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Abstract. Plants face a range of trade-offs as they attempt to maximize their fitness within a com-
plex web composed of competitors, mutualists, and herbivores. In addition to growth–defense and
competition–defense trade-offs, plants must balance their response to a wide range of potential ene-
mies including pathogens and vertebrate and invertebrate herbivores. We tested for trade-offs in plant
species’ responses to different types of consumers using a foodweb manipulation experiment in which
we selectively excluded large vertebrate herbivores and removed foliar fungi, soil fungi, and insects
from natural and experimentally planted grassland communities. We found no evidence for trade-offs
in the ability of plants to defend themselves against different sets of consumers, although plants varied
widely in their responses to removal of different consumer groups. In addition, the species-level
responses to consumer removal in monoculture were uncorrelated with each species’ response in more
diverse communities, highlighting the important role of local context (e.g., competition and apparent
competition) in determining the effects of consumers. Plants must balance their allocation of energy
among a wide variety of tasks including growing, competing for limited resources, and defending
themselves against an array of potential enemies. We found that while plant species differed greatly in
their response to the removal of consumers, species that were susceptible to the effects of one con-
sumer group (e.g., insect herbivores) also were susceptible to other consumer groups (e.g., fungal
pathogens). This suggests that plants differ in their overall allocation to defense, but defense invest-
ment can proffer protection against a wide array of natural enemies. We also found that plant
responses to consumers depended on the diversity of the surrounding plant community, suggesting
that among-plant interactions can alter their susceptibility to the impacts of consumers.
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INTRODUCTION

Plants compete for limiting resources within the context
of a complex web composed of competitors, mutualists, and
consumers. As a result, plants face a range of trade-offs that
constrain their interactions with other plants (e.g., competi-
tion for resources or fast growth rates) and with organisms
at higher trophic levels (e.g., defense against herbivores and
pathogens; Coley et al. 1985, Steward and Keeler 1988,
Herms and Mattson 1992, Holt et al. 1994, Rudgers et al.
2004, Morris et al. 2007, Lind et al. 2013). The mechanisms
by which plants attempt to maximize fitness, given competi-
tion for limiting resources and attack by herbivores and
pathogens, are explored in a vast literature (e.g., Herms and
Mattson 1992, Holt et al. 1994, Strauss and Agrawal 1999,
Strauss et al. 2002, Wise and Abrahamson 2005, 2007, Lind
et al. 2013). While it is clear that plant defense often comes
at an energetic cost to plants (Bergelson and Purrington
1996, Strauss et al. 2002, Fine et al. 2006), the nature of this
cost varies. Broadly speaking, the resources a plant allocates
to defense may come at a cost of the ability to compete for
limiting resources (competition–defense trade-off; Baldwin
and Hamilton 2000, Chase et al. 2002, Viola et al. 2010) or
allocation to photosynthetic tissue and growth (growth–

defense trade-off; Coley et al. 1985, Fine et al. 2006, Endara
and Coley 2011, Lind et al. 2013). The contrast between
growth–defense and competition–defense trade-offs arises in
part from a separate trade-off between a plant’s ability to
maximize growth rate under high resource conditions and to
maintain positive growth rate under low resource conditions
(i.e., competitive ability sensu Tilman 1982; see review in
Reich 2014, Clark et al. 2018).
In addition to balancing defense with the allocation to

either growth or competition for limiting resources, plants
must respond to a complex food web composed of mutualis-
tic (e.g., pollinators and mycorrhizae) and antagonistic (e.g.,
pathogens and herbivores) organisms (Morris et al. 2007,
Kulmatiski et al. 2012). Trade-offs may constrain a plant’s
ability to defend against multiple enemies, if different defense
strategies are needed to protect against different types of ene-
mies. For example, physical defenses, such as spines, are effec-
tive against herbivores but less important against pathogens
(Traw and Bergelson 2003). Similarly, programmed cell death
can be an effective defense against biotrophic pathogens but
may enhance the spread of necrotrophic pathogens (Traw
and Bergelson 2003, Glazebrook 2005). Further, key plant
defense pathways are cross-regulated (e.g., the jasmonate-
and salicylate-dependent defense pathways; Traw and Bergel-
son 2003, Glazebrook 2005, Robert-Seilaniantz et al. 2011).
In this case, exposure to one type of enemy (e.g., a biotrophic
pathogen) may reduce the ability of a plant to mount a
defense against a different class of enemy (e.g., an herbivore;
Traw and Bergelson 2003, Robert-Seilaniantz et al. 2011).
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However, trade-offs may not be ubiquitous (Koricheva
et al. 2004) because some plant defense responses can deter
damage from a broad range of different types of enemies,
e.g., herbivores and microparasites (e.g., systemic acquired
resistance, SAR; Durrant and Dong 2004). In addition,
trade-offs also may be weakened by plant defense syn-
dromes composed of correlated suites of traits that create
broad-acting defenses composed of chemical and physical
defenses (Koricheva et al. 2004, Agrawal and Fishbein
2006). In these cases, plants will differ more in their overall
allocation to defense than their allocation to different
classes of defenses (Moles et al. 2013).
In addition, the effects of consumers may depend on com-

