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Abstract

1. Sympatric large mammalian herbivore species differ in diet composition, both

by eating different parts of the same plant and by eating different plant species.
Various theories proposed to explain these differences are not mutually exclu-
sive, but are difficult to reconcile and confront with data. Moreover, whereas
several of these ideas were originally developed with reference to within-plant
partitioning (i.e. consumption of different tissues), they may analogously apply

to partitioning of plant species; this possibility has received little attention.

. Plant functional traits provide a novel window into herbivore diets and a means

of testing multiple hypotheses in a unified framework. We used DNA metabar-
coding to characterize the diets of 14 sympatric large-herbivore species in an
African savanna and analysed diet composition in light of 27 functional traits

that we measured locally for 204 plant species.

. Plant traits associated with the deep phylogenetic split between grasses and

eudicots formed the primary axis of resource partitioning, affirming the gener-
ality and importance of the grazer-browser spectrum. A secondary axis com-
prised plant traits relevant to herbivore body size. Plant taxa in the diets of
large-bodied species were lower on average in digestible energy and protein,
taller on average (especially among grazers), and tended to be higher in tensile
strength, zinc, stem-specific density, and potassium (and lower in sodium, stem
dry matter content, and copper). These results are consistent with longstanding
hypotheses linking body size with forage quality and height, yet they also sug-
gest the existence of undiscovered links between herbivore body size and a set
of rarely considered food-plant traits. We also tested the novel hypothesis that
the leaf economic spectrum (LES), a major focus in plant ecology, is an axis of
resource partitioning in large-herbivore assemblages; we found that the LES was
a minor axis of individual variation within a few species, but had little effect on

interspecific dietary differentiation.

. Synthesis. These results identify key plant traits that underpin the partitioning of

food-plant species in large-herbivore communities and suggest that accounting
for multiple plant traits (and trade-offs among them) will enable a deeper under-

standing of herbivore-plant interaction networks.
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1 | INTRODUCTION

An animal’s dietary niche—the types and relative amounts of foods
that it eats—is a key determinant of its interactions with and effects
on other species. For example, differences in the dietary niches of
co-occurring species can help to stabilize species coexistence by re-
ducing the strength of interspecific competition for food (Chase &
Leibold, 2003; Chesson, 2000; Pringle et al., 2019). Yet challenges
inherent in identifying the foods eaten by free-ranging generalist
consumers mean that diet composition is often coarsely described,
which makes it difficult to discern the degree of dietary niche differ-
entiation and the mechanisms through which it emerges (Pringle &
Hutchinson, 2020).

The diversity of large-herbivore assemblages in African sa-
vannas suggests the existence of mechanisms for partitioning the
food resource pool (plant tissue, mostly foliage; Lamprey, 1963;
McNaughton & Georgiadis, 1986). But how does resource partition-
ing manifest among species with such generalized diets? Most re-
search has focused on broad mechanisms that are based primarily on
the traits and adaptations of herbivores. First, species differ in grass
consumption: grazers eat mostly grasses, browsers eat mostly non-
grasses, and mixed feeders eat both, producing a grazer-browser
spectrum (Cerling et al., 2003; Codron et al., 2007; Lamprey, 1963).
Second, differences in herbivore size, morphology, and physiology
create trade-offs between the quantity and nutritional quality of
food consumed. The Jarman-Bell hypothesis posits that larger-
bodied herbivores tolerate lower-quality food and should thus tend
to have lower-quality diets, on average, than smaller-bodied herbi-
vores (Bell, 1971; Jarman, 1974; Miiller et al., 2013). Similarly, dif-
ferences in body size, digestive system, and craniofacial anatomy
influence species' selectivity for small patches of high-quality forage
versus larger patches with greater biomass availability (Bell, 1971;
Cromsigt & OIff, 2006; Janis & Ehrhardt, 1988). Third, differences
in herbivore height and anatomy influence the range of heights at
which they forage, creating vertical stratification: tall species such as
giraffe can crop vegetation at almost any height but mostly browse
foliage >2 m above the ground, and taller antelopes likewise typi-
cally forage at greater heights than shorter ones (du Toit, 1990; du
Toit & OIff, 2014).

Common to all of these ideas is that resource partitioning
emerges from the interplay of animal traits and plant traits. Yet,
whereas the role of animal traits in dietary niche differentiation
has been considered in detail, the treatment of food-plant traits
has been piecemeal; some studies focus on a single plant trait,
while others consider aggregates of traits in an implicit way. For
example, differences in the morphology and behaviour of grazing
versus browsing ungulates are often ascribed to differences in the

characteristics of grasses versus eudicots (Codron & Clauss, 2010;
Gordon, 2003; Searle & Shipley, 2008; Spencer, 1995). The Jarman-
Bell hypothesis has been assessed using crude protein as a proxy
for nutritional quality (Clauss et al., 2013; Kleynhans et al., 2011;
Owen-Smith, 1988), where the underlying plant functional trait is
leaf nitrogen content. And explanations for resource partitioning
based on vertical stratification depend on the functional trait of
plant height to generate a distribution of possible feeding heights (du
Toit, 1990; Nichols et al., 2015; Wilmshurst et al., 2000). Although
these latter two mechanisms do not require that herbivores eat dif-
ferent plant species—indeed, they are classically conceived as the
result of herbivores eating different parts of the same plant—large
herbivores nonetheless do commonly partition plant species, even
within grazing and browsing guilds (Christopherson et al., 2019;
Churski et al., 2021; Kartzinel et al., 2015; Kleynhans et al., 2011).
The bases of such differences in dietary species composition have
received comparatively little attention. We reasoned that each of
the above mechanisms should influence the taxonomic composition
of herbivore diets in addition to any effects they have on selection
for particular plant tissues, and that plant functional traits should
provide a useful lens through which to understand these composi-
tional differences.

