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A mainstay of ecological theory and practice is that coexisting
species use different resources, leading to the local development of
biodiversity. However, a problem arises for understanding coex-
istence of multiple species if they share critical resources too
generally. Here, we employ an experimental framework grounded
in nutritional physiology to show that closely related, cooccurring
and generalist-feeding herbivores (seven grasshopper species in
the genus Melanoplus; Orthoptera: Acrididae) eat protein and
carbohydrate in different absolute amounts and ratios even if they
eat the same plant taxa. The existence of species-specific nutri-
tional niches provides a cryptic mechanism that helps explain how
generalist herbivores with broadly overlapping diets might coex-
ist. We also show that performance by grasshoppers allowed to
mix their diets and thus regulate their protein-carbohydrate in-
take matched optimal performance peaks generated from no-
choice treatments. These results indicate the active nature of diet
selection to achieve balanced diets and provide buffering capacity
in the face of variable food quality. Our empirical findings and
experimental approach can be extended to generate and test
predictions concerning the intensity of biotic interactions between
species, the relative abundance of species, yearly fluctuations in
population size, and the nature of interactions with natural ene-
mies in tritrophic niche space.
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Ecological niches remain central to explaining community
structure (1-7), despite some reservations (8). In general, for
within-trophic level interactions, species that differ in their use
of resources are more likely to coexist (9-11), even in highly
variable environments (9, 10, 12-14). This “resource-
partitioning” framework does not obviously apply to coexisting
species that use essentially the same resources, including gen-
eralist herbivores that eat a diverse and broadly overlapping
array of plants (3, 15-18). Alternate models are required to
explain these patterns (7). However, because herbivores show
differences in the blend of nutrients that maximize growth and
fitness (19-21), an opportunity for niche diversification within a
resource-partitioning framework exists at the level of macronu-
trient use rather than discrete plant taxa.

Ecologists search for assembly rules to explain community
structure (22), usually as the combined outcome of top-down and
bottom-up interactions (6, 7, 23). Although both are important
in terrestrial herbivore communities, two observations argue for
a critical importance of understanding bottom-up factors. First,
interactions among herbivores leading to coexistence can be
driven directly by limited food resources (24). Second, plant
nutritional quality often mitigates top-down pressures (23, 25),
although the converse may also be true. Generally speaking,
herbivores are categorized as being specialists or generalists.
Specialization is the case for ~75% of all plant-feeding insects
(26), and plant secondary metabolites (PSMs) function as a
primary assembly rule for coexistence among specialist plant-
feeders because PSMs restrict membership in a specific feeding
guild (27, 28). For insect herbivores, specializing on plants that
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are unpalatable to other species effectively reduces potential
interspecific competition. In contrast, PSM assembly rules do
not readily predict coexistence of generalist herbivores that are
adapted to eat a broad range of plant taxa. Instead, we suggest
that community structure for generalist herbivores may be
governed in part by assembly rules defined by differences in
species-specific nutritional needs. Under this rule, the nutrients
within the plants become the currency of importance, and
competition or other biotic interactions among coexisting gen-
eralist herbivores would be mediated because each species
occupies its own unique ‘“nutritional niche.” Here, we define a
nutritional niche as the blend and ratio of nutrients that maxi-
mize fitness (20, 29).

The extent to which coexisting generalist herbivores might
occupy unique nutritional niches can be explored by using a
recently developed experimental framework called the “geomet-
ric framework” (19-21) (henceforth GF). The GF is a state-
space modeling approach that explores how an animal solves the
problem of balancing multiple nutritional needs in a multidi-
mensional and variable environment. It treats an animal as living
within a multidimensional nutrient space where there are as
many axes as there are functionally relevant (fitness-affecting)
nutrients. There are >30 required nutrients for most animals,
but protein and carbohydrates are among the most important for
herbivores because their concentrations in plants are highly
variable (depending on plant type, age, and growing conditions)
and often limiting (26). The blend of protein and carbohydrate
that the herbivore needs to ingest to optimize growth is called an
“intake target,” and there is strong evidence that herbivores have
evolved a suite of behavioral and physiological mechanisms that
enable them to approach this point (19-21). For a generalist
herbivore, the intake target can be reached by regulating the
amount of an individual food eaten, eating from a range of
different foods, or more likely, through a combination of these
two mechanisms. A herbivore can reach its intake target by
switching back and forth between two foods (represented as
trajectories, or “rails” running through protein—carbohydrate
“nutritional space”) that alone are nutritionally suboptimal but
together are complementary [supporting information (SI) Fig.
3a]. This switching behavior represents a typical situation for
most generalist herbivores. If food selection in generalist her-
bivores is viewed as a problem of collecting and regulating the
intake of multiple nutrients, then the GF provides an experi-
mentally accessible framework for explicitly testing whether
species-specific nutritional niches and adaptive nutritional phys-
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Table 1. Diet pairings for each species plus MANOVA results comparing protein-carbohydrate

consumption on the two treatments

Species Diet combinations df Exact F Prob > F

M. angustipennis (a) p7:¢35 + p35:c7 2,13 1.79 0.205
(b) p7:c35 + p28:c14

M. bivittatus (a) p7:c35 + p35:c7 2,14 3.71 0.051
(b) p7:¢35 + p28:c14

M. differentialis (@) p7:¢35 + p35:c7 2,16 1.98 0.171
(b) p7:¢35 + p28:c14

M. femurrubrum (a) p7:¢35 + p35:c7 2,5 1.54 0.301
(b) p7:c35 + p28:c14

M. flavidus (a) p7:¢35 + p35:c7 2,12 0.49 0.626
(b) p7:¢35 + p28:c14

M. foedus (a) p14:c28 + p35:c7 2,9 0.79 0.482
(b) p7:¢35 + p28:.c14

M. sanguinipes (a) p7:c35 + p35:c7 2,16 0.51 0.612

(b) p7:c35 + p28:c14

Each species was tested on two treatments, and each treatment contained a pair of food dishes with different
diets. The diets differed from one another in their protein (p) and digestible carbohydrate (c) content (e.g.,
p7:c35 = 7% protein and 35% carbohydrate, expressed on a dry mass basis). If each species is actively regulating
protein-carbohydrate intake, no significant difference in protein-carbohydrate consumption should be

observed.

iology can facilitate coexistence in generalist insect herbivore
communities (SI Fig. 3 b—d).

We apply the GF to seven co-occurring North American
grasshoppers within the genus Melanoplus that feed, at the
population level (30), on a similar range of host plants, and we
test the degree to which these coexisting species occupy unique
nutritional niches. We also assess the ability of individuals to
regulate nutrient intake to achieve a suitably balanced diet, and
we briefly describe the buffering capabilities of diet regulation.

Results

We determined protein—carbohydrate intake targets for each
species over their final nymphal stadium by allowing individuals
of each species to mix diets between two food dishes that
contained nutritionally imbalanced but complementary foods.
There were two treatments for each species (Table 1), which
allowed us to verify that protein—carbohydrate intake on a
treatment was not simply a function of grasshoppers eating
equally between the two food dishes (i.e., no discrimination). If
grasshoppers actively regulate protein—carbohydrate intake, the
amounts of protein and carbohydrate consumed in the two
treatments should be similar. Without exception, no significant
difference in the amounts of protein and carbohydrate eaten was
observed between the two treatments for all species examined
(Table 1). Having established that each species was able to
regulate its protein—carbohydrate intake, we pooled the protein
and carbohydrate consumption values across the two mixed
treatments for each species. We then tested the extent to which
protein—carbohydrate intake points among the seven species of
grasshopper overlapped. Fig. 1 shows a bicoordinate plot of the
mean amounts of protein and carbohydrate (= SEM) eaten by
each species over the final nymphal stadium, and a comparison
of the protein—carbohydrate intake points among the seven
species revealed significant differences [multivariate ANOVA
(MANOVA): Fi2,108 = 19.68, P < 0.0001]. Paired comparisons
using contrasts were made between species that were “nearest
neighbors” in nutritional space (Table 2). All comparisons
except one species pair (M. angustipennis and M. sanguinipes)
exhibited significant differences in terms of their protein—
carbohydrate intake.

We also compared how insects that were free to mix diets and
self-regulate protein—carbohydrate intake performed relative to
grasshoppers that were restricted to single diets with different
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protein:carbohydrate ratios. Our results show, with one possible
exception (M. flavidus), that growth rate and development time
were near optimal in grasshoppers that were free to mix (Fig. 2).

Discussion

This work documents the existence of an explicit nutritional
physiological mechanism underlying patterns of food resource
partitioning that can facilitate long-term species coexistence of
generalist herbivores (2, 9, 10). Specifically, we show that
coexisting Melanoplus species partition two key macronutrients,
protein and digestible carbohydrates, by differentially regulating
their intake (Fig. 1). This partitioning, expressed either in
absolute amounts of protein and carbohydrate eaten (their
intake targets) or as a protein:carbohydrate ratio (occupying an
area, or wedge, of protein—carbohydrate nutritional space),
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Fig. 1. Protein—carbohydrate intake targets (means + SEM) for each of the
seven coexisting species. Each number in the figure corresponds to a particular
species, and species that are statistically different from one another have
different colored error bars [only species 1 and 7 (M. angustipennis and M.
sanguinipes) were statistically similar; for details, see Table 1]. The gray dashed
lines represent the two most extreme foods, p7:¢35 and p35:c7, and the area
between them represents the available nutrient space. The different colored
solid lines define the range of nutrient space occupied by a particular species
(as determined by the SEM of the intake targets). Overlap in nutrient space is
only obvious for species 1 and 7. For a description of how nutrient space was
determined for each species, see the Materials and Methods.
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Table 2. Comparison of protein-carbohydrate consumption points for species that were

nearest neighbors in nutritional space

Species comparison df Exact F Prob > F
M. bivittatus (2) vs. M. differentialis (3) 2,98 5.82 0.004
M. bivittatus (2) vs. M. foedus (6) 2,98 7.46 0.001
M. flavidus (5) vs. M. foedus (6) 2,98 10.09 <0.001
M. flavidus (5) vs. M. sanguinipes (7) 2,98 7.52 0.004
M. femurrubrum (4) vs. M. sanguinipes (7) 2,98 3.53 0.033
M. angustipennis (1) vs. M. sanguinipes (7) 2,98 0.88 0.417
M. angustipennis (1) vs. M. femurrubrum (4) 2,98 3.96 0.022

v

Protein—carbohydrate consumption points for species that were nearest neighbors in nutritional space were
compared by using specified contrast statements after a significant overall species effect (MANOVA: Fi3,198 =
19.68, P < 0.0001). The number in parentheses after each species refers to the number assigned to that species
in Fig. 1. All nearest-neighbor comparisons were significantly different from one another, except for M.

angustipennis (1) vs. M. sanguinipes (7).

places coexisting species in clearly defined species-specific nu-
tritional niches and may be an effective physiological mechanism
to modulate the effects of interspecific competition during
critical periods. These regulated species-specific intake targets
have functional significance because they correspond to mea-
sured performance optima of developmental time and growth
rate (Fig. 2). Inspection of performance data also indicates that
some buffering capacity exists because relatively large changes in
the protein:carbohydrate ratio of the diets result in only small
performance penalties. This finding suggests the existence of a
mechanism for dealing with often-encountered suboptimal food
in a highly variable nutritional environment, although it may
come with a cost. It is worth noting that the flatness of our
performance curves across the more centrally located diets (e.g.,
pl4:c28, p21:c21, and p28:cl4), and to some extent the p35:c7
diet, may reflect the fact that we limited our work to a single
developmental stage across a limited number of diets. Recently,
Simpson et al. (31) advocated the construction of fitness land-
scapes over nutrient space, an approach that can reveal a sharp
fitness peak at the intake target when a combined performance
variable is calculated, for example, growth rate multiplied by
percentage survival. In our work, survival was 100% in all but a
few diets, so combining growth rate with percentage survival did
not provide new insights.

For generalist insect herbivores, the availability of macronu-
trients such as protein and carbohydrate is highly variable within
and among host plants, seasons, and years (32). When limiting,
the relative concentrations of macronutrients among alternate
food plants in a variable environment can reinforce species-
specific niche diversification and determine the outcome of
species interactions. For example, current theory of niche dif-
ferentiation leading to long-term coexistence does not require
that resources always be limiting or that species always compete
with one another (2, 9). It is expected, however, that coexisting
species will diverge in relevant niche space and that resources are
sometimes limiting and result in competition, which appears to
happen in grasshoppers (33, 34) and other insect herbivores (7).
Additional field experiments that alter foliar-N levels directly
affect grasshopper performance and species interactions in
accordance with ideas presented here (25, 32). Within this
framework, our approach provides a starting point for develop-
ing and testing specific predictions concerning competition
among coexisting species with broadly overlapping diets, the
relative abundance of coexisting species, and year-to-year pop-
ulation fluctuations. For example, M. angustipennis and M.
sanguinipes share similar protein—carbohydrate intake points
and occupy similar positions in nutritional space (their protein:
carbohydrate intake ratio is ~1:1); competition between these
two species should be particularly strong. These two species
should also exist in similar numbers because they remove similar
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absolute amounts of protein and carbohydrate from the envi-
ronment. Additionally, their population sizes relative to the
entire community should be relatively stable from year to year
because they occupy a central location in protein—carbohydrate
nutritional space that makes them less susceptible to yearly
permutations in their nutritional environment. In contrast,
competition between M. ferurrubrum and M. flavidus should be
weak because their protein—carbohydrate intake points, and
ratios, are very different. However, because the protein—
carbohydrate intake targets of these two species are located near
the boundaries of nutritional space, yearly shifts in the nutri-
tional environment may cause their populations to fluctuate in
a more extreme manner from year to year. Exact predictions of
locations of such boundaries in the nutritional landscape based
on artificial diets might be tricky, however, because of structural
attributes for packaging nutrients in plants and herbivore capa-
bilities in extracting them; some nutrients become less available
than others to herbivores (35). However, Jonas (36) has shown
for M. bivittatus that the slopes of the boundaries do not change
between artificial diets and ground plant material of equal
nutritional quality, just the absolute amount of diet eaten,
indicating that functional relationships remain intact.

The extent to which divergence in nutritional requirements by
generalist insect herbivores can provide a mechanism for ex-
plaining species coexistence and fluctuations in relative abun-
dance is largely unexplored. The GF provides an experimental
framework that can inform us about ecological patterns among
coexisting insect herbivores to explain patterns of community
structure at some appropriate scale. In particular, insights re-
garding potential competitive interactions determined by bot-
tom-up factors can be deduced. If food is limiting (24), diversi-
fication in nutrient space may also help explain the coexistence
of a seemingly high diversity of generalist herbivores that share
host plants in their diet.

Macronutrient availability is highly variable in time and space,
which may contribute to coexistence over the short term, such as
through a storage effect (2, 9). Theory concludes that resource
partitioning is ultimately required to maintain species coexist-
ence over the long term (9, 10). In this sense, however, we are
not claiming that other factors do not contribute or are not
important to the coexistence of generalist herbivores (37).
Rather, our results provide an important underlying mechanism
facilitating explanations based on population fluctuations (2, 38)
or top-down effects of natural enemies (6, 7, 37, 39, 40) and
extend their predictions. For example, diet selection in herbi-
vores is greatly affected by recent encounters with predators (23,
25,39), parasitoids (41), and pathogens (42) and often decreases
the amount of food eaten and influences which plant species are
selected and/or can shift protein—carbohydrate intake targets. In
fact, such interactions make it more important to select food
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