al.
(4) provide important insights into foodweb
structure and coexistence in one of the few
remaining terrestrial foodwebs that still has
its full complement of large mammals.
In particular, Kartzinel et al. (4) extracted

DNA from the feces of seven large African
herbivores—the African elephant, impala,
two species of zebra, buffalo, Boran cattle,
and dik-dik—within a 150 km2 portion of
Kenyan savanna (Fig. 1). To determine diets
of each species, they obtained from 27 to 52
fecal samples per species during a single sea-
son. DNA metabarcoding allowed them to
quantify the relative dietary abundances of
about 100 different plant species or genera,
thus demonstrating the efficacy of this ap-
proach for coexisting mammals. They found
surprisingly strong dietary differences among
these herbivore species. This dietary niche
differentiation can explain the stable coexis-
tence of these competing species.
An earlier study that used carbon isotopes

in feces was able to quantify abundances of
two major groups of plants, grasses, and
browse, and showed that many (but not all)
herbivore species were separated along a
gradient defined by the ratio of these two

plant groups (5). Kartzinel et al. (4) have pro-
vided the finest-resolution evidence to date
demonstrating that each large African herbi-
vore species consumes a suite of plant species
different from the suite consumed by other
cooccurring herbivore species.
Why is this so important? The work of

Kartzinel et al. (4) suggests that the perfor-
mance of a given herbivore species depends
not on how much “forage” a grassland or
savanna may contain but on the actual abun-
dances of those particular plant species on
which that herbivore specializes. For exam-
ple, the plains zebra and Grevy’s zebra both
mainly eat grass and thus would seem to be
strong competitors. However, Kartzinel et al.
found that there were 14 grass species and a
forb species upon which these two competi-
tors were niche differentiated, with 10 of
these plant species mainly eaten by Grevy’s
zebra and 5 mainly eaten by the plains zebra.
Why does this dietary differentiation lead

to coexistence? Clearly, by eating different
plant species, each herbivore species reduces
the abundances of its own preferred food
plant species more than it reduces the abun-
dances of the preferred food for the other
species. This dietary differentiation meets the
classic ecological criterion for the coexistence
of competing species: that each species in-
hibits itself more than it inhibits the other
species. However, because of the multiple
linkages and potential feedback paths in
foodwebs, cause and effect relations are rarely
so simple (6–9). These 15 plant species likely
compete with each other. When Grevy’s ze-
bras are at high abundance, they will cause
their 10 favored plant species to be rarer. The
five plant species preferentially consumed
by the plains zebra might then increase in
abundance because of reduced competition,
which would benefit the plains zebra. A sim-
ilar process could cause high densities of
plains zebras to benefit Grevy’s zebras. These
indirect effects, mediated by competitive in-
teractions among plants for their own limit-
ing resources (water, nitrogen, phosphorus,
light, etc.), would enhance the ability of two
seemingly close competitors to stably coex-
ist. Indeed, the net effect of each of the zebra

species on the other might actually become
positive and form an “indirect mutualism” if
the competitive interactions among the 15
plant species were strong (7).
Achieving a more mechanistic and pre-

dictive understanding of foodwebs is one of
the major challenges facing ecology. A
foodweb is a complex network influenced
by the intensity of species interactions, which
themselves quantitatively depend on the
tradeoffs each species faces in dealing with
top-down forces (e.g., from its predators or
disease), bottom-up forces (from competition

Fig. 1. African mammals studied range in size from
elephants (Top), to Grevy’s zebra (Middle), to the dik-dik
(Bottom). Images courtesy of Andrew Dobson (Depart-
ment of Ecology and Evolutionary Biology, Princeton
University).
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for growth-limiting resources), and feedback
effects that propagate through the network.
Generalist consumers, such as large herbi-
vores, can affect distant parts of a food web,
yet a detailed understanding of the interact-
ions between generalist consumers and their
food species was generally out of reach until
the development of next-generation sequenc-
ing tools.
Dietary differentiation, should it prove to

be of general importance in other mamma-
lian foodwebs, could shed light not just on
the present-day ecology of these foodwebs
but also on the ecological constraints that
may have structured the evolution of large
mammalian herbivores and that perhaps
determined which species were successful
migrants between continents during the last
20+ million years.
Earth’s large terrestrial mammals evolved

on five continents but now mainly survive in
Africa. Africa’s high diversity resulted from
land bridges that periodically allowed mam-
malian herbivores and predators that evolved
on one continent to move to another. A va-
riety of mammals that evolved in North
America migrated to Asia and Africa, includ-
ing camels, horses, and other grazing or
browsing herbivore species and several scav-
engers and predators. Other mammals of Af-
rican or Asian origin similarly migrated into
North America. Despite apparent similarities
among species, the resident and invading
species coexisted (1, 10, 11). Such coexistence
is also common following migration by mol-
lusks, plants, and other taxonomic lines to
new geographic regions (12–14).
The work of Kartzinel et al. (4) raises the

interesting possibility that the species that
were successful invaders had dietary prefer-
ences different from the established species
on their new continent, and that such differ-
ences allowed both their invasion and their
coexistence. After all, an invading species
must be able to survive and reproduce
on the resources left unconsumed by the

species established in the shared habitat.
There will generally be notable levels of
unconsumed resources if an invading
species has dietary preferences that are
significantly different from those of the
established species. Although we cannot go
back in time, comparative studies of current
diets of both herbivores and predators might