munity context. While plant defense is often viewed as a spe-
cies trait (Agrawal and Fishbein 2006), plant interactions with
their natural enemies are often mediated by indirect interac-
tions with other plant species, such as apparent competition,
indirect facilitation, associational resistance, exploitative com-
petition or facilitation, shared defenses, and trophic cascades
(Holt et al. 1994, 2003, Moore et al. 2010, Sotomayor and
Lortie 2015). As a result of these indirect interactions, the
effects of natural enemies on a species may depend as much
on the community context of a host as on its inherent resis-
tance or tolerance to an enemy (Holt et al. 1994, 2003, Soto-
mayor and Lortie 2015). For example, the presence of a highly
competent host in a community may increase pathogen preva-
lence (i.e., the spillover effect; Power and Mitchell 2004) and
may ultimately reverse the competitive hierarchy among plant
species (Borer et al. 2007). In addition to host identity, the
diversity of hosts also may alter the impact of natural enemies
independent of host identity. For example, some pathogens
have been shown to decline in frequency in diverse communi-
ties, creating a disease dilution effect (Mitchell et al. 2002, Holt
et al. 2003, Keesing et al. 2006, Scherber et al. 2010), while
other consumers (pathogens or herbivores) may be most abun-
dant in diverse communities (Haddad et al. 2001, 2009, Bruno
et al. 2008, Scherber et al. 2010, Borer et al. 2012), potentially
creating an amplification effect (Holt et al. 2003, Keesing et al.
2006, Seabloom et al. 2017).
Here we ask four broad questions using a food web

manipulation experiment that selectively removes distinct
groups of consumers (vertebrate herbivores, foliar fungi, soil
fungi, and insects) from grassland communities of varying
complexity. These questions address the correlations
between species functional characteristics and response to
consumer removal (Q1 and Q2), the effect of community
context on response to consumers (Q3), and the correlation
between responses to different subsets of the consumer food
web (Q4). Because the presence or quantity of individual
defensive compounds can be uncorrelated to the efficacy of
defense investment (Kant et al. 2015), we address these
questions by focusing on the change in the abundance of
individual species in response to the food web manipulation
treatments, rather than quantifying specific chemical or
physical plant defense responses.

Q1. Do the effects of consumers vary systematically
among functionally different groups of plants? To
address this question, we test whether plant
functional groups differ in their response to removal
of different consumer groups.

Q2. Are plant responses to consumers correlated with
traits associated with growth rate or competitive
ability? To address this question, we test for negative
associations between plant responses to consumer
removal and traits associated with their ability to
compete for limiting resources or their growth rate.

Q3. Are responses to consumers predominantly a trait of
each species, or are species’ responses context
dependent, differing with the diversity of the
community in which they occur? To address this
question, we test whether the effects of different
consumer groups on plant biomass observed in
simple communities (monocultures) are positively
correlated with the responses observed in more
complex communities.

Q4. Are there trade-offs in the ability of plants to defend
themselves against distinct consumers (i.e., a negative
correlation in the effects of removing different
consumers), or is there a general defense strategy in
which plant species respond similarly to the removal
of any group of consumers (i.e., a positive correlation
in the effects of removing different consumers)? To
address this question, we test for the presence of
positive or negative correlations in the effect of
various consumers on plant abundance.