Exploring herbivore diets through the lens of plant traits also
has the potential to identify novel mechanisms of resource parti-
tioning. Functional traits play a key role in efforts to understand
plant-community dynamics (Kraft et al., 2015; McGill et al., 2006),
and detailed trait data exist for an ever-increasing number of
plant species. Leaf traits are well-studied and should matter to
large herbivores, which disproportionately eat foliage (Gwynne &
Bell, 1968; Owen-Smith, 1988). However, studies of large-herbivore
diets rarely consider leaf structure and function explicitly. The leaf
economic spectrum (LES) describes an apparently universal set of
trade-offs in leaf traits: ‘fast’ plant species invest more in cell con-
stituents that enable rapid growth while minimizing investments in
leaf structure and longevity, whereas ‘slow’ species do the opposite
(Onoda et al., 2017; Osnas et al., 2013; Wright et al., 2004). Traits
such as leaf nitrogen content are positively related to photosyn-
thetic rate (Evans, 1989), while structural traits such as leaf mass
per area confer leaf longevity (Poorter et al., 2009). The relative
investment in cell walls versus cell contents is relevant for animal
nutrition, because cell contents are more easily digestible than
cell walls (Van Soest, 1994). This suggests that plants on the ‘fast’
end of the LES should be better food than those on the ‘slow’ end.
We posit two ways in which the LES might shape large-herbivore
diets. First, the LES could be an axis of dietary differentiation rep-
resenting nutritional quality. Smaller-bodied herbivores and ru-
minants tend to eat higher-quality diets and might therefore feed
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at the fast end, whereas larger-bodied and non-ruminant species
might feed more heavily on lower-quality plants at the slow end,
consistent with the Jarman-Bell hypothesis and related ideas based
on digestive physiology (Clauss et al., 2013). Alternatively, all large
herbivores might feed predominantly on a shared subset of palat-
able plants at the fast end of the LES, resulting in high interspe-
cific dietary overlap. This scenario would be consistent with the
resource-availability hypothesis, which predicts that fast-growing
plants invest in growth at the expense of defence and thus incur
more herbivory, whereas slow-growing, better-defended plants
resist herbivory (Bryant et al., 1983; Coley et al., 1985; Endara &
Coley, 2011; Fine et al., 2006).

We used faecal DNA metabarcoding (Kartzinel et al., 2015;
Taberlet et al., 2007) to quantify the diets of 14 large-herbivore spe-
cies (Table 1), and we collected data on 27 functional traits of 204
plant species in Mozambique’s Gorongosa National Park. Diets and
traits were assessed during the early to mid-dry season. By weight-
ing the trait values of plant species by their relative contribution
to herbivore diets, we positioned the large-herbivore community
in plant-trait space. The 27 plant traits that we measured included
structural traits and physical defences as well as several aspects
of foliar chemistry; we did not measure plant secondary metabo-
lites, although these can have important effects on plant-herbivore
interactions in African savannas (Schmitt et al., 2020; Scogings
etal.,, 2011).

We tested five predictions. (a) Herbivore species' diets differ
in plant species composition, and these differences are correlated
with differences in food-plant functional traits. (b) The grazer-
browser spectrum is the primary axis of dietary differentiation. (c)
The LES is a second major axis of resource partitioning. (d) Larger-
bodied herbivore species eat lower-quality diets on average (as
suggested by the Jarman-Bell hypothesis), which contributes to
dietary differentiation. (e) Taller herbivore species eat plant spe-
cies that are taller on average, further contributing to dietary dif-
ferentiation both within and between grazing and browsing guilds.
These latter two predictions draw on established explanations for
differences in the consumption of particular parts within a plant
and transpose them to explain differences in the consumption of
different plant species. For example, many studies have shown
that herbivore species differ in their preferred, typical, and max-
imum foraging heights (du Toit, 1990; Haschick & Kerley, 1996;
O’Kane et al., 2011; Renaud et al., 2003; Stokke & du Toit, 2000),
which should lead to height-structured differences in the acces-
sibility of different plant species and the efficiency of harvest-
ing them; thus, we expect short browsers to forage more heavily
on prostrate forbs and low-growing shrubs, while tall browsers
should forage more heavily on canopy tree species. In this way,
plant height should serve as a functional trait differentiating the
taxonomic composition of herbivores’ diets, analogous to its role
in enabling feeding-height stratification (du Toit, 1990). In addition
to testing these predictions, we used a supervised classification
algorithm to identify plant traits that contributed most to differ-
entiating herbivore diets.

TABLE 1 Attributes of the 14 large-herbivore species analysed in this study, listed in order of increasing grass consumption

Median Fabaceae RRA  Median other families

(IQR)
0.06
0.07
0.05
0.21
0.38
0.30
0.18
0.04
0.06
0.08

Median Poaceae RRA

(IQR)
0.00
0.00
0.02
0.12
0.25
0.56

Faecal samples

Pop. density in 2018

(indiv./km?)

Body size (kg)

Latin name

Common name

IQR)

RRA
0.94
0.93
0.92
0.55

0.86-1.00

0.00-0.13)
0.00-0.25)
0.04-0.07)
0.05-0.38)

0)

0.72-0.99

0.00-0.02)
0.00-0.04)
0.01-0.26

20
15
13
18
30
30
28

1.11
0.96
1.07
0.32
3.50
2.30
5.96
0.56
32.23

205

Tragelaphus strepsiceros

Kudu

85

Tragelaphus sylvaticus

Bushbuck

85
4640

Tragelaphus angasii

Nyala

Loxodonta africana

Elephant

0.00-0.04
0.03-0.22

0.00-0.16

0.00-0.06

0.00-0.02)
0.00-0.03)
0.00-0.03)

0.00-0.09

0.04-0.48

0.13-0.40
0.32-0.66
0.42-0.86
0.71-0.92
0.50-0.93

0.00

0.07-0.10

0.00
0.00
0.00
0.01

0.02-0.04

0.00-0.11
0.00-0.03
0.00-0.03

42

Aepyceros melampus

Impala
Oribi

18
45
504
204
873

Ourebia ourebi

0.64
0.78
0.78

Redunca arundinum

Reedbuck
Buffalo

17
30

Syncerus caffer

Kobus ellipsiprymnus

Waterbuck
Zebra
Sable

0.90(0.82-0.92
0.95(0.82-0.97
0.97 (0.87-1.00

0.01

Equus quagga

0.03
0.03
0.01
0.01

0.97 (0.94-1.00
0.98 (0.94-0.99

17
18
27
16

0.45
0.33
6.23
0.31

226
214

68
172

Connochaetes taurinus
Phacochoerus africanus
Alcelaphus buselaphus

Hippotragus niger

Wildebeest
Warthog
Hartebeest
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2 | MATERIALS AND METHODS