Kartzinel et al. provide
important insights into
foodweb structure and
coexistence in one of
the few remaining ter-
restrial foodwebs that
still has its full comple-
ment of large mammals.
shed considerable light on why some species
were able to invade and coexist with, but not
displace, the established species, and why
other species were not able to invade, and
yet also were not displaced by species that
did invade their habitat.
The work of Kartzinel et al. (4) also raises

many questions. For instance, what con-
straints and tradeoffs limit the breadth of di-
ets and lead to specialization by herbivores?

Are dietary choices mainly the result of how
plant species meet the nutritional needs of an
herbivore? Or do diets reflect spatial patterns
of cooccurrence of various plant species? Or
might the dietary choices of large herbivores
be determined by the plant species that tend
to cooccur in the sites that provide a given
species of herbivore with its greatest protec-
tion from its predators?
Each terrestrial foodweb is a 1,000+ piece

puzzle containing some subset of Earth’s
>300,000 species of vascular plants, >25,000
species of vertebrate herbivores, omnivores,
and predators, and >1,000,000 species of
herbivorous, predatory, parasitoid, and pol-
linating insects and arthropods (15). All
organisms evolved in, and live in, such
foodwebs, where, to survive, they must suc-
cessfully compete for limiting resources and
defend themselves from predators, parasites,
and diseases. The next-generation sequenc-
ing approaches used by Kartzinel et al. (4)
may finally allow us learn, at the level of
individual species, how the constraints, trade-
offs, and feedback effects species experience
in foodwebs interact to determine the di-
versity, functioning, and stability of Earth’s
most complex, and most threatened, terres-
trial ecosystems.
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Niche partitioning facilitates species coexistence in a world of limited
resources, thereby enriching biodiversity. For decades, biologists
have sought to understand how diverse assemblages of large
mammalian herbivores (LMH) partition food resources. Several
complementary mechanisms have been identified, including differ-
ential consumption of grasses versus nongrasses and spatiotempo-
ral stratification in use of different parts of the same plant.
However, the extent to which LMH partition food-plant species
is largely unknown because comprehensive species-level identifica-
tion is prohibitively difficult with traditional methods. We used DNA
metabarcoding to quantify diet breadth, composition, and overlap
for seven abundant LMH species (six wild, one domestic) in semiarid
African savanna. These species ranged from almost-exclusive graz-
ers to almost-exclusive browsers: Grass consumption inferred from
mean sequence relative read abundance (RRA) ranged from >99%
(plains zebra) to <1% (dik-dik). Grass RRA was highly correlated
with isotopic estimates of % grass consumption, indicating that
RRA conveys reliable quantitative information about consumption.
Dietary overlap was greatest between species that were similar in
body size and proportional grass consumption. Nonetheless, diet
composition differed between all species—even pairs of grazers
matched in size, digestive physiology, and location—and dietary sim-
ilarity was sometimes greater across grazing and browsing guilds
than within them. Such taxonomically fine-grained diet partitioning
suggests that coarse trophic categorizations may generate mislead-
ing conclusions about competition and coexistence in LMH assem-
blages, and that LMH diversity may be more tightly linked to plant
diversity than is currently recognized.

African savannas | body size | competition | coexistence | ungulates

Dietary niche partitioning contributes to the origin and main-
tenance of biodiversity by alleviating competition and allow-

ing ecologically similar consumers to coexist (1–3). Of the many
faunas in which this mechanism is thought to play a major struc-
turing role, few have inspired as much research and debate as
the diverse assemblages of large mammalian herbivores (LMH)
(≥5 kg) that occur in African savannas and that were globally
widespread before the Pleistocene extinctions (4–7). These as-
semblages often comprise 10–25 species (8, 9) that forage within
the same areas. How can so many apparently generalist consumer
species coexist on a limited range of resource types?
Attempts to address this question have yielded several key

insights. One is that sympatric LMH vary in their proportional
consumption of grasses versus browse (i.e., all nongrasses, in-
cluding trees, shrubs, and forbs) (10). Thus, LMH can achieve
dietary separation along a spectrum from pure grazers to pure
browsers, and species can be categorized as predominantly grazers,
browsers, or mixed feeders. In recent decades, stable-isotope
analysis of C3 (browse) versus C4 (grass) consumption has been
used to quantify this continuum (7, 11, 12). Although feeding guilds
have been defined in various ways, and although LMH diets vary
seasonally and spatially, the grazer–browser continuum has been
documented repeatedly and remains central to theories of LMH
community structure and diversification (8, 13–16).