METHODS

The work described here was conducted at the Cedar
Creek Ecosystem Science Reserve (CDR), a 2200-ha
research reserve and U.S. Long Term Ecological Research
(USLTER) site located about 50 km north of St. Paul, Min-
nesota, USA (45.4° N, 93.2° W). CDR lies on a sandy, out-
wash plain formed during the Wisconsin Glaciation about
11,000 yr ago. The site has a mean annual precipitation of
about 750 mm and a mean annual temperature of 6°C
(Borer et al. 2014). The work here uses data from consumer
manipulation experiments conducted in two types of com-
munities: a natural old-field community and an experimen-
tally assembled diversity experiment (Borer et al. 2015,
Seabloom et al. 2017).

Old-field experiment

The old-field consumer manipulation experiment was
started in 2008 in an old-field abandoned from agriculture
in 1956. Aboveground biomass in the control plots was
187 � 13 g/m2 (mean � SE) and the community is com-
posed of a mixture of C4 grasses, C3 grasses, legumes, and
forbs (Appendix S1: Table S1). The site is burned in the
spring about every 3 yr. The experiment is a completely ran-
domized block design composed of 48 3 9 3 m plots
arranged in eight blocks and randomly assigned to one of
six treatments: control, insecticide, foliar fungicide, soil
fungicide, fencing, or all treatments in combination (insecti-
cide, foliar fungicide, soil fungicide, and fencing).
Plots in the fencing treatment were surrounded by 2 m tall

wire fence with a 5 9 10 cm mesh to exclude moderate to
large vertebrates; smaller vertebrates (e.g., pocket gophers
and voles) had access to the plots. All pesticide treatments
were applied throughout the duration of growing season,
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about mid-April to the end of August, each year. The foliar
fungicide treatment was composed of twice monthly appli-
cations of a combination of 7.5% Azoxystrobin and 2.5%
Propiconazole (Quilt; Syngenta Crop Protection, Greens-
boro, North Carolina, USA). The soil drench fungicide
treatment was composed of monthly applications of 45.3%
Mefenoxam (Ridomil Gold SL; Syngenta Crop Protection).
The insecticide treatment was composed of twice monthly
applications of 21.4% Imidacloprid (Marathon II; OHP,
Mainland, Pennsylvania, USA). One to two times each
growing season, Malathion was applied instead of Mara-
thon II to limit the development of insecticide resistance in
the insects. The treatments had strong effects on the inci-
dence of herbivory and foliar pathogens, plant tissue chem-
istry, and composition of the plant communities (Borer
et al. 2015). The observed effects of the pesticides on plant
growth and mass did not result from unintended, direct
effects of the pesticides on plant growth; the pesticide treat-
ments did not alter plant growth or biomass when applied in
the absence of insects, foliar pathogens, or soil fungi in a
greenhouse experiment conducted with a subset of the spe-
cies using sterile soil (Seabloom et al. 2017).
Abundance of each species in each experimental unit was

estimated by clipping aboveground biomass in a 2 9 0.1 m
strip at peak biomass (typically early August), sorting the
biomass to the species level, drying the biomass to a con-
stant mass, and weighing the dried biomass to the nearest
0.001 g.

Diversity experiment

The second experiment was nested within an existing
plant diversity experiment established in 1994 (Tilman et al.
2001, 2006, Borer et al. 2015). The consumer manipulations
were established in 2008 within 33 of the 9 9 9 m plant
diversity plots with plant richness treatments of 1 (n = 15), 4
(n = 9), or 16 (n = 9) species. We did not include the two
two-species plots, as these only contained four of the 16 spe-
cies in the total data set. We also note that not all species
were present in all of the smaller consumer manipulation
subplots.
We established five 1.5 9 2 m subplots within each of the

33 9 9 9 m plots, and each of these subplots was randomly
assigned to one of the following treatments: control, insecti-
cide, foliar fungicide, soil fungicide, or all treatments in com-
bination (insecticide, foliar fungicide, and soil fungicide).
These treatments were implemented identically to those in
the old-field experiment. Thus, the overall experiment was
composed of 165 (33 9 9 9 m plots each with five 1.5 9 2 m
subplots) plots distributed across 20 treatments (four plant
diversity treatments and five food web treatments). Further
details are available in Borer et al. (2015) and Seabloom
et al. (2017). This experiment did not include a vertebrate
herbivore fencing treatment, as deer fencing surrounds the
entire experimental field.
Abundance of each species in each experimental unit was

estimated by clipping aboveground biomass in a 1 9 0.1 m
strip at peak biomass (typically early August), sorting the
biomass to the species level, drying the biomass to a con-
stant mass, and weighing the dried biomass to the nearest
0.001 g.

