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Consumer and resource control of diversity in plant communities
have long been treated as alternative hypotheses. However, ex-
perimental and theoretical evidence suggests that herbivores and
nutrient resources interactively regulate the number and relative
abundance of coexisting plant species. Experiments have yielded
divergent and often contradictory responses within and among
ecosystems, and no effort has to date reconciled this empirical
variation within a general framework. Using data from 274 exper-
iments from marine, freshwater, and terrestrial ecosystems, we
present a cross-system analysis of producer diversity responses to
local manipulations of resource supply and/or herbivory. Effects of
herbivory and fertilization on producer richness differed substan-
tially between systems: (i) herbivores reduced species richness in
freshwater but tended to increase richness in terrestrial systems;
(ii) fertilization increased richness in freshwater systems but re-
duced richness on land. Fertilization consistently reduced even-
ness, whereas herbivores increased evenness only in marine and
terrestrial ecosystems. Producer community evenness and ecosys-
tem productivity mediated fertilization and herbivore effects on
diversity across ecosystems. Herbivores increased producer rich-
ness in more productive habitats and in producer assemblages with
low evenness. These same assemblages also showed the strongest
reduction in richness with fertilization, whereas fertilization in-
creased (and herbivory decreased) richness in producer assem-
blages with high evenness. Our study indicates that system pro-
ductivity and producer evenness determine the direction and
magnitude of top-down and bottom-up control of diversity and
may reconcile divergent empirical results within and among
ecosystems.
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Human activities have altered nutrient availability and the
numbers and kinds of species in virtually all habitats on

earth (1–3). These changes, in turn, strongly affect the diversity
of primary producer communities. Local species richness is
determined in part by the supply of new species via speciation
and dispersal (4). The fate of these colonists, and therefore the
diversity of a community, depends on differential species re-
sponses to intrinsic local-scale processes. Two local factors are
often especially important: the ability to exploit or tolerate
spatial variability in the supply of abiotic resources (bottom-up
processes) and the ability to withstand consumption by herbi-
vores (top-down processes) (5). These two forms of local control
affect rates of extinction and colonization (and thus species
richness) as well as the relative abundance, or evenness, of
species within the community.

The response of producer diversity to alterations of resource
and consumer abundance has been inconsistent within and

among producer communities and ecosystem types. Resource
enrichment and herbivore manipulations can have positive or
negative effects on producer diversity (6–8); no consensus has
been reached as to what determines the direction or magnitude
of these effects, although ecosystem productivity is thought to
strongly influence community responses (9). Resource enrich-
ment in unproductive environments may enhance diversity by
allowing rare species to use new resources (10, 11) or persist in
larger local populations that are less susceptible to stochastic
extinction (12). In productive environments, however, resource
enrichment may depress diversity by favoring competitively
dominant species and thereby reducing evenness (13, 14). Like-
wise, the effects of consumers on plant diversity can also be
positive or negative, depending on the balance between in-
creased mortality and weakened competitive interactions due to
herbivory (9, 15, 16). Consumers may promote stable coexist-
ence if competitively dominant species suffer increased mortality
(e.g., keystone predation) (17, 18), or may decrease richness
when they are unselective or select rare species (19). Thus, the
effects of consumers on coexistence depend on their diet
specificity, their biomass removal efficiency, and the dominance
structure of the prey assemblage (15).

Here, we present the results of a metaanalysis testing the
generality of fertilization and herbivore effects on producer
diversity across marine, freshwater, and terrestrial ecosystems.
We expected systematic differences in the regulation of diversity
by consumers and resources, because the importance of her-
bivory and the response of producers to resource supply vary
among ecosystems. Herbivores in aquatic ecosystems remove a
3-fold greater fraction of primary production than those on land,
and aquatic producers typically have shorter generation times
and higher nutrient-uptake rates (20, 21). Moreover, other
constraints on herbivory, such as body size ratios of herbivores
to their prey (22) and producer food quality (20, 23), differ
substantially between aquatic and terrestrial systems.

Interactions among herbivores, producers, and abiotic re-
sources are central to understanding differences in trophic
structure and composition between aquatic and terrestrial sys-
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tems (21). Metaanalyses of trophic cascades across ecosystems
found that systematic differences in the strength of top-down
control of producer biomass occurred largely at the plant-
herbivore link (24–26). We lack similar information on the
importance and interdependency of top-down and bottom-up
factors mediating producer diversity across systems. Two previ-
ous reviews (27, 28) on the interactive effects of resource
availability and consumers on diversity corroborated models (29,
30) predicting that consumer effects on prey diversity switch
from negative to positive along a gradient of increasing produc-
tivity. However, these analyses were either specific to aquatic
communities (28) or did not apply quantitative metaanalysis
statistics (27).

In our analysis, we used richness and community evenness as
separate response variables, because fertilization and herbivory
can differentially affect species coexistence (richness) and spe-
cies relative abundance (evenness). We calculated effect sizes as
log response ratios (31) in 75 experiments manipulating resource
supply (nutrients or light, hereafter fertilization), 157 experi-
ments manipulating herbivore presence, and 42 experiments
factorially manipulating fertilization and herbivory. This global
data set was used to (i) obtain global average effect sizes of
fertilization and consumer presence on producer diversity, (ii)
test for significant differences between ecosystem types, and (iii)
analyze the importance of factors potentially mediating effect
sizes across ecosystems. These factors include characteristics of
the environment (ecosystem productivity, producer community
structure and biomass responses to herbivory and fertilization),
and experimental design (site, size, and duration). Based on our
analysis, we propose a conceptual model that synthesizes the
seemingly disparate findings across ecosystem types, and we
show that diversity responses vary consistently with basal eco-
system productivity and community evenness.

Results
Overall Effects and Differences Between Ecosystems. Across all
ecosystems, fertilization significantly reduced the number of
producer species [grand mean effect on richness (95% confi-
dence interval): �0.076 (�0.124 to �0.032)], whereas the aver-
age effect of herbivores on producer richness was negative but
not different from zero [�0.027 (�0.080 to 0.027)]. Herbivory
[metaanalysis (MA) between ecosystems, P � 0.001] and fertil-
ization (P � 0.001) effects on producer richness differed be-
tween ecosystems. In freshwater systems, richness was reduced
by herbivores and enhanced by fertilization (Fig. 1a). The

opposite was observed in terrestrial systems, where herbivores
increased richness and fertilization depressed richness. The signs
of the responses in marine habitats were the same as in fresh-
water (positive for fertilization and negative for herbivory), but
average effects did not differ significantly from zero (Fig. 1a).

Across ecosystems, producer evenness was consistently en-
hanced by the presence of herbivores [0.052 (0.012 to 0.092)], and
it decreased with fertilization [�0.090 (�0.156 to �0.027)].
Herbivores significantly increased evenness in marine and ter-
restrial systems but not in freshwater (MA on ecosystem differ-
ences, P � 0.002; Fig. 1b). Producer evenness tended to decline
with fertilization in all three ecosystems (MA, P � 0.1; Fig. 1b).

Interaction effect sizes for factorial manipulations of her-
bivory and fertilization were, on average, positive, but not
different from zero, for both evenness [0.061 (�0.031 to 0.153)]
and richness [0.043 (�0.030 to 0.138)]. For evenness, a positive
interaction indicates more positive effects of herbivores in
enriched treatments. Interaction effect sizes did not vary signif-
icantly between ecosystems (MA, P � 0.1) (Fig. 1 a and b).

Environmental Mediation of Fertilization and Herbivory Effects on
Producer Diversity. To understand the variation in effect sizes
across ecosystems, we analyzed the importance of environmental
and experimental context in mediating the effects of fertilization
and herbivory. Because studies differed strongly in the number
of covariates they reported alongside the experimental results,
we used two methods. First, we used linear MA regressions to
analyze the bivariate relationships of continuous covariates with
effect sizes. Second, we identified the most parsimonious general
linear model (hereafter GLM) using all continuous covariates
and ecosystem type as predictor variables. Thus, we compared
the bivariate MA approach using the full data set (but lacking the
ability to account for covariation among the predictor variables)
with the GLM approach, which accounted for colinearity among
predictor variables (but used a reduced data set because studies
with missing information on one or more variables could not be
included). In the following, we focus on predictor variables that
showed both a significant bivariate trend in the MA and were
retained in the most-parsimonious GLM. Full information on all
predictor variables can be obtained from supporting information
(SI) Figs. 4–9.

Herbivore effects on producer species richness were mainly
associated with system productivity, producer evenness, and
experimental duration (Table 1 and Fig. 2 a–c). Herbivores
enhanced species richness in producer communities with low
evenness but reduced richness in communities with high even-
ness (Fig. 2a). Herbivores reduced producer richness at low
ecosystem productivity (measured as integrated ambient re-
source availability, see Methods), but tended to enhance richness
at high productivity (Fig. 2b). Experimental duration affected
herbivore effect sizes in both the MA and the GLM but in
different directions (Table 1). Increasing herbivore effects with
longer experiments are seen in the MA mainly because terres-
trial studies, which tended to have positive herbivore impacts
(Fig. 1a), ran for longer periods of time (Fig. 2c). However, in
the final GLM, which retained system type as a significant
variable (Table 1), the negative relationship between duration
and herbivore effects suggests that longer exposure of producers
to consumption increased net extinctions in the community.

Fertilization reduced richness in producer communities with
low evenness (i.e., assemblages that were heavily dominated by
a few species), suggesting that enrichment favored those species
that were already at a competitive advantage. However, fertili-
zation had a neutral-to-positive effect on richness in more even
communities (Table 1 and Fig. 2d). In addition, fertilization
effect sizes became more negative the longer the experiment
lasted (Table 1 and Fig. 2e), a result driven by the longer
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Fig. 1. Average effect sizes (�95% confidence intervals) of herbivory and
fertilization and their interaction on producer species richness (a) and even-
ness (b) in freshwater (gray circles), marine (triangles), and terrestrial (black
squares) systems. Numbers represent numbers of studies used for each aver-
age. Herb, Herbivory; Fert, Fertilization.
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