A second set of insights linked dietary niche structure to LMH
body size, morphology, and digestive strategy (i.e., ruminant vs.
nonruminant). The Jarman–Bell Principle holds that larger
species and hindgut-fermenting nonruminants subsist on larger
quantities of lower quality forage than do smaller species and
ruminants (13, 17–21). This can lead to spatiotemporal parti-
tioning of food resources via microhabitat selection, grazing
succession, and sward-height specialization (17, 22, 23). Simi-
larly, browsing stratification enables partitioning of forage in
vertical space, as taller LMH can access higher vegetation (13).
Notably, these mechanisms require only two broad groups of

plants, grass and browse, to maintain LMH diversity. Both of
these groups encompass enormous taxonomic, phylogenetic, and
trait diversity, yet few studies have evaluated resource partitioning
at the plant-species level (20, 24). Interspecific differences in dietary
species richness and composition have been proposed to structure
LMH assemblages (10, 18), but theoretical and empirical evalua-
tion of this hypothesis is underdeveloped relative to mechanisms
operating at both coarser (e.g., grazer–browser continuum) and
finer (e.g., sward partitioning) taxonomic levels (13, 23, 25–27).
The paucity of species-level accounts stems from the difficulty

of constructing high-resolution diet profiles for LMH, which are
highly mobile, hard to observe at close range, and feed on diverse
and often inconspicuous plant species. Most such studies have

Significance

Theory holds that sympatric large mammalian herbivores (LMH)
must partition food resources to coexist, and traditional frame-
works categorize LMH along a spectrum from grass-eating grazers
to non–grass-eating browsers. Yet it has never been clear how
finely LMH partition the enormous species diversity subsumed
within these two broad plant types. By sequencing plant DNA
from LMH fecal samples, we analyzed the diets of an LMH as-
semblage in Kenya. Diet composition was similar within species
and strongly divergent across species, irrespective of feeding
guild: Grazers ate similar total amounts of grass but different
suites of grass species. These results suggest that species-specific
plant traits may be key to understanding the dietary differences
thought to underpin LMH diversity.
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used one of two methods: direct observation of foraging animals
(e.g., 20, 28) or microhistology, in which plant parts from feces are
visually identified (e.g., 24, 29, 30). These methods have well-
known limitations (31). Direct observation requires high visibility
and is prone to omission (e.g., of foraging at night or on un-
common plants). Histology is effort-intensive and is often in-
accurate and/or imprecise (32). DNA metabarcoding outperforms
these traditional methods in many respects (31, 33) and may prove
at least as good at revealing relative quantities of plant types in
diets (30, 33, 34). However, to date DNA metabarcoding has been
used primarily in single-species studies rather than to test hy-
potheses about niche relationships in diverse assemblages, and few
studies have attempted to cross-validate DNA-based inferences
about quantitative consumption patterns.
We quantified diet composition and overlap of seven sympatric

LMH species in semiarid Kenyan savanna using DNA meta-
barcoding and stable-isotope analyses. We sequenced plant DNA
from 292 fecal samples collected over a 152-km2 area (SI Appendix,
Fig. S1) during a wet season at Mpala Research Centre (0°17’N,
37°52’E). Collectively, these seven species comprise 99% of LMH
individuals and 94% of LMHbiomass in this ecosystem (35), include
grazing and browsing ruminants and nonruminants, represent three
taxonomic orders, and span >2 orders of magnitude in mass from
5-kg dik-dik (Madoqua guentheri) to 1,725-kg elephant (Loxodonta
africana). Of these species, plains zebra (Equus quagga, 200 kg),
Grevy’s zebra (Equus grevyi, 375 kg), buffalo (Syncerus caffer, 450 kg),
and domestic Boran cattle (Bos indicus, 322 kg) are traditionally
considered grazers. Elephant and impala (Aepyceros melampus, 40
kg) are usually classified as mixed feeders and dik-dik as browsers;
for simplicity, we refer to these three species as “nongrazers.”
We tested a series of specific, theoretically motivated pre-

dictions: (i) LMH species vary along a grazer–browser continuum,
and (ii) their position on this continuum can be measured by the
proportion of grass DNA in fecal samples (i.e., relative read
abundance, RRA); (iii) larger LMH have greater dietary species
richness (i.e., niche breadth); dietary dissimilarity increases with the
(iv) size disparity between species and (v) geographic distance be-
tween samples; and (vi) there is strong interspecific partitioning of
plant species within feeding guilds, (vii) even after accounting for
effects of body size, digestive strategy, and spatial proximity.