2.1 | Studysite

Gorongosa National Park (4,000 km?%; 18°53'S, 34°26'E) has a tropi-
cal climate with a dry season from May to October and a wet season
from November to April; mean + SD annual rainfall from 1957 to 2019
was 892 + 339 mm. The park encompasses the tip of the Great Rift
Valley, which forms a wide alluvial plain bordered by wooded escarp-
ments to the east and west (see Figure S1). Most large-herbivore bi-
omass occurs within the Rift Valley in the south-central part of the
park (Stalmans et al., 2019), which contains a gradient of habitats, from
the Urema floodplain grassland to savanna-woodland (Tinley, 1977).
These habitats broadly interface and interdigitate, and animals move
between them; we concentrated our sampling in a relatively narrow
portion of this floodplain-savanna mosaic where all focal herbivore
species overlap spatially (see Figure S1). The large-herbivore commu-
nity includes elephant and 18 ungulate species. Herbivore numbers
crashed during the Mozambican Civil War (1977-1992) but have re-
covered since 2007; herbivore species composition remains largely
intact, but community structure differs from the historical baseline
(Pringle, 2017; Stalmans et al., 2019; Tinley, 1977). At the time of this
study, medium-sized ungulates were abundant—notably waterbuck,
reedbuck, impala, and warthog—while large-bodied species such as
elephant, hippopotamus, buffalo, and zebra were less common than
before the war (Table 1). Lion Panthera leo declined but persisted; leop-
ard P. pardus and wild dog Lycaon pictus only returned to the park in
mid-2018 (Bouley et al., 2018). Herbivore biomass in 2018 was compa-
rable with prewar estimates, although relative abundances remained
in flux (Stalmans et al., 2019). Fieldwork was conducted in accordance
with permits from the Department of Scientific Services at Gorongosa
National Park and the Republic of Mozambique (PNG/DSCi/C71/2017
and PNG/DSCi/C100/2018 to R.M.P)).

2.2 | Analysis of herbivore diets

During the 2018 dry season (May-August), we collected 301 faecal
samples from 14 large-herbivore species for DNA metabarcoding; six
samples were removed during bioinformatic analysis and nine more
during quality-control filtering (see Data processing, below), leaving
a final sample size of 286 (n = 7-30 per species, mean 20; Table 1).
These 14 herbivore species accounted for 95% of Gorongosa’s large-
herbivore biomass in 2018 (Stalmans et al., 2019); the five species
not included were too scarce in the study area to sample adequately
(hippo Hippopotamus amphibius, eland Tragelaphus oryx, bushpig
Potamochoerus larvatus, grey duiker Sylvicapra grimmia, and red duiker
Cephalophus natalensis). We sampled from adults and subadults of
both sexes. In most cases, faecal samples were obtained after visually
observing defecation (see Appendix 1). We extracted DNA from finely
homogenized faecal material (avoiding macroremains to mitigate bias
towards indigestible plant parts) and amplified the P6-loop of the
chloroplast trnL (UAA) intron (Taberlet et al., 2007), which is widely

used in metabarcoding studies of herbivore diets and provides high
taxonomic resolution (De Barba et al., 2014; Kartzinel et al., 2015).
For each sample, we divided the number of sequence reads of each
plant molecular operational taxonomic unit (mOTU) by the total read
count to obtain relative read abundance (RRA). Our sampling and
bioinformatic filtering protocols were largely as described in prior
studies of herbivore diets in Gorongosa (Atkins et al., 2019; Branco
et al., 2019; Guyton et al., 2020; Pansu et al., 2019); detailed meth-
ods and minor deviations from earlier protocols are in Appendix 1.
Research was conducted in accordance with permits from the United
States Department of Agriculture Animal and Plant Health Inspection
Service (permit 130123 to R.M.P.).

2.3 | Measurement of plant traits

We measured 27 physical and chemical functional traits of 204 plant
species in Gorongosa during May-August of 2017 and 2018. Thus,
our plant functional trait data and our herbivore diet data come from
the same location and same season. Most plant species (~80%) were
measured in 2018, concurrent with diet sampling. The 2017 seasonal
year (October 2016-September 2017, 685 mm) was drier than that
in 2018 (1,113 mm), but both were well within 1 SD of the long-term
average (892 + 339 mm). This suite of 27 traits included nutrients of
known importance to herbivores, structural attributes of probable
importance, and properties linked to classical theories of herbivore
resource partitioning. Complete lists of plants and traits are in Tables
S1 and S2. Plants were provisionally identified by A.B.P. using pub-
lished keys (Burrows et al., 2018; Hyde et al., 2018), and all identifi-
cations were later confirmed or updated by botanist B.W. These 204
species included most of the locally common plants available to large
herbivores in our study area.

Physical traits were measured using standard methods (Pérez-
Harguindeguy et al., 2013) on one to three (mean 2.7) individuals per
species; details are in Appendix 2. For chemical traits, we collected
>5 g of the youngest fully unfurled leaves in approximately equal
amounts from each of 23 individuals per species. Leaves were dried
to constant weight (i.e. no additional mass loss after 24 h) at 55°C and
analysed by Dairy One Cooperative (Ithaca, NY, USA) using standard
protocols from the Association of Official Agricultural Chemists
(Appendix 2). We combined our plant-trait data into a 204-species x
27-trait matrix by averaging across replicates within species. In this
matrix, 0.9% of cells were empty, typically because the amount of
plant material was insufficient to perform all six chemical assays.
To avoid biases associated with listwise deletion, we imputed miss-
ing values using predictive mean matching in MICE (van Buuren &
Groothuis-Oudshoorn, 2011) in R version 4.1.0 (R Core Team, 2021).

2.4 | Dataprocessing

Plant species in the traits dataset were assigned to mOTUs using a
systematic process (see Appendix 3). Briefly, any mOTU in the diet
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data that matched exactly one plant species in the trait dataset was
assigned to that species, but some mOTUs could have belonged to
any of a few closely related plant species with the same barcode.
In those cases, the trait values of all applicable plant species were
averaged to create a ‘trait operational taxonomic unit’ (TOTU); thus,
the 34 plant species that shared barcodes with another species were
reduced to 14 TOTUs, and the 117 species in the trait dataset that
matched a dietary mOTU were reduced to 97 TOTUs. These 97
TOTUs collectively accounted for 93.6% of DNA sequence reads in
the diet dataset. However, individual diets varied in the percentage
of reads that corresponded to these 97 TOTUs. Thus, as a further
quality-control step, we removed the nine faecal samples for which
<60% of reads matched a TOTU; in the remaining 286 samples,
95.4% of reads matched a TOTU (Figure S2). Last, all mOTUs not
matched to a TOTU were removed, and RRA was recalculated so
that it summed to 1 for each sample. This process yielded identical
sets of plant species in the diet and trait data.

