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plant populations remains unclear. The influences of insects on plant range size
and limits, invasion success and biocontrol are well-established research areas,
but are also underexplored in long-term experiments.

3. Insect herbivores can influence plant community structure and diversity, and
change successional trajectories, often through modification of plant competi-
tive ability. Nonetheless, effects are mostly known from mesic grasslands, take
years to manifest and the extent of insect damage does not always predict their
impact. The relative importance of specialist versus generalist herbivores is un-
clear, as is how feedbacks between plant productivity, herbivory and plant spe-
cies richness contribute to community dynamics over time.
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1 | INTRODUCTION

Long-term ecological experiments have been foundational to under-
standing the importance of species interactions in population and
community ecology (Brown et al., 2001; Power et al., 1996). Such
classic studies, to name only a few, include Connell's (1961) removal
of barnacles from Scotland's rocky shore, Paine's (1992) experiments
involving starfish removal, Lubchenco's (1980) manipulation of algal
competition and Carpenter et al.'s (2001) examination of the cascading
role of top predators in lakes. These long-term studies were valuable
because they assessed the outcome of species interactions as they
played out against a background of changes in organismal density, sto-
chasticity in environmental conditions and community change. Indeed,
this approach enabled important insights that could not have been pre-
dicted from observational studies or shorter-term experiments.

In terms of understanding the enduring effects of herbivores on
plants, much of our understanding comes from studies involving ver-
tebrate herbivores. Tansley (1922) was the first to show the power of
exclusion experiments in this context. Later, Watt (1981) built on this
work, caging out rabbits from British grassland plots for 35years and
demonstrating their strong influences on plant communities. Other
long-term experiments have similarly utilized fences or cages to ex-
clude generalist vertebrate herbivores to quantify their manifold
impacts (Brown & Heske, 1990; Gomez, 2005; Howe, 2008; Post
& Pedersen, 2008; Young et al., 1997). These vertebrate exclusion
experiments have occurred across the planet, in tropical, temper-
ate, desert and high-latitude systems (Andriuzzi & Wall, 2017; Chase
et al., 2000; Davidson, 1993; Parker et al., 2006). The general mes-
sage across many of these studies is that vertebrate herbivory re-
duces the abundance of palatable species, allowing competitively
inferior and less palatable species to increase in biomass and abun-
dance (Augustine & McNaughton, 1998; OIff & Ritchie, 1998). These
effects, however, can be nuanced, and are often modified depending
on underlying ecosystem productivity, with stronger effects occur-
ring in higher versus lower productivity systems (Bakker et al., 2006;
Chase et al., 2000; Koerner et al., 2018; Staver et al., 2021).

In contrast to the multitude of exclosure experiments where
generalist vertebrate herbivory has been manipulated over long
durations, relatively few long-term studies (here conservatively de-
fined as 3 or more years) exist for insect herbivores. Observationally,
we know that insect herbivores can occasionally have devastating
effects, for example when outbreaking insects kill trees. Yet, chronic
low levels of insect herbivory, often inconspicuous, are more the
norm, and experiments elucidating the longer-term effects of this
type of herbivory on plant populations and communities are relatively
scarce (Carson et al., 2004). In an early review of insect suppression
on plant productivity, less than 10% of studies were conducted for
three or more years (Coupe & Cahill, 2003). Almost 20vyears later,
the number of longer-term insect herbivore exclusion experiments
remains small (Table 1). This is surprising given the ubiquity of plant-
insect herbivore interactions, and the voluminous literature docu-
menting negative effects of insect herbivores on plant performance
(Hawkes & Sullivan, 2001; Jia et al., 2018; Marquis, 1992).

Although short-term studies have provided the backbone of
much of our knowledge about how insects influence plant perfor-
mance, these studies are often difficult to extrapolate to the pop-
ulation and community levels. The reason for this is that they often
do not capture impacts of herbivores across all plant life stages and
their transitions, or fail to quantify compensatory effects within
or between plant generations. As well, effects of herbivores can
be highly variable across years (Cobb et al., 2002; Crawley, 1985;
Maron, 1998; Maron et al.,, 2018; Morrow & LaMarche, 1978;
Root, 1996; Shestakov et al., 2020), so single or even two-year stud-
ies may not capture true dynamics. As has often been noted for
other interactions, longer-term studies are needed to understand
how variation in the impacts of insects on plant demographic perfor-
mance and potential compensatory responses interact to influence
plant population abundance. At the community scale, it remains un-
clear how demographic effects of herbivory within species interact
with competitive interactions among species to influence plant com-
munity structure. Yet, most models of community change rely on in-
teractions between consumers and competitive ability in predicting
outcomes (Mittelbach & McGill, 2019).