Results
DNA Metabarcoding of LMH Diets.We collected spatially overlapping
(SI Appendix, Fig. S1) sets of fresh fecal samples (n = 27–52 per
species) and analyzed them using a broad-spectrum DNA meta-
barcode marker: the P6 loop of the chloroplast trnL(UAA) intron,
hereafter trnL(UAA)-P6 (36) (SI Appendix, Text S1 and Table S1).
Although the plant DNA-barcoding community promotes thematK
and rbcL loci, we selected trnL-P6 for dietary analysis due to its
shorter length, conserved primer sites, and interspecific variation (33,
36). Most samples were collected after observing defecation, but we
also opportunistically collected fresh dung and identified it by ap-
pearance. Because buffalo and cattle are the only species in our study
with similar dung, we used DNA minibarcodes [mitochondrial
cytochrome c oxidase subunit 1 (COI)] to verify the source of 41
putative buffalo samples, only two of which were incorrect and
reassigned to cattle (>95% accuracy; SI Appendix, Text S1).
DNA metabarcoding requires comparing unknown sequences

to a DNA reference library. In total, we obtained 110 unique
trnL-P6 sequences (i.e., putative plant species; 32–62 per LMH
species; SI Appendix, Table S2) and identified them using two
reference libraries. Our primary library comprised trnL-P6
sequences from our local collection of 1,369 plant specimens
representing ≥291 species (of ∼480 known from the area; SI Ap-
pendix, Text S2; see Data Deposition). Of these reference se-
quences, 77% corresponded to a single species/morphospecies,
which indicates that our approach yields high-resolution
identifications and is consistent with prior evaluations of this

marker (33, 36) (SI Appendix, Text S3). A second reference library
was constructed by extracting all trnL-P6 sequences from the global
European Molecular Biology Laboratory database, which we used
to identify taxa absent from our local library (SI Appendix, Text S3).
All 110 dietary sequences were identified to family level or better
and represented 25 plant families (SI Appendix, Table S3); 70
dietary sequences (64%) perfectly matched the local library and an
additional seven (cumulatively, 70%) perfectly matched the global
library (SI Appendix, Table S3). Twenty-four dietary sequences per-
fectly matched >1 species in the local database and thus rep-
resent supraspecific taxa (SI Appendix, Table S3).

Dietary Richness and Guild Evaluation. We quantified diet compo-
sition using two distinct metrics: (i) sequence occurrence (i.e.,
presence/absence), which when averaged across all samples
yields relative frequency of occurrence (FOO), and (ii) sequence
RRA, defined as the proportion of unique Illumina sequence
reads in a sample divided by the final (i.e., after quality control)
number of sequence reads in that sample. We conservatively
based most of our inferences on occurrence data, because RRA
may not always accurately reflect the relative intake of plant
species (33). However, we used mean RRA at the level of plant
families to infer quantitative patterns of consumption (30, 34)
and at the level of unique sequences to assess the robustness of
our occurrence-based results.
Sample-based species-accumulation curves approached as-

ymptotes (SI Appendix, Fig. S2A), indicating adequate sampling
of LMH diets (37). Dietary richness was greatest for buffalo and
impala and least for the two zebras (SI Appendix, Fig. S2B); thus,
we found no evidence that diet breadth increases monotonically
with body size. LMH species overlapped considerably in plant taxa
consumed (Fig. 1)—all ate at least some grasses, forbs, and trees—
but diverged in FOO of different plant types. The plants with
the highest overall FOO included some of the most common in
the area (38): the grasses Cynodon spp., Pennisetum spp., and
Digitaria spp. (FOO = 0.47–0.76); the forbs Indigofera spp. (0.66);
and the tree Acacia brevispica (0.46; SI Appendix, Table S3).
To test support for conventional LMH feeding guilds, we

compared RRA of the main dietary plant families within
and across LMH species (Fig. 2). As expected, mean RRA of
Poaceae (grasses) was greatest (>96%) for the two zebras (non-
ruminant grazers), less for the ruminant grazers (55–59%), lesser
still for impala and elephant (29–33%), and least for dik-dik
(<1%; Fig. 2A). Roughly the reverse was true for Fabaceae (le-
gumes) RRA, which was lowest in zebras and highest in elephants
and dik-dik (Fig. 2B). Mean RRA of Malvaceae also differed
among LMH species, comprising >10% for only buffalo and dik-dik
(Fig. 2C). Cumulative mean RRA of the remaining 23 plant
families was greatest for dik-dik [26%, with Dyschoriste radicans
(Acanthaceae) being most abundant at 5.3%], and ≤10% for all
other LMH species (Fig. 2D). These data support coarse grazing
(>50% mean grass RRA) and nongrazing (<50%) guilds but also
reveal dietary nuance within guilds.
We cross-validated these inferences using fecal stable-isotope

analysis (δ13C), a common measure of grass:browse ratios in
African savanna LMH diets (7, 39). Raw δ13C values from a
subset of samples (n = 33) differed significantly among species
and were positively correlated with grass RRA values (SI Ap-
pendix, Text S4, Table S4, and Fig. S3). Proportional C4-plant
consumption, estimated from δ13C using a Bayesian mixing
model (40) (SI Appendix, Text S4), was likewise highly correlated
with mean grass RRA across LMH species (Fig. 2E). Thus, RRA
provides a reliable proxy for grass:browse consumption ratios.