To describe animal diets in terms of plant traits, we calculated
the average plant-trait values for each animal diet, weighted by the
proportional consumption (RRA) of each plant. The resulting data-
set of diet-weighted trait averages (hereafter, DT) allowed us to
position animal diets within plant-trait space. The nutritional profile
of a physical mixture of plants (a diet) is closely approximated by
weighted averages of the nutritional profiles of component spe-
cies (Pearson, 1967), and diet-weighted nutritional averages are
frequently used in studies of animal nutrition (Atkins et al., 2019;
Branco et al., 2019; Vangilder et al., 1982). We merely extended
this approach to mixtures of nutritional and non-nutritional traits,
which is analogous to the community-weighted trait-means ap-
proach used to link biodiversity and ecosystem functions (Lavorel
& Garnier, 2002).

2.5 | Statistical analyses
We used the median RRA of grasses in each species' diet to cat-
egorize grazers (260% grass RRA), browsers (<10% grass RRA), and
mixed feeders (intermediate; see Table 1); these arbitrary thresholds
resulted in two arguable designations (reedbuck as grazer with 64%
grass RRA, oribi as mixed feeder with 56% grass RRA), but classify-
ing reedbuck as a mixed feeder does not qualitatively alter the few
guild-specific results presented below. We visualized compositional
dissimilarity of faecal samples using non-metric multidimensional
scaling (NMDS) ordinations based on Bray-Curtis dissimilarities be-
tween samples—first for all 14 herbivore species and then separately
for grazers and non-grazers—and tested for significant differences
among species in each of these groups using permutational multivar-
iate analysis of variance (perMANOVA). To quantify pairwise dietary
niche overlap between species, we calculated Pianka’s niche-overlap
index (Pianka, 1973) for each species pair based on population-level
average diets using EcoSimR (Gotelli et al., 2015).

Our approach assumes that differential consumption of plants
with different functional traits is a plausible mechanism of niche

partitioning (operationally defined here as differentiation in dietary
species composition). However, diets with very different taxonomic
composition are not necessarily very different in traits. We there-
fore explicitly tested the assumption that similarity in diet-weighted
trait averages was indicative of overlap in plant species use by using
a Mantel test to compare the pairwise Pianka niche-overlap indices
against the pairwise Manhattan distances of diet-weighted trait av-
erages (scaled to mean O and standard deviation 1) for all species
pairs.

To evaluate the relationship between herbivore body size and
diet quality (as per the Jarman-Bell hypothesis), we calculated dry
matter digestibility and digestible protein for each plant species
using Robbins' summative equations (Robbins, Hanley, et al., 1987,
Robbins, Mole, et al., 1987). These two measures of diet quality are
the cornerstone of many nutritional studies (Berry et al., 2019; Cook
et al., 2016; Rowland et al., 2018; Wilson & Kerley, 2003). We then
plotted the diet-weighted trait mean of each quality index against
herbivore body mass (averaging male and female adult body masses
from Kingdon et al., 2013) and fit the allometric equation Q = am®,
where Q is diet quality, M is mass, and a and b are fitted constants
(Kleynhans et al., 2011; Steuer et al., 2014). Because the particular
herbivore species included in this analysis could influence our re-
sults, we fit these equations both for all herbivore species (n = 14)
and for ruminant species only (n = 11).

To test for differences in the mean height of food-plant taxa, we
regressed the diet-weighted mean of plant height against herbivore
shoulder height (Kingdon et al., 2013). Plant species' height was
strongly positively correlated with all three measures of spinescence
(density, length, and width; r > 0.73), which were also highly cor-
related with each other (r 2 0.87), making these traits too redundant
for inclusion together in multivariate analyses (we retained height
for the linear discriminant analysis described below). Nonetheless,
we tested for a role of physical defences in differentiating the diets
of browsers and mixed feeders by regressing shoulder height against
each spinescence metric and by plotting diet-weighted averages of
two spinescence traits (density and width) in two-dimensional space.

To test whether the LES represented a dietary niche axis, we
first performed a principle component analysis (PCA) of leaf trait
data (scaled to a unit variance) for all plant taxa (TOTUs, n = 97)
detected in diets. We used data for all leaf traits except cellulose,
hemicellulose, and remaining ash (n = 17), to minimize curvature in-
duced by proportional data. We used the vectors representing the
negative relationship between leaf nitrogen and leaf mass per area
(see Results) as our operational approximation of the LES; these two
traits are mechanistically linked to other canonical LES traits (pho-
tosynthetic and respiration rates, leaf longevity) and have the ad-
vantage of being easily measured. In line with other studies (Messier
et al., 2017; Onoda et al., 2017), we excluded leaf phosphorus from
our LES proxy because its positive relationship with leaf nitrogen
is partially decoupled by phylogeny and growth form (Kerkhoff
et al., 2006). The position of food plants in leaf-trait space is given
by their scores on the first two principle components (PC1 and
PC2). We used these plant principle-component scores to describe
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herbivore diets; each diet was positioned using the RRA-weighted
average of the PC1 and PC2 values of constituent plants. This al-
lowed us to analyse herbivore diets in terms of their positions along
the two predominant axes of leaf-trait variation. To probe the ro-
bustness of our PCA-based inferences about the LES, we conducted
a separate bivariate analysis in which we positioned plant species
and herbivore diets in two-dimensional nitrogen-leaf mass per area
space.

To quantify which plant traits were most important in influencing
niche differentiation, we used linear discriminant analysis (LDA) of
the DT matrix after scaling each trait to mean O and standard devia-
tion 1 and removing traits with high correlations (r > 0.7), retaining
15 traits (Figure S3). LDA identifies linear combinations of variables
that maximize the separability of known classes, and has previ-
ously been used to identify axes of niche (Carnes & Slade, 1982;
Harner & Whitmore, 1977) and trait differentiation (Hanane, 2015;
McNaughton, 1990). We were thus able to quantify the degree to
which these traits maximized the separability of herbivore species
in plant-trait space, which we interpreted as a proxy for niche dif-
ferentiation. We probed the ecological basis of the first two linear
discriminant axes by regressing them against herbivore grass con-

sumption, body size, and location (floodplain vs. savanna).

3 | RESULTS

3.1 | Herbivore diet composition and
differentiation

The two dominant plant families in herbivore diets were Poaceae
(grasses, 17 species, 16 TOTUs) and Fabaceae (legumes, 21 species,
17 TOTUs), which jointly accounted for 72% of RRA across all 286
samples; an additional 39 plant families accounted for the remain-
ing 28%. Median grass RRA per species was 64%-98% for the eight
grazers, 0%-2% for the three browsers, and 12-56% for the three
mixed feeders (Table 1; Figure 1).