Statistical analyses

All statistics were conducted in R (v. 3.2.3; R Core Team
2017). For the analyses in this paper, we analyzed data from
2010 to 2014 after 3–7 yr of treatment applications. We
assessed the effects of the fencing or pesticide treatments on
each species by calculating a log response ratio (LRR) as log
(Bxt/Bxc) or equivalently log(Bxt) � log(Bxc), where Bxt is the
biomass of species x in a plot receiving treatment t (e.g.,
fencing, insecticide, foliar fungicide, or soil drench fungi-
cide) and Bxc is the biomass of species x in the correspond-
ing control (i.e., untreated) plot. The LRR has the benefit of
being symmetrical around zero, so a doubling or halving of
plant biomass has identical magnitude effects (i.e., about
0.69 and �0.69 respectively). In addition, the LRR is less
susceptible to effects of mean species abundance than would
be a difference of untransformed biomass.
Because the LRR was undefined if Bxt or Bxc were zero,

we replaced these zeros with a small value (one-half of the
minimum observed biomass) if species were present in either
the treatment or control plot, so that the LRRs would be
informative for cases where a species was present only in the
control or treatment plot.
The relationship between species’ responses to various

consumer removal treatments were estimated using stan-
dardized major axis (SMA) estimation (Warton et al. 2006).
In contrast to regression, the goal of SMA is to summarize
the relationship between two variables, as opposed to pre-
dicting the value of one variable (i.e., the dependent variable
in regression) using a second variable (the independent vari-
able in regression). Finding the SMA is equivalent to finding
the first principal component axis using a correlation
matrix, and then rescaling the data back to original units
(Warton et al. 2006). Here, we were primarily interested in
identifying significantly positive or negative (i.e., trade-offs)
associations between the effects of removing various con-
sumer groups. We used the sma function in the smatr R
package (v. 3.4-3; R Core Team 2017). In addition to esti-
mating the slope of the SMA between the effects of two con-
sumer groups (e.g., the effects of insects and foliar fungi), we
used the sma function to determine if the slope was signifi-
cantly different from zero and if the slope differed between
different groups of interest (e.g., treatment years or diversity
levels).
We also tested for a significant relationship between the

LRR from consumer removal and either competitive ability or
growth rate. Residual soil nitrate (R*N) has been demon-
strated to be inversely correlated with competitive ability
among grassland species at this site and elsewhere (Wedin and
Tilman 1993, Harpole and Tilman 2006, Clark et al. 2018)
and positively correlated with tissue nitrogen, an indicator of
growth rate (Reich 2014, Clark et al. 2018). Clark et al. (2018)
compiled data on (R*N) and tissue nitrogen from 35 species
grown in weeded monocultures in seven experiments at CDR
composed of 247 individual plots. All of these experiments
were conducted at the same site (CDR) and some were in the
same fields as the experiments described here. We note that
the positive correlations between growth rate and competitive
ability (e.g., R*N and tissue nitrogen) in the species we exam-
ined here prevents us from testing the growth–defense and
competition–defense trade-offs separately (Clark et al. 2018).
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RESULTS

Plant functional groups differed in their responses to con-
sumer communities, especially in the diversity experiment
where functional groups differed in their response to the
treatments (Appendix S1: Tables S2 and S3; Figs. 1 and 2).
Broadly speaking, forb and legume mass increased in
response to the removal treatments, whereas grass mass was
unaffected. We found no evidence for a relationship between
individual species’ competitive abilities and the effect of
consumers on species’ growth when consumers groups were
removed individually. However, when all consumer manipu-
lations were applied in combination, plant species responses
were positively correlated with residual soil nitrate left by
each species in monoculture (R*N; Appendix S1: Table S4,
Fig. 3). Although plant tissue nitrogen was positively
correlated with R*N (r = 0.68), tissue nitrogen was not
significantly related to plant responses (Appendix S1:
Tables S4).
Our results illustrate the context-dependence of plant species

responses to consumers and an absence of widespread trade-
offs in defense against different consumer groups. Although a
minority of species increased with consumer removal in both
monoculture and mixture, across species and functional
groups, the biomass responses of individual species to con-
sumer removal in monoculture were uncorrelated with the
biomass response for that species in 16-species experimental

communities (Fig. 4). In addition, while the response of indi-
vidual species to consumers depended strongly on local com-
munity diversity (Fig. 4), the correlation in biomass responses
among different removal treatments did not differ between
years or plant diversity treatments (P > 0.05; SMA regres-
sion). The positive correlation among the changes in biomass
in response to the removal of different consumers was broadly
similar in experimentally assembled and natural plant commu-
nities (Figs. 5 and 6, Table 1). Thus, the effects of foliar fungi,
soil fungi, insects, and vertebrate herbivores on plant species’
biomass were positively correlated, which provides no evidence
for widespread trade-offs in defending against different con-
sumer groups (Table 1).
Taken together, the old-field experiment and the diversity

experiment revealed that plant species that increased in bio-
mass with the removal of foliar fungi also increased with
removal of vertebrate herbivores, insects, and soil fungi
(Figs. 5 and 6, Table 1). Similarly, species responses to
insecticide were positively related to their responses to both
exclusion of vertebrate herbivores and removal of foliar
fungi (Fig. 5, Table 1). In contrast to the other treatments,
in the old-field, species’ responses to soil fungicide were cor-
related only with their response to foliar fungicide, but were
unrelated to their response to vertebrate herbivores or
insects (Fig. 5, Table 1), whereas in the diversity experiment,
species’ responses to soil fungicide also were correlated with
their response to insecticide (Fig. 6, Table 1).
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FIG. 1. Effect of consumer removal in experimental (1, 4, 16 species) grassland communities by functional group ((A) all treatments, (B)
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DISCUSSION

We found that the effects of removing consumer groups
on plant biomass differed among plant functional groups
(Q1), with strong effects on forb species, virtually no effects
on C4 grasses, and weak or variable effects on legumes and
C3 grasses. These effects on functional groups were consis-
tent across an experimentally imposed gradient in plant
diversity. Among plant species, the effects of consumers on
plant growth were negatively correlated with a species’ com-
petitive ability when all consumer treatments were applied in

combination, but this effect disappeared when treatments
were applied individually (Q2). While this result suggests the
presence of trade-offs in allocation of resources to growth,
competition or defense (Baldwin and Hamilton 2000, Chase
et al. 2002, Viola et al. 2010), in this system these effects do
not seem to be driven by any single consumer group, and so
might not be detected in experiments only manipulating one
type of consumer (e.g., herbivore fencing).
Community context had strong effects on the response of

individual species to consumer removal (Q3); there were no
correlations between the effects of consumers in single
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species plots and in more diverse communities. This result
suggests that the efficacy of plant defenses depends on the
composition and diversity of the community and that indi-
rect interactions, such as apparent competition, exert strong
effects on individual plant species. Finally, we found no evi-
dence of trade-offs in plant responses to different consumer
groups, in spite of evidence for widespread cross-regulated
defense pathways (Traw and Bergelson 2003, Glazebrook
2005, Robert-Seilaniantz et al. 2011). Rather, we found
strong correlations between plant growth responses to
nearly all consumer groups (Q4), suggesting that grassland
plant species seem to be arrayed along a single defense con-
tinuum that confers protection against a wide array of con-
sumer groups including vertebrate herbivores, insects, and
fungi, as has been found in other systems (Durrant and
Dong 2004, Koricheva et al. 2004, Moles et al. 2013).
Interpreting species-level responses to these treatments

depends on clearly establishing the efficacy of the treat-
ments. For example, the lack of a correlation between spe-
cies responses in the one and 16 species plots of the diversity
experiment could arise if treatment effects on species were
weak. However, the treatments in our experiment often led
to large changes species abundances as shown by the magni-
tude of the log response ratio (Appendix S1: Table S1;
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Fig. 2). In addition, previous work in the diversity experi-
ment has shown that the food web treatments resulted in at
least a twofold reduction in foliar rust fungi and insect dam-
age and more than a 40% increase in total plant biomass
(Borer et al. 2015, Seabloom et al. 2017). The strong effects
of the treatments on the abundance of individual species,
abundance of natural enemies, and total plant biomass
clearly demonstrate the effectiveness of the treatments and

the importance of consumer food webs in structuring plant
communities and ecosystems.
We found substantial differences among plant species’

growth responses when consumer groups were removed, and
in many cases the strength of the effects of consumer
removal on biomass differed among plants in broad func-
tional groupings (i.e., C3 grasses, C4 grasses, forbs, and
legumes), as has been demonstrated in many other studies
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(e.g., Crawley 1989, Dobson and Crawley 1994, Hawkes and
Sullivan 2001, Seabloom et al. 2009). Of the four functional
groups of species in this experiment, forbs experienced the
greatest release from removing consumers, though this may

not be the case in all grasslands (Carson and Root 2000,
Hawkes and Sullivan 2001, Diaz et al. 2007, Lind et al.
2013). In our experiments, the utility of functional groupings
to predict plant responses was highest in experimental and
low diversity natural communities (Borer et al. 2015); only
the foliar fungicide effects were significantly different among
functional groups in the more complex, naturally assembled
communities in the old-field experiment.
Plant defense and competitive ability are a function of a

wide array of physiological responses to the biotic and abiotic
environment, and our results suggest that the efficacy of plant
defense differs with local plant community diversity. Many
mechanisms may underlie this result, as biodiversity experi-
ments have demonstrated that plant diversity can alter the
local environment in many ways, including changes to soil
chemistry and organic matter, aboveground biomass produc-
tion, and the nutrient content of foliage (Tilman et al. 2014,
Borer et al. 2015), which can, in turn, alter the abundance
and impacts of arthropods and pathogens (Mitchell et al.
2002, Scherber et al. 2010, Borer et al. 2012, Hertzog et al.
2016, Seabloom et al. 2017). Foliar nitrogen content, in par-
ticular, increases with plant diversity in the absence of foliar
fungi (Borer et al. 2015), likely indicating physiological
changes that may underlie the aggregate biomass responses
observed in the current study. The dependence on plant diver-
sity of species-level responses to consumers may be caused by
individual physiological responses to the differing biotic and
abiotic environment at low and high diversity. Thus, the cur-
rent results link individual, species-level, and community
changes along diversity gradients and add to the growing list
of emergent properties of diverse plant communities.
A plant’s allocation of resources to defense may come at

the cost of competitive ability (competition–defense trade-
off; Baldwin and Hamilton 2000, Chase et al. 2002, Viola
et al. 2010) or growth rate (growth–defense trade-off; Coley
et al. 1985, Fine et al. 2006, Endara and Coley 2011, Lind
et al. 2013). We found that the species with high R*N
showed the greatest increases in response to consumer
reduction while the most competitive species (i.e., those
with the lowest R*N) did not benefit from consumer reduc-
tion. This result aligns with a recent global-scale analysis
by Lind et al. (2013) that found competition–defense trade-
offs were relatively rare. The species with high R*N also
tend to have higher tissue N and total biomass (Clark et al.
2018, which may have made them more susceptible to
attack by fungi and insects. It is also possible that our
inability to detect a competition–defense trade-off could be
related to our measure of competitive ability, the residual
soil nitrate in monoculture (R*N). Although this measure
has been effective at predicting the outcome of competition
in this field experiment (Harpole and Tilman 2006), direct
measures of the effects of competition on plant allocation
to growth and defense may generate novel insights into this
relationship.
While increasingly detailed measurements have deepened

our understanding of plant defense mechanisms and alloca-
tions, the relevance of these trade-offs to plant dynamics in
natural systems depends in part on the degree to which plant
responses to consumers are mediated by interactions among
other members of the plant or consumer community (Holt
et al. 1994, 2003, Sotomayor and Lortie 2015). Apparent
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competition, indirect facilitation, associational resistance,
exploitative competition or facilitation, shared defenses, and
trophic cascades are examples of indirect effects that have
the potential to change the effects of consumers on individ-
ual plants (Holt et al. 1994, 2003, Keesing et al. 2006, Borer
et al. 2007, Moore et al. 2010, Sotomayor and Lortie 2015).
Furthermore, the composition, abundance, and impacts of
the arthropod and fungal communities differ between
monocultures and diverse communities (Haddad et al. 2009,
Scherber et al. 2010, Schnitzer et al. 2011, Borer et al. 2012,
Seabloom et al. 2017), which could further erode our ability
to infer plant responses to consumers in more diverse set-
tings based on their response in low diversity settings. In our
study, we found no correlation between the effects of differ-
ent consumers in simple communities (monocultures) and
the responses observed in more complex communities. This
suggests that plant defense assays on single species may not
be informative of community or ecosystem level effects and
highlights the importance of testing plant defense theory in
diverse communities composed of multiple host species
(Lind et al. 2013).
In addition to the effects of host community complexity,

plant defense in natural systems will depend on interactions
among multiple guilds of consumers. Plants in natural sys-
tems must defend themselves against diverse consumers, and
the cross-regulation of important defense pathways suggests
the likelihood of trade-offs between the ability of a plant to
defend against multiple enemies (Traw and Bergelson 2003,
Glazebrook 2005, Robert-Seilaniantz et al. 2011). Such
defense trade-offs could create negative correlations among
the effects of removing different consumers. In contrast to
this expectation, we found no evidence that trade-offs in
defense against different consumer guilds were relevant to
plant performance in our field experiments. Rather, we found
strong evidence for a predominant defense strategy across
grassland taxa in which plant species respond similarly to the
removal of any group of consumers (Durrant and Dong
2004, Agrawal and Fishbein 2006). Specifically, we found
positive correlations among the effects of removing different
consumers. This result suggests that trade-offs in plant
defense response, while relevant in lab settings, are unlikely to
promote coexistence and may not have bearing on the com-
position of plant communities. Instead, our results suggest
that, at least in these grassland communities, plant functional
groups are arrayed along a single gradient from more- to

less-defended against a diversity of consumer types. The loca-
tion of each species on this gradient of consumer susceptibil-
ity also may represent a trade-off in competitive ability
(Baldwin and Hamilton 2000, Chase et al. 2002, Viola et al.
2010) or growth rate (growth–defense trade-off; Coley et al.
1985, Fine et al. 2006, Endara and Coley 2011, Lind et al.
2013). These results suggest the widespread importance of
the plant innate immune system or systemic acquired resis-
tance (SAR) for defending against broad arrays of pathogens
and herbivores (Durrant and Dong 2004).
There has been a great deal of work on the importance of

trade-offs for maintaining the diversity of plant communi-
ties, and the presence of cross-regulated immune pathways
are suggestive of an additional way in which plants species
could divide up niche space for coexistence (Traw and
Bergelson 2003, Glazebrook 2005, Robert-Seilaniantz et al.
2011). However, we found no evidence in field experiments
for trade-offs in the sensitivity of different species to very
different guilds of consumers (vertebrate herbivores, insects,
and fungi). In actuality, quite the opposite was true: the
plants in our study seemed to be either well defended or
poorly defended against many consumer guilds. In addition,
we found that plant responses to consumer removal in
monocultures were unrelated to responses by the same spe-
cies in more diverse communities. Consumers, including her-
bivores and pathogens, can exert strong controls on the
composition and functioning of plant communities (e.g.,
Crawley 1989, Dobson and Crawley 1994, Hawkes and
Sullivan 2001, Seabloom et al. 2009). Lab and greenhouse
studies have provided many important insights into the
physiological responses of plants to consumers. For this rea-
son, there is a need to study the predictions of theory and
controlled experiments in the complex community and
ecosystem settings where the efficacy and consequences of
plant defenses are truly tested.
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TABLE 1. Correlations between species responses to consumer removal treatments (insecticide, foliar fungicide, and soil fungicide) in old-
field and experimental communities.

Community type Treatment 1 Treatment 2 Number of species r2 SMA slope SMA P value

Old-field insecticide foliar fungicide 30 0.49 0.855 0.000
Old-field insecticide soil fungicide 27 0.10 1.028 0.117
Old-field insecticide fencing 27 0.21 1.090 0.016
Old-field foliar fungicide soil fungicide 25 0.33 0.851 0.002
Old-field foliar fungicide fencing 24 0.41 1.231 0.001
Experimental insecticide foliar fungicide 13 0.85 0.891 0.000
Experimental insecticide soil fungicide 14 0.80 0.669 0.000
Experimental foliar fungicide soil fungicide 13 0.62 0.943 0.001

Notes: Slope and P values are based on standardized major axis (SMA) regression. Responses are averaged across diversity treatments
(experimental communities only) and sampling years as there were no detectable differences in the SMA slope estimates among years or
diversity treatments.
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