Quantifying Diet Composition and Overlap. We measured intra-
specific (among-individual) variability and interspecific niche
separation using Bray–Curtis dissimilarities (41), which range
from 0 (complete overlap) to 1 (complete nonoverlap). Dietary
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dissimilarities were lower (i.e., diets more similar) within LMH
species than among them (mean dissimilarity = 0.428 vs. 0.678;
Table 1). Intraspecific dietary dissimilarity differed among species,
from 0.297 in plains zebra (most consistent among individuals) to
0.541 in dik-dik (most variable among individuals; Table 1). In-
terspecific niche separation occurred across the grazer–browser
continuum, being least between the two zebras (0.434) and nearly
complete between plains zebra and dik-dik (0.988; Table 1).
We compared diet composition among species using adonis, a

permutational (per)MANOVA that can accommodate both cat-
egorical and continuous predictor variables (41). As expected,
LMH of similar body mass had similar diets (pseudo F1,290 = 75.9,
R2 = 0.21, P ≤ 0.0001; Fig. 3). This association remained statis-
tically significant (pseudo F1,288 = 101.7, R2 = 0.21, P ≤ 0.0001)
even after accounting for effects of feeding guild (pseudo F1,288 =
75.2, R2 = 0.15, P ≤ 0.0001) and the Guild × Body Mass in-
teraction (pseudo F1,288 = 25.0, R2 = 0.05, P ≤ 0.0001).
To visualize patterns in dietary dissimilarity within and among

species, we used nonmetric multidimensional scaling (NMDS).
Diets differed strongly among LMH species, with minor overlap of
samples from species with similar feeding strategies; interspecific
groups of samples showed clear separation from near-exclusive
grazers to progressively less-exclusive grazers (Fig. 4A). To
elucidate within-guild niche segregation, we ran perMANOVA
and NMDS analyses for grazers and nongrazers separately. Diets
differed significantly within both guilds (Fig. 4 B and C).
We evaluated how strongly sample compositions reflected

their spatial proximity. Because diet composition is influenced by
relative availability of spatially variable forage types, we sampled
each LMH species as evenly as possible across the study area.

Although this area is small relative to most African protected
areas, intraspecific dietary dissimilarity increased significantly
with distance between samples for all species except the zebras
(Mantel tests, r = 0.06–0.58; SI Appendix, Fig. S4).
We used two complementary analyses to examine the sensitivity

of our inferences about within-guild niche partitioning to (i) spatial
heterogeneity and (ii) LMH body size and digestive strategy.
First, we compared two pairs of focal grazer species roughly
matched in size and digestive strategy: plains versus Grevy’s zebra
(nonruminant grazers ∼200–375 kg) and cattle versus buffalo
(ruminant grazers ∼320–450 kg). For each pair, we analyzed
dietary dissimilarity of samples collected near (0–2.3 km) and
far (>2.3 km) from each other, using permutation tests (2.3 km
matches zebra mean daily movement diameter and is ∼10% of the
maximum distance between samples; SI Appendix, Text S5 and
Table S5). Within species, samples were significantly more similar
than expected at both scales (SI Appendix, Fig. S5). Between
species, distant samples differed significantly for both focal pairs;
nearby samples differed significantly between cow and buffalo but
nonsignificantly between the two zebras.

Elephant

Impala

Dik-Dik

Grevy’s
zebra
Plains
zebra

Cattle

Buffalo

Rubiaceae

Poaceae
Asteraceae
Malvaceae
Solanaceae
Fabaceae
Acanthaceae
Amaranthaceae

Burseraceae
Euphorbiaceae
Capparaceae
other

Fig. 1. Bipartite networks depicting diet composition and overlap of
grazers (Left) and nongrazers (Right). Lines connect LMH species (outer
boxes) to dietary plant sequences (inner boxes), which are colored by plant
family. Widths of inner boxes are scaled to reflect how frequently each se-
quence was detected across all samples from all LMH species; line widths
show how frequently each plant was detected in samples from each LMH
species. Plants detected in both grazer and nongrazer diets appear in both
networks. Boxes are ordered to minimize overlapping lines.

A B

C D

E

Fig. 2. Mean RRA per sample for (A) Poaceae, (B) Fabaceae, (C) Malvaceae,
and (D) all remaining plant families (±1 SEM) for each LMH species. Each
comparison revealed significant differences (ANOVA, all F6,285 ≥ 14.1, P <
0.001). Letters above bars denote significant differences (Tukey’s HSD).
(E) Correlation of proportional C4 consumption estimated from stable isotopes
vs. grass consumption estimated from mean RRA in a subset of samples from
each species (mean ± SD). The trend line fit to the data (dashed; slope = 0.98,
F1,5 = 27.9, R2 = 0.85 P < 0.01) nearly overlaps with the 1:1 line (solid).
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Second, for the zebras only, we compared subsets of samples
from two spatially discrete clusters (again ∼2.3-km diameter)
using adonis. Diet composition differed between the two spe-
cies (pseudo F1,30 = 5.2, R2 = 0.13, P = 0.0002) and across the
two locations (pseudo F1,30 = 3.8, R2 = 0.09, P = 0.0058), with
no significant Species × Location interaction (pseudo F1,30 = 2.2,
R2 = 0.05, P > 0.07). Thus, although intraspecific diets varied
spatially, the observed within-guild niche separation was not
simply an artifact of interspecific differences in body size, di-
gestive strategy, or microhabitat affiliation.
To explore the biological basis of this within-guild niche par-

titioning, we used indicator-species analyses (42). Fifteen plant
taxa differed significantly in FOO between the two zebra species
(33% of 45 total taxa detected; 14 grasses, one forb; SI Appendix,
Table S6). Ten of these had higher FOO in Grevy’s (notably
Cynodon plectostachyus and Indigofera spp.) and five in plains
(notably Themeda triandra; SI Appendix, Table S6). Similarly, 35
taxa differed between cattle and buffalo (46% of 76). Twenty-
two of these had higher FOO in buffalo than cattle samples,
including 12 grasses (notably Pennisetum stramineum) and four
trees (notably A. brevispica; SI Appendix, Table S6). Of the 13
taxa more frequent in cattle diets, seven were grasses and six
were forbs (notably Indigofera spp.; SI Appendix, Table S6).
We considered whether incidental ingestion, environmental

DNA deposition, and/or PCR-amplification bias potentially ex-
aggerated the niche-partitioning signal in our analyses of occur-
rence-based trnL-P6 data by further analyzing (i) RRA-based
trnL-P6 data (SI Appendix, Text S4) and (ii) sequence data from
three plant family-specific internal transcribed spacer (ITS) mark-
ers (SI Appendix, Text S6). Patterns were qualitatively similar in
each analysis (SI Appendix, Table S7 and Figs. S6 and S7).

Discussion
Comparing Diets Within and Among Guilds. In several respects, our
data are consistent with predictions from prior work: LMH were
arrayed across a grazer–browser continuum (Figs. 1 and 2), and
species closer in body size (Table 1 and Fig. 3) and individuals
occurring closer in space (SI Appendix, Figs. S4 and S5) had
more similar diets. However, DNA metabarcoding also yielded
insights that have implications for our understanding of com-
petition and coexistence in diverse LMH assemblages. Most
importantly, we found marked differences in dietary richness (SI
Appendix, Fig. S2) and composition (Fig. 4 and SI Appendix,
Table S6) within guilds. Indeed, each species had distinctive di-
ets, and overall compositional similarity was in some cases as
great across guilds as within them (Table 1).
A key advantage of DNA metabarcoding relative to stable-

isotope analysis (7, 11, 12) is taxonomic resolution. In our study,
RRA-based grass consumption nicely paralleled isotopic estimates
and implied three conventional feeding guilds (browsers, mixed

feeders, and grazers; Fig. 2E). However, compositional differences
occurred between species at all points along the grazer–browser
continuum (Figs. 2 and 4): The diets of two zebra species differed
despite containing near-identical proportions of grasses, and the
same was true for buffalo and cattle, and for impala and elephant.
We were able to pinpoint the source of these differences. For ex-
ample, Grevy’s and plains zebra diets differed in FOO of 14 grass
taxa but had similar FOO of the abundant grass P. stramineum
(0.97 vs. 0.98, respectively; SI Appendix, Table S6). Field observa-
tions and microhistology, which afford some taxonomic precision
but are biased toward high-visibility and/or low-digestibility resources
(31, 32), may often fail to identify such fine-grained niche separation.
Our data also reveal dietary similarities that cross guild

boundaries. Compositional similarity between cattle and impala
diets was at least as great as that between cattle and other grazers
(Table 1), irrespective of grass:browse ratios (Fig. 2 A and E).
Cross-guild similarities were also evident in the FOO of certain
forage species, such as the legumes Indigofera spp. (fourth-highest
total FOO), which were frequently eaten by ruminant grazers (0.85
buffalo, 1.0 cattle), mixed feeders (0.98 impala), and browsers (0.87
dik-dik; SI Appendix, Table S3). This finding accords with tradi-
tional knowledge—Wodaabe pastoralists in Niger credit Indigofera
with maintaining cattle condition when grass is scarce (44)—and
with work showing that grazing ruminants supplement grass di-
ets with forbs to maintain protein–energy balance (45). Similarly,
although dik-dik consumed little grass (Fig. 2), the grass-specific
ITS marker revealed two common grasses in >90% of dik-dik
samples (Digitaria sp. and Pennisetum spp.; SI Appendix, Table

Table 1. Intra- and interspecific dietary overlap calculated using occurrence- (below diagonal) and RRA-based data (above diagonal)

Grazers Nongrazers

Species Plains zebra Grevy’s zebra Cattle Buffalo Dik-dik Impala Elephant Intraspecific means*

Plains zebra 0.720 0.815 0.778 0.997 0.898 0.910 0.484d

Grevy’s zebra 0.434 0.717 0.798 0.987 0.793 0.843 0.589c

Cattle 0.579 0.512 0.718 0.881 0.684 0.847 0.516c

Buffalo 0.577 0.609 0.564 0.921 0.793 0.860 0.654b

Dik-dik 0.988 0.959 0.823 0.832 0.795 0.791 0.732a

Impala 0.747 0.679 0.558 0.629 0.640 0.720 0.632bc

Elephant 0.728 0.684 0.697 0.679 0.750 0.579 0.508b

Intraspecific means* 0.297d 0.396c 0.408c 0.467b 0.541a 0.427bc 0.466b

Values are weighted means of Bray–Curtis dissimilarities (low values = high overlap).
*Superscripts reflect significant pairwise differences in intraspecific variation, measured as dispersion (occurrence-based permutation test, F6,285 = 16.94, P ≤
0.001; RRA-based permutation test F6,285 = 12.88, P ≤ 0.001).
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Fig. 3. Correlation between mean pairwise dietary dissimilarities (Table 1)
and body mass differences (35) among LMH species. Colored points show
intraspecific comparisons (body mass difference = 0); shapes show inter-
specific comparisons within and between grazer and nongrazer guilds (body
mass difference > 0). Regressions are fit both for all comparisons (solid, F1,26 =
42.71, R2 = 0.62, P < 0.001) and for interspecific comparisons only (dashed,
F1,19 = 17.89, R2 = 0.49, P < 0.001).
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S7), perhaps because digestible grasses mitigate the metabolic
cost of excess protein consumption (15, 45).
DNA metabarcoding is thought to have a limited ability to re-

veal relative amounts of foods consumed due to variation in DNA
content across plant species and tissues, variation in digestion
efficiency (but see ref. 16), and/or bias introduced by laboratory
procedures—including the possibility that primer mismatches in-
hibit amplification of some plant species (33). Although it remains
unclear how accurately RRA reflects relative consumption of in-
dividual plant species, our correlations between dietary C4 esti-
mates from RRA and δ13C (Fig. 2E and SI Appendix, Fig. S3) add
to a growing body of evidence (30, 34) that RRA is a reliable proxy
for relative consumption of grass versus other plant families. Thus,
DNA metabarcoding can reveal as much about quantitative con-
sumption patterns as do common isotopic analyses.

Alternative Hypotheses and Future Directions. The observed dietary
partitioning could be due to three non-mutually exclusive mecha-
nisms: (i) divergent forage preferences or constraints, (ii) compet-
itive displacement, and/or (iii) spatial variation in the availability of
different foods. We cannot evaluate i vs. ii: The former requires
independent resource availability and/or quality measures, the latter
experimental removal of competing LMH species. However, several
lines of evidence suggest our results are not solely a byproduct of
(iii) spatial segregation. First, we sampled only within a single
dominant habitat, which supports a characteristic flora with similar
relative abundances across the study area (46). This does not con-
trol for animals’ prior movements, but LMH fecal material typically
reflects consumption over ∼24–48 h (47). Long-distance movements
within such short time intervals are rare for territorial antelope (dik-
dik, impala), zebra (mean daily extent = 2.3 km), and cattle (which
return to corrals nightly). Thus, short-term integration of dietary
DNA should limit the influence of such movements on our results.
We further accounted for variation in microhabitat use by showing
that grazers’ diets differed both within and across a 2.3-km range.
Although LMH diets vary seasonally, our data are from a wet

season when food was abundant, and available evidence suggests
that our results are therefore likely to conservatively describe
dietary separation. Stable-isotope studies show that nongrazers
consume more grass in the wet season, potentially increasing
overlap with grazers (16). Observational (20) and micro-
histological (29) studies also suggest LMH dietary segregation
is more pronounced in the dry season (but see ref. 48). Thus,
the niche partitioning documented here may be stronger in the
dry season.
Our findings are not inconsistent with models of the evolution

and maintenance of LMH diversity that emphasize differences in
diet type and/or quality, mediated by body size and/or digestive

physiology (13, 14, 16–18, 49). However, our study departs from
prior work in elucidating taxonomic patterns of diet composition,
breadth, and overlap that are not captured in prevailing concep-
tual frameworks. Species-level accounting of food plants offers a
precise way of integrating diet type with the plant traits that de-
termine diet quality (nutrients, digestibility, defenses), which will
help resolve long-standing debates over the primacy of these two
factors in shaping LMH diversity (16). Taxonomic, phylogenetic,
and trait-based analyses of insect herbivore–plant interactions
have yielded key insights about the global diversity of plants and
animals (50, 51) and may similarly transform our understanding of
LMH and the ecosystems they inhabit (14, 16, 49).
As demonstrated by our analysis of domestic cattle, our ap-

proach could be applicable to environmental management.
Wildlife and livestock overlap in rangelands worldwide (52), and
resource competition between them (both real and perceived) is
a major source of human–wildlife conflict (53). However, the
extent of dietary overlap is poorly resolved due to the difficulty
of studying wildlife diets (52). Controlled studies using DNA
metabarcoding could elucidate the mechanisms of facilitative
and competitive interactions as well as identify important forage
species, thereby informing management strategies.

Materials and Methods
Identifying Dietary Plant Species by DNA Metabarcoding. Fecal samples were
collected in June–July 2013 from seven of the 10 highest biomass LMH at Mpala
Research Centre (35). Plant DNA was amplified using trnL-P6 and family-specific
ITS markers for grasses, sedges, and asters and then sequenced on an Illumina
HiSeq 2500 (36, 43) (SI Appendix, Text S1). Sequence demultiplexing, identifica-
tions, and quality controls (i.e., removing sequences with Illumina fastq quality
scores <30, shorter lengths than expected, and putative errors) were per-
formed using obitools software (SI Appendix, Text S3). Sequences removed
during quality control steps were excluded from RRA calculations.

Dietary Richness and Guild Evaluation. We assessed sampling sufficiency and
dietary richness in EstimateS 9.1 (54). We built bipartite networks to visualize links
between LMH species and their shared or exclusive foods within guilds using bi-
partite (55) in R (56). We tested for differences among LMH species in RRA of the
three most abundant plant families in our samples as well as the combined RRA of
remaining families, using ANOVA. We cross-validated family-level RRA compari-
sons using stable-isotopes (δ13C) analyzed at the University of California Santa Cruz
Stable Isotope Facility (SI Appendix, Text S4). We tested for differences in δ13C
between species (ANOVA) and the correlation between δ13C and grass RRA in
each sample (linear regression). We then regressed mean species-level grass RRA
against proportional C4 consumption, as estimated by a two-source Bayesian
mixing model using local C3 and C4 plants as endpoints (SI Appendix, Text S4).

Quantifying Diet Composition and Overlap. We measured Bray–Curtis dis-
similarity in vegan (41). Pairwise differences in intraspecific dietary variation
(i.e., dispersion) were tested using the functions betadisper and permutest
with 999 permutations and bias adjustment. Differences in diet composition

A B C

Fig. 4. Niche partitioning within and among feeding guilds. NMDS of occurrence-based Bray–Curtis dissimilarity of samples from (A) all seven LMH species
(adonis pseudo F6,285 = 59.0, R2 = 0.55, P ≤ 0.0001), (B) only grazers (pseudo F3,167 = 36.6, R2 = 0.40, P ≤ 0.0001), and (C) only nongrazers (pseudo F2,118 = 31.2,
R2 = 0.35, P ≤ 0.0001). Symbols distinguish “grazers” (circles), “mixed feeders” (triangles), and “browsers” (squares).
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were analyzed as independent functions of (i) LMH species and (ii) body size
using adonis with 9,999 permutations in vegan. In the analysis by species, we
separately tested for differences among species within guilds. In the analysis
by body size, we also grouped species into feeding guilds and tested the Size ×
Guild interaction. We performed NMDS in vegan. To assess the robustness
of our main results (occurrence-based trnL-P6 data), we performed bipartite-
network, adonis, and NMDS analyses on (i) RRA trnL-P6 data (SI Appendix,
Text S4) and (ii) family-specific ITS markers (SI Appendix, Text S6).

We assessed the influence of samples’ spatial proximity on dietary dissimilarity
for each LMH species using Mantel tests with 999 permutations in vegan. For
focal pairs of grazers (plains vs. Grevy’s zebra, cattle vs. buffalo), we tested for
differences in sample composition across small (0–2.3 km) and large (>2.3 km)
distances (SI Appendix, Text S5 and Table S5). We generated a null distribution
of Bray–Curtis dissimilarities across these distance classes using 999 permutations
and compared the null distribution to the observed dissimilarity of intra- and
interspecific samples within distance classes (57). We standardized results by the
mean dissimilarity of all samples from each species pair, such that positive values
indicate that diets are more similar than the null and vice versa. We identified

two discrete clusters of zebra samples, each ∼2.3-km diameter (as above) and
separated by >3.9 km, that contained 34 samples (24 plains, 10 Grevy’s). We
used adonis to test for differences by species, location, and Species × Location.

To determine which plant taxa most contributed to niche partitioning
between the focal grazer pairs, we performed indicator species analyses.
These analyses comprised one-sided tests of the null hypothesis that the FOO
of a plant taxon in samples from one species is not greater than its FOO in the
other. We used the signassoc function with 999 permutations and Sidak’s
correction for multiple comparisons in indicspecies v.1.7.2 (42).
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