Community-wide NMDS ordination captured the grazer-browser
spectrum (along the horizontal axis) and revealed interspecific di-
etary dissimilarities both within and between guilds (Figure 1a,d).
The within-guild patterns were more discernable when we plotted
grazers and non-grazers separately (Figure 1b,c). Dietary overlap
was greater among grazers, in part because several abundant spe-
cies (waterbuck, reedbuck, and warthog) had high individual variabil-

ity, reflecting their more generalized use of different habitat patches

(e.g. floodplain, savanna, sodic sites, riparian zones, and ecotones).
Yet even among grazers, multiple species pairs segregated clearly
in the ordination (Figure 1c); the Pianka niche-overlap metric cor-
roborated these visual differences (Table S3). The mean Manhattan
distance in diet-weighted trait averages was strongly positively
correlated with the degree of niche partitioning between pairs of
species (Figure 1e), validating our assumption that plant functional
traits are a plausible mechanism of dietary differentiation at the
plant species level. The same positive correlation emerged when we
analysed browsers and grazers separately, indicating that plant traits
contribute to dietary differentiation within guilds (Figure S4; graz-
ers only: Mantel r = 0.70, p = 0.001; browsers only Mantel r = 0.56,
p = 0.006). The few conspicuous outliers fell above the regression
line (e.g. pairwise comparisons of impala and oribi with nyala and
kudu), indicating that these pairs of species had taxonomically dif-
ferentiated diets with convergent traits. (The opposite scenario of
taxonomically convergent diets with differentiated traits is theoret-
ically possible, if a minor dietary component differed massively in

one or more traits, but we did not observe it.)

3.2 |
diets?

Do larger-bodied herbivores eat lower quality

We found negative correlations between herbivore body size and
both dry matter digestibility (Figure 2a) and digestible protein con-
tent (Figure 2b), as predicted by the Jarman-Bell hypothesis, al-
though there was considerable noise in these relationships. These
negative correlations held when we restricted the analyses to rumi-
nants only; indeed, these correlations were stronger, despite the re-
duced sample size (Figure 2). Several grazing antelopes (hartebeest,
wildebeest, sable) had lower diet quality, and one browsing antelope
(bushbuck) had higher diet quality, than predicted by body mass
alone (Figure 2). This variability indicates that factors other than
body size play a role in determining diet quality. Intraspecific varia-
tion in both quality metrics was also high across species (Figure S5),
most of which overlapped in the interquartile ranges for both qual-
ity metrics (Figure S5c,d), indicating that species generally achieved
nutritionally similar diets. Only a few species pairs did not overlap in
the interquartile ranges for digestibility and protein (e.g. hartebeest/
wildebeest with bushbuck/nyala/kudu), and these pairs occupy op-
posite ends of the grazer-browser spectrum, suggesting that the
Jarman-Bell effect played little additional role in differentiating spe-

cies' diets.

FIGURE 1 Dietary dissimilarity among large-herbivore species. (a) NMDS of the diets of 14 sympatric large-herbivore species. Each

point represents a faecal sample (n = 286); colours indicate species, shapes indicate feeding guilds (squares, browsers; triangles, mixed
feeders; circles, grazers; legend key lists species top-bottom in order of increasing grass RRA). Distances between points reflect Bray-Curtis
compositional dissimilarity. (b, c) NMDS of six browsers and mixed feeders (b) and eight grazers (c); 10 extreme outliers (samples with <50%
grass for hartebeest, sable, and buffalo and <10% grass for waterbuck and reedbuck) are not shown in (c) to facilitate visualization, but are
shown in (a). (d) The grazer-browser spectrum. Centrelines show median, boxes show interquartile range, whiskers show 1.5 x interquartile
range, and dots show outliers; dashed lines show the thresholds used to distinguish feeding guilds. (e) Correlation between dietary niche
separation (1 - Pianka niche-overlap index) and dietary trait separation (Manhattan distance of diet-weighted trait averages) for each species
pair (Mantel r = 0.89, p = 0.001, n = 91 pairs; trendline is an ordinary least-squares regression)
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FIGURE 2 Allometric relationships between herbivore body mass and diet quality. (a) Percentage dry matter

digestibility = 60.53 x Mass %%’ (adj. R? = 0.20, t = -2.09, df = 12, p = 0.059). (b) Percentage digestible protein = 16.84 x Mass %% (adi.
R?=0.26,t=-2.34, df = 12, p = 0.038). Data points (coloured by species; squares, browsers; triangles, mixed feeders; circles, grazers)
correspond to the mean of male and female body masses (Kingdon et al., 2013) and the diet-weighted mean of each quality metric. Fitted
regressions for all 14 species are indicated with solid lines. Dotted lines are the regressions when restricted to ruminant species only

(n = 11); the relationships hold for both digestibility (adj. R?2=0.32,t=-2.39,df =9, p = 0.040) and protein (adj. R2=0.45,t=-3.04,df =9,
p = 0.014). Note log scale on both axes; corresponding data are presented on linear axes in Figure S5
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FIGURE 3 Relationships between herbivore height and height of food-plant species. (a) Data for all 14 herbivore species show an
increasing overall trend but a statistically non-significant correlation (adj. R> = 0.11, t = 1.67 df = 12, p = 0.12), reflecting marked differences
in plant height between grazers and non-grazers. (b) Data for just the six species of browser and mixed feeder (adj. R?=0.41,t=2.11,df =4,
p = 0.10; dashed trendline). Dashed horizontal line shows the 75th quantile of plant species' heights in the traits dataset. (c) Data for just the
eight species of grazer (adj. R? = 0.67, t = 3.96, df = 6, p = 0.007). Error bars show +1 SEM of the diet-weighted mean height of plant species
in each herbivore species' diet

3.3 | Do taller herbivores eat taller, more physically marginal. Taller non-grazers also ate more thorny plants; these cor-
defended plant species? relations were statistically significant for each spinescence met-

ric (p < 0.013) but heavily influenced by the exceptionally thorny
There was no significant correlation between shoulder height and diets of elephants, whereas the diets of the other five non-grazers
diet-weighted mean of food-plant height across all 14 herbivore overlapped heavily in spinescence (Figure S6). Among the eight
species, in part because grazers of all sizes ate shorter plant spe- grazer species, there was a strong positive linear correlation be-
cies than did browsers and mixed feeders (Figure 3a). Among the tween herbivore and food-plant heights (Figure 3c), reflecting the
six species of non-grazers, taller herbivores tended to eat taller large variation in mean height among grass species in Gorongosa

plant species (Figure 3b), although this correlation was statistically (Figure S7).
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34 |
axis?

Is the leaf economic spectrum a dietary niche

The trait dataset encompassed several axes of leaf variation. The
PCA captured 35.3% of variation on the first two axes (21.4% on
PC1 and 13.9% on PC2), indicating a low degree of redundancy in
the traits measured. PC1 was positively related to leaf nitrogen and
potassium and negatively to leaf mass per area. PC2 was positively
related to calcium and lignin, and negatively to sodium, iron, and leaf
tensile strength, which separated grasses from eudicots (Figure 4a).
As expected, leaf mass per area and leaf nitrogen were almost per-
fectly anticorrelated, reflecting the LES (Osnas et al., 2013; Wright
et al.,, 2004). The LES was strongly aligned with the first principle
component (Figure 4a,b). Forbs were ‘faster’ and more nutrient-

rich than woody plants; grasses and non-grasses separated along

an axis orthogonal to the LES. For the most part, herbivore spe-
cies' diets did not differ along the LES (Figure 4b) and were instead
distributed along PC2, corresponding to trait differences between
monocots (represented by grasses, the palm Hyphaene coriacea, and
two aquatic plants) and eudicots (i.e. the grazer-browser spectrum;
Figure 4a). Two species exhibited intraspecific variability along the
LES: some elephants ate more ‘slow’ plants such as tough-leaved
Hyphaene; conversely, some bushbuck—specifically those inhabit-
ing the treeless Urema floodplain—ate more ‘fast’ plants, including
nitrogen-rich forbs such as Ludwigia adscendens. These results were
qualitatively recapitulated in a bivariate analysis based only on leaf
nitrogen and leaf mass per area (Figure S8). Thus, contrary to our
prediction, the LES was not an independent axis of dietary differ-
entiation among species, but rather an axis of individual variation

within a few species.
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plants recorded in herbivore diets (n = 97 TOTUs); vectors illustrate (by direction and relative length) the contributions of 17 leaf traits to
both principle components. Colours indicate plant growth form, with ‘other’ used for miscellaneous growth forms, such as herbaceous vines
and plants intermediate between woody and herbaceous (e.g. subshrubs); plants with extreme values in each corner of the plot are shown
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Vectors show the orientation of leaf mass per area and leaf nitrogen, major traits of the LES
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3.5 | Which plant traits distinguish the diets of
large-herbivore species?

The linear discriminant analysis classified most samples to the cor-
rect herbivore species, indicating consistent differences in diet-
weighted trait averages among herbivore species. Model accuracy
(median 62.9%) varied by herbivore species, ranging from 41.2%

(sable) to 85.7% (zebra), but in all cases outperformed the expec-
tation from random guessing (<10.5%; Figure S9). The contribution
of each trait to differentiating herbivore species is given by their
weightings (coefficients) on each orthogonal linear discriminant
function; we note that the traits that explain the major axes of leaf
variation in plants (Figure 4a) are not necessarily the same as those
that best distinguish herbivore diets (Figure 5a).
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FIGURE 5 Plant traits that separate herbivore diets. (a) Positioning of herbivore diets (coloured symbols) along the first two linear
discriminant axes. Each linear discriminant function is a linear combination of 15 uncorrelated plant traits, the coefficients of which

are illustrated by the vectors (here multiplied by 2.2 for visual clarity); vector length indicates the relative importance of each trait in
separating the diets of herbivore species, and vector orientation indicates the degree to which each trait is associated with LD1 or LD2.
LMA is leaf mass per area, SDMC is stem dry matter content, and protein is nitrogen x 6.25. (b, c) The same coefficients (unscaled) showing
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The first linear discriminant (LD1, accounting for 43.0% of the
variation) was effectively the grazer-browser spectrum. LD1 was
positively associated with hemicellulose, LMA, zinc, protein, and
copper (consistent with the thin-yet-dense leaves of most grasses)
and negatively associated with leaf-lamina thickness (characteristic
of trees with thick leaves; Figure 5a,b). Accordingly, nearly all diets
with positive values on LD1 belonged to grazers, nearly all those
with negative values on LD1 belonged to browsers, and grass RRA
explained 84.1% of the variance in LD1 (Figure 5a,d).

The second linear discriminant (LD2, accounting for 18.3% of the
variation) was negatively associated with sodium, stem dry matter
content, copper, and protein, and positively associated with leaf
tensile strength, zinc, and stem-specific density (Figure 5a,c). Small-
bodied species such as oribi, bushbuck, and warthog tended to have
negative values for LD2, as did individuals occurring in the Urema
floodplain; large-bodied species and individuals in savanna habitat
had more positive values for LD2. LD2 thus reflected the combined
effects of body size and habitat affiliation on dietary niche partition-
ing, and these two factors explained 42.4% of the variance in LD2

(Figure 5a,e).

4 | DISCUSSION

Our results show that sympatric large-herbivore species in
Gorongosa ate different suites of plant species, and that these dif-
ferences in the taxonomic composition of diets have distinctive sig-
natures of plant functional traits. Although we observed significant
resource partitioning within both grazing and browsing guilds, the
differences were weaker among grazers, in line with previous work
from Gorongosa (Pansu et al., 2019). This discrepancy likely reflects,
at least in part, the ongoing reassembly of the large-herbivore com-
munity, and specifically the fact that several grazer species were dis-
proportionately abundant relative to pre-war conditions (Stalmans
etal., 2019). The numerical dominance of waterbuck in particular has
led to density-dependent spillover from the floodplain into savanna
habitat and associated niche expansion (Becker et al., 2021), contrib-
uting to the high niche overlap we found among grazers. Yet, herbi-
vore populations were increasing at the time of our study (Stalmans
et al., 2019), suggesting that interspecific competition remained rel-
atively weak as of 2018. We therefore hypothesize that our results
are conservative in terms of the degree of dietary niche separation
observed, both because of our methodology (which captures differ-
ences in taxonomic composition but not differences in plant tissues)
and because weak interspecific competition should slacken pressure
on species to differentiate their diets. We speculate that our results
reflect the degree to which functional traits promote dietary dif-
ferentiation even in the absence of such pressure, and we predict
that future studies in Gorongosa will reveal even starker patterns of
niche partitioning as interspecific competition intensifies. However,
we also note that Gorongosa’s turbulent history and ongoing reas-
sembly may produce transient patterns in herbivores’ use of particu-
lar plant species (and hence the plant-trait association in their diets)

that do not reflect the stable conditions in many African protected
areas. These issues underscore the need for comparative research to

assess the generality of the patterns reported here.

4.1 | Grazer-browser spectrum

Our results affirm the primacy of proportional grass consump-
tion in differentiating herbivore diets in African savannas (Codron
et al., 2007; Hofmann, 1989; Lamprey, 1963). Despite the preva-
lence of the grazer-browser spectrum, its mechanistic bases remain
unclear. Although many studies have linked the morphological and
physiological differences between grazers and browsers to chemi-
cal and structural differences between grasses and non-grasses
(Hofmann & Stewart, 1972; Spencer, 1995), others have argued
that the purported differences between grazers and browsers are
overstated (Gordon, 2003; Robbins et al., 1995). One review con-
cluded that ‘there has been more hypothesis generation than test-
ing’ of ideas about which animal traits link mechanistically to which
plant traits (Gordon, 2003, page 14). Our study does not resolve this
debate, but it does shed fresh light to guide future research. First,
we identify which plant traits appear to be most important in creat-
ing separation along the grazer-browser spectrum (see Figure 5b).
Second, we document substantial trait variation among grasses and
show that elements of this variation (such as mean height) contribute
to within-guild differences in dietary species composition and devia-
tions from guild-specific expectations. Grazers ate some non-grasses
just as browsers ate some grasses; traits that vary both within and
between grasses and non-grasses (e.g. leaf tensile strength) may
help to explain how functional traits affect food choices indepen-

dently of plant taxonomy.

4.2 | Body size

The second major axis of diet differentiation in the LDA comprised
a cluster of plant traits associated with dietary segregation among
herbivores of different body size (shoulder height and body mass
were highly correlated, r = 0.84). The seven most important traits
on this axis were leaf tensile strength, zinc, sodium, stem dry matter
content, stem density, copper, and protein—some of which are con-
sidered frequently (e.g. protein) and others infrequently (e.g. zinc) in
studies of herbivore-plant interactions. Leaf tensile strength was the
most important trait on LD2, perhaps because larger-bodied animals
can harvest and process tougher plants with their stronger facial
muscles. Measures of spinescence distinguished elephant diets from
those of smaller-bodied herbivores in this assemblage (Figure Sé).
Thus, there is a cluster of leaf and stem traits associated with plants
that are disproportionately eaten by the largest-bodied herbivores
(>170 kg, the size of a hartebeest and the approximate threshold
between positive and negative values on LD2). This cluster of plant
traits suggests the existence of a megafaunal herbivory syndrome,
analogous to the megafaunal dispersal syndrome linking fruit traits
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to frugivores (Janzen & Martin, 1982), which might be conceptual-
ized as extending the Jarman-Bell principle beyond conventional
metrics of diet quality.

Despite broad consensus that larger-bodied mammalian herbi-
vores tend to eat lower-quality diets, there are surprisingly few em-
pirical demonstrations of the phenomenon (Clauss et al., 2013). Two
studies in South Africa (Kleynhans et al., 2011; Owen-Smith, 1988)
found that the diets of larger-bodied herbivores were lower in crude
protein, and another in Kenya found an allometric decline in digest-
ibility (Steuer et al., 2014). We found allometric declines in both crude
protein and digestibility, both across all 14 herbivore species and for
just the 11 ruminants, supporting the generality of these relation-
ships. Indeed, our estimate of the Jarman-Bell effect may be con-
servative, because we calculated quality indices based solely on the
composition of leaves and not stems. The nutritional value of young
stems often approaches that of leaves, whereas old stems tend to be
considerably lower in quality; accordingly, our estimates of diet qual-
ity are probably most accurate for smaller herbivores (which are able
to be more selective and eat fewer stems) than for larger species that
are likely to eat more stem tissue (Owen-Smith, 1988). However, our
approach also has an advantage: because we estimated diet quality
using only the youngest fully unfurled leaves, our study compared
all plants in a common currency. Thus, our study shows that large-
bodied herbivores tend to eat more of lower-quality plant species,
isolating the influence of food-plant identity—as opposed to leaf-
to-stem ratio or phenology—on diet quality. Future studies could
combine our trait-based approach with complementary measures of
diet quality (e.g. metabolic faecal nitrogen) to further tease apart the
determinants of diet quality.

Our results are consistent with the Jarman-Bell hypothesis
and, at least among grazers, the idea that differences in herbivore
height lead to differences in dietary plant height (Figures 2 and 3).
The latter result differs from the classic formulation of height strat-
ification, which emphasizes the proportion of time spent feeding
at different heights (for browsers) and the relative use of stemmy
grass versus new shoots (for grazers) without explicit reference to
plant species identity (du Toit, 1990; du Toit & OIff, 2014); our result
is conceptually parallel and shows that interspecific differences in
foraging height can translate into differences in the mean height of
food-plant species. While the diet-quality and plant-height results
are both rooted in herbivore body size (mass, shoulder height), our
data suggest that these two mechanisms act independently of one
another (Figure S7). However, several lines of evidence also suggest
that these two mechanisms played a relatively modest role in dif-
ferentiating the taxonomic composition of herbivore diets. Protein
and plant height were the 7th and 10th largest coefficients on LD2
(5th and 9th on LD1), indicating that these traits did relatively lit-
tle to separate species' diets. This inference is consistent with the
high intraspecific variability and interspecific overlap in both diet-
quality metrics (Figure S5), notwithstanding their statistically sig-
nificant correlations with body size. Similarly, most of the variation
in the height of food-plant species appeared to be driven by the
smallest-bodied herbivores, with limited differences among either

large-bodied grazers (the six species 2124-cm tall) or large-bodied
non-grazers (the three species 2104-cm tall), providing one explana-
tion for the weakness of plant height in differentiating diet compo-
sition at the community level. Thus, our size-based hypotheses were
mostly supported, but traits other than protein and height were
more important in determining which plant species herbivores ate.

4.3 | Leaf economic spectrum

That the LES failed to separate large-herbivore diets may appear to
conflict with the support we found for the Jarman-Bell effect. We
expected these results to align, as the degree of investment in cell
walls (fibre) versus cell contents is a shared theme in leaf economics
and animal nutrition: thicker cell walls increase leaf mass per area,
and thus longevity (Onoda et al., 2017), but reduce leaf digestibil-
ity (Van Soest, 1994). However, high leaf mass per area can also be
achieved by increasing leaf thickness, which is not a factor in digest-
ibility. Variation in leaf thickness is evident in our data and was key
in discriminating grazer and browser diets. Although grasses have
thick cell walls and dense tissue, their leaves are thin (reducing leaf
mass per area), rich in hemicellulose (a relatively digestible fibre), and
low in lignin (which disproportionately reduces digestibility); most
browse plants have the opposite traits. Thus, leaf mass per areais a
composite trait that conflates several important leaf properties (e.g.
cell wall composition, thickness, density) that differ systematically
between grasses and non-grasses (Onoda et al., 2017; Shipley, 1999;
Van Soest, 1994) and thus help to define the grazer-browser spec-
trum. In this way, constituent traits of the LES—decoupled in the
diets of selectively foraging herbivores (Figure S8)—can contribute
independently to diet differentiation. One caveat is that we quanti-
fied the LES using just two traits, leaf mass per area and leaf nitro-
gen; although these two traits represent a strong first approximation
of leaf economics and are strongly correlated with the other LES
traits (by definition of the LES), we did not measure leaf longevity
or photosynthetic and respiration rates. Future work incorporat-
ing these traits could probe the robustness of our conclusion that
the LES is not a basis of interspecific diet differentiation in large-
herbivore assemblages.

Although the LES did not contribute to interspecific niche par-
titioning, we cannot evaluate the extent to which the LES shapes
herbivore food preferences because we cannot infer herbivore se-
lectivity in the absence of data on plant species' relative availabil-
ity (which is difficult to quantify in a common currency for mixes of
woody and herbaceous plants at large spatial scales). We posit two
alternative hypotheses that might explain the distribution of diets
down the middle of the LES (Figure 4b). First, herbivores might in-
deed prefer ‘fast’ plants (as per the resource-availability hypothe-
sis) but these species are rare (perhaps because they are preferred).
Most support for this interpretation stems from work on the effects
of insects on woody plants (Endara & Coley, 2011), although some
studies have found that large mammals do prefer fast-growing spe-
cies (Bryant et al., 1983; Bryant et al., 1989). Future work could
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examine how dietary preferences interact with plant availability to
shape diet composition and resource partitioning.

Alternatively, herbivores might be indifferent to the LES (or avoid
the extremes) and achieve intermediate diets through the averag-
ing effect of dietary diversity. Consistent with this second scenario,
the plant species not detected in herbivore diets (n = 87) had nearly
identical distributions of leaf mass per area and nitrogen values to
those present in diets (n = 117; Figure S10). While some ‘missing’
plant species may be uncommon, inaccessible, or undetectable with
our methods (e.g. owing to amplification biases in DNA metabarcod-
ing), we know that at least some plants are missing because they
are avoided. For example, the forb Heliotropium indicum is among
the top 20 most abundant plants in the Gorongosa floodplain and is
detectable with our methods (Pansu et al., 2019) but was not present
in the diets analysed here. Heliotropium spp. are very rich in protein
(fast on the LES) but contain hepatotoxic pyrrolizidine alkaloids—one
presumed example of how plant secondary metabolites might en-
able plants with otherwise desirable traits plants to escape herbiv-
ory. We consider it likely that plant chemical defences account for
some of the unexplained variance in our study, and the lack of sec-
ondary metabolites in our trait data is a caveat. We did not analyse
secondary compounds because they are extremely diverse and their
functional roles are often unknown; however, emerging metabolo-
mic techniques (Li & Gaquerel, 2021; Sedio, 2017) offer a promising
inroad and could be used in conjunction with a trait-centred frame-

work such as ours.

4.4 | Other caveats

DNA metabarcoding is a powerful method for diet analysis, and
the available evidence suggests that the RRA of plant taxa in stud-
ies using the trnL-P6é marker performs well (Kartzinel et al., 2015;
Willerslev et al., 2014), but the approach is not without limitations.
One, mentioned in the previous paragraph, is taxon-specific ampli-
fication biases, which can skew RRA and result in false absences
from diets; for example, sedges (Cyperaceae) are thought to be un-
derrepresented in studies using this marker (De Barba et al., 2014).
Differential digestibility is also a potential source of bias, although
the magnitude and direction of this effect are uncertain; although
indigestible plant parts are more likely to pass through the gut, we
avoided such remains, and highly digestible tissue may tend to have
higher chloroplast densities and thus account for more of the plastid
DNA present in faeces (Craine et al., 2015).

Last, our study aimed to explore differentiation in the taxonomic
composition of herbivore diets, which we see as an important com-
plement to a long history of work focusing on the differential con-
sumption of plant tissues such as leaves, stems, and fruits (Gwynne
& Bell, 1968). Our methods cannot distinguish the plant part that
was eaten, and we used standardized measurements of plant traits
(e.g. sampling the youngest fully unfurled leaf for leaf traits) and
mean trait values to characterize the trait composition of herbivore
diets. Such standardized sampling was necessary to incorporate 204

plant species and 14 herbivore species in a common framework,
but it means that we could not evaluate intraspecific trait variation
among plants (e.g. grazed and ungrazed growth forms), within plants
(e.g. sun exposed vs. shaded leaves), or over time (e.g. seasonal varia-
tion in trait values). While we believe that trait variation among plant
species is likely to overwhelm such intraspecific variability, explicit

testing of this assumption would help to validate our results.

5 | CONCLUSION

Our trait-based approach to diet analysis provided a common frame-
work for testing both classic and novel hypotheses about resource
partitioning in diverse large-herbivore assemblages. We found that
herbivores differed in diet composition, that these differences were
correlated with differences in plant functional traits, and that plant
traits varied in their contribution to dietary differentiation. Plant
traits that differed between grasses and eudicots created the pri-
mary axis of dietary differentiation, the grazer-browser spectrum.
The second major axis of differentiation was a cluster of traits that
was correlated with herbivore body size and the distinction between
floodplain and savanna habitats. The Jarman-Bell hypothesis and
differences in the height of food-plant taxa were individually sup-
ported, but these mechanisms played subordinate roles in differenti-
ating the taxonomic composition of herbivore species' diets. The LES
was not a major axis of niche partitioning and failed to distinguish
the diet composition of herbivore species. Together, these results
reveal aspects of plant functional diversity that underpin dietary
resource partitioning and help to stabilize species coexistence in sa-
vanna herbivores.
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