In this paper, we outline the key conceptual issues that re-
quire longer-term experimental study to predict herbivore impacts
on plant populations and communities. We highlight insights that
have been gained from the handful of longer-term insect suppres-
sion experiments, nearly all of which have been published after
Crawley's (1989) seminal review (Table 1). We also discuss some
open questions that are central to understanding plant population
and community influences of insect herbivores but that require long-
term insect suppression studies to answer. Finally, we take inspira-
tion from the larger literature on exclusion of generalist vertebrate
herbivores, and where possible, discuss how variation in the level of
specialization among insect herbivores may impact predicted out-
comes. In addition to differences in specialization and their popula-
tion biology, vertebrates and invertebrates typically damage plants
in distinct ways.

1.1 | Therole of insect herbivores in limiting plant
populations

The extent to which herbivores impact plant populations bears di-
rectly on many core ecological issues (Myers & Sarfraz, 2017), in-
cluding selection and fitness (Ehrlén, 2003; Metcalf & Pavard, 2007),
limits on geographical ranges (Baer & Maron, 2018; Sexton
et al.,, 2009) and the biological control of invasive plants (Havens
et al., 2019). Indeed, plant population abundance is a fundamental
parameter of both basic and applied ecology. However, short-term
measures of effects of insect herbivores on plants do not necessarily
translate to changes in future abundances.

Predicting how strongly insect herbivores influence plant abun-
dance hinges critically on understanding how herbivore damage
affects key demographic parameters and the strength of various
compensatory mechanisms. Compensatory effects can reduce the
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(Continued)

TABLE 1

Focal plant species and

type of herbivores

Reference

Main response variables

Treatments/replication

Habitat

Duration (years)

Solidago altissima and Stem density and biomass  Carson & Root, 1999, 2000

+/- above-ground

Early succession, with

3-10

Intact communities

of species, richness (see related study

subordinates; folivorous

insecticide

herbicide and intact

McBrien et al., 1983)
Stein et al., 2010, Kempel

beetles (and spittlebugs)

New York old field

Full community, species Biomass and cover of

+/- soil/foliar insecticide

European hayfield

etal, 2015

species, richness

and functional group
analysis; all insects

(factorial)

(managed haying)

Edwards & Crawley, 1999,

Biomass and cover of

full community with focal

+/- above-ground

English old field (heavily

4-18

Allan & Crawley, 2011

species, germination,

richness

species; all insects

insecticide

grazed by rabbits)

Biomass of species Borer et al., 2015,

Full community, species

+/- above-ground

Planted perennial prairie

3-7

Seabloom et al., 2017,

2018

and functional group
analysis; all insects

insecticide in 3

(managed) compared

richness treatments
(1,4, 16 spp.), also old

field control

to intact old field (with

burning)

Jiaetal., 2022

Herbaceous understorey Abundance and diversity

+/- above-ground

Forest understorey

plants

insecticide

direct link between herbivore impacts on one life stage and a pro-
portional impact on the next life stage (Figure 1). One such compen-
satory mechanism is density dependence. For example, if herbivory
reduces seedling recruitment through its effects on fecundity, higher
survival of lower density seedlings might compensate for reduced
recruitment. While this fact has long been appreciated in theory
(Harper, 1977), empirical estimations of these effects, especially in
the context of experimental manipulation of herbivores, are lacking
(Halpern & Underwood, 2006; Ramula & Buckley, 2009). The key
conceptual issue here is not whether density-dependent compen-
satory effects occur, but how strong they are, and under what con-
ditions they partially or more fully compensate for other measured
effects of insect herbivores.

A second compensatory mechanism thought to modify the long-
term impacts of herbivores on plant abundance is the presence of
a seedbank. Seedbanks can buffer plant populations from the im-
pacts of herbivores when the seedbank is large enough to saturate
safe sites for recruitment. In one insect exclusion experiment con-
ducted over several plant generations, strong direct and indirect
effects of insect suppression on plant fecundity and population
size did not translate to effects on abundance after soil disturbance
and resurrection of plants from the seedbank (Agrawal et al., 2021).
Alternatively, seed banks can ‘store’ herbivore-driven reductions in
seed input across plant generations, compounding negative effects
of herbivores through time (Maron & Gardner, 2000). Thus, here too
we are in need of work to understand the conditions under which
seedbanks may reverse versus exacerbate the impacts of herbivores
on plant demography.

The most common approach to understanding how herbivores
influence plant abundance has been to combine demographic study
of herbivore impacts with stage-based population models that proj-
ect how herbivory influences asymptotic plant population growth.
The majority of such studies quantify herbivore damage (such as
seed loss) observationally, rather than through insect exclusion
(Buckley et al., 2010; Katz, 2016; Maron et al., 2010). While these
demographic studies have been extremely valuable in adding to our
understanding, they make the important assumption that any seeds
destroyed by herbivores (either directly or indirectly due to leaf or
other tissue damage) would, in the absence of herbivory, add to plant
fecundity. However, if there are resource limitations imposed on re-
production, this might not be the case. In other words, seeds lost to
herbivores might not otherwise mature due to resource constraints.
Furthermore, costs of reproduction might limit seed production
across years; these costs might be ameliorated by herbivores causing
abortion of damaged reproductive tissue, which suggests that short-
term studies may overestimate effects of herbivores. Observational
studies that track foliar or root herbivory (as opposed to seed preda-
tion) are even more difficult to extrapolate to effects on plant pop-
ulations because there is an added assumption of the relationship
between damage and fecundity. These issues can be circumvented
through herbivore suppression experiments, where the demography
of individual plants with and without herbivores is followed. To date,
however, there are precious few studies conducted for three or more
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SMALL

Population level impact of
suppressing insect herbivores

SMALL

Community-level impact of
suppressing insect herbivores

years, and even fewer that track multiple plant generations (Table 1).
Note that we have excluded several excellent long-term experiments
that simultaneously manipulated both insects and other taxonomic
groups (e.g. Heckman et al., 2022; Ritchie et al., 1998), or that pri-
marily focus on biomass and other ecosystem measures (e.g. Blue
et al., 2011; Wright et al., 2014), simply because it is more difficult
to interpret the direct effects of insects on plant populations and
communities in these studies.

Louda and Potvin (1995) conducted one of the classic studies
to examine how insect herbivores influence multiple generations of
plants. They treated individual thistles with eitherinsecticide or water
(as a control for the water in the insecticide) and quantified individ-
ual plant growth, survival and fecundity. Importantly, they followed
natural recruitment around individual focal plants that had enhanced
seed production due to herbivore suppression (versus controls), and
followed the fate of these offspring across years. This enabled the
authors to determine whether higher seed production, which trans-
lated to gains in recruitment around herbivore-suppressed plants,
resulted in higher adult density in future generations. By following
plants and recruitment across generations, studies can begin to as-
sess compensatory ecological effects that may limit gains at the pop-
ulation level (i.e., increased plant abundance) when herbivores are
suppressed and components of plant fitness increase. Clearly, the
strength of inference about population-level impacts of herbivores

LARGE

FIGURE 1 Schematic diagram
predicting conditions under which we
predict there to be smaller versus larger
effects of insect suppression on plant
abundance (top panel) and community
diversity (bottom panel). Note that

the factors on the right could exhibit
additive or multiplicative effects on the
outcome of insect suppression, which we
ignore here. These empirically motivated
predictions are primarily based on more
competitive grassland habitats for
community-level effects.

Correlation
between tissue
damage and
fecundity loss

Seed limited
recruitment

Post-recruitment

compensatory
mechanisms

Correlation between

plant abundance and

competitive ability

Correlation between
competitive ability and

palatability to generalists

Competitive species
subject to high
herbivory by specialists

Tissue damage results
in reduced competitive
ability

LARGE

increases with the number of years and plant generations that are
studied.

In aggregate, existing shorter-term experimental studies or
longer-term observational ones have yielded several generaliza-
tions. First, insect herbivores commonly reduce plant popula-
tion growth, particularly for plant species that have inherently
high population growth rates (Katz, 2016). Second, the amount
of herbivore damage (i.e., leaf area loss or reduction in seed pro-
duction) is often not a strong predictor (at least alone) for how
strongly insects affect plants at the population level (Katz, 2016).
Nonetheless, these conclusions are based mostly on observational
studies that determine effects of herbivory on components of
plant demography and use these data to make forecasts based on
population models. Continued work is needed that employs long-
term insect suppression experiments in populations, particularly
those that occur across meaningful environmental gradients. This
would enable greater insight into how gradients in environmen-
tal factors may shift the strength with which herbivores suppress
plant abundance. For example, in highly competitive mesic grass-
lands, germination and establishment of plants are likely to be pri-
marily site limited, implying that reductions in fecundity due to
insect herbivory are likely to have more limited effects on recruit-
ment and thus future plant abundance. In contrast, in more arid
ecosystems with more open space between plants, populations
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BOX 1 Effects of herbivores on forest structure
via Janzen-Connell effects

A somewhat different conceptual issue than that discussed
through most of the paper relates to the hypothesis that
progeny density and distance from parent plants influ-
ence plant establishment in the face of specialist enemies,
thereby maintaining plant diversity (i.e., the Janzen-
Connell Hypothesis; Bagchi et al., 2014). Mostly examined
in tropical forest communities, the consensus is that micro-
bial pathogens have stronger negative effects (at high den-
sity and short distances from parents) compared to insect
herbivores, although most work in this area does not ex-
perimentally manipulate herbivores (Song & Corlett, 2021).
In a remarkable 45-month study conducted in Amazonia,
Swamy and Terborgh (2010) experimentally showed that
enemies disproportionally reduce tree seedling survival
(across 11 species) near parent trees compared to far away;
nonetheless, although insect herbivores reduced seedling
survival these effects were similar near and far from par-
ents. A key point, however, is that effects tended to accu-
mulate gradually, and less than 4 years may not have been
sufficient to capture many of the enemy-mediated effects.
The importance of temporal effects was echoed by Bagchi
et al. (2014) who reported that insect herbivores mediated
negative density dependence on tropical seedling abun-

dance and composition.

may be more likely to be seed limited. While these general dif-
ferences across systems have long been postulated, comparative
experimental studies would add to our ability to more accurately

predict when and where herbivores have their greatest impacts.

1.2 | Insect herbivores and plant communities

At the community scale, influences of insect herbivores on metrics
of plant community structure often occur indirectly, by modifying
competitive relationships between species (Figure 1). Competition
may also in turn reduce a plant's ability to compensate for (or toler-
ate) herbivore damage, exacerbating the direct effects of herbivory.
Thus, when insects are suppressed at the plot level (on all coexist-
ing plants), the resultant changes in plant community attributes may
be driven by both direct and indirect effects, mediated by changes
in plant abundance or cover that alter plant-plant interactions
(Hulme, 1996; Kim et al., 2013, 2015).

Fundamental to much of the work in this area has been the hy-
pothesis that highly competitive species (especially above-ground
for light) are also highly palatable to herbivores, as has been re-
ported from classic studies of vertebrate grazing (Augustine &
McNaughton, 1998; OIff & Ritchie, 1998). This notion has been

adopted in studies of insect herbivores on plants, where insects may
serve as keystone species promoting species diversity (Carson &
Root, 2000; Kempel et al., 2015; Seabloom et al., 2017). In commu-
nities dominated by generalist insect herbivores like grasshoppers,
the response of plants to herbivore exclusion may thus be driven by
the preference hierarchy of the herbivore, with the most palatable
species enjoying the biggest release from herbivory. If resistance to
generalists trades off with plant competitive ability, then highly pal-
atable competitive species should dominate communities in which
herbivores are excluded, and plant palatability may be predictive of
plant species responses to insect suppression in community-level
experiments (e.g., Kempel et al., 2015). As discussed below, per-
sistence in a plant community is determined by not only by resis-
tance to herbivory and competitive ability, but also by tolerance to
plant damage, which may or may not be a correlated trait.

In contrast to communities dominated by generalist herbivores,
in some plant communities specialist insect herbivores may play a
strong role. In such instances, plant palatability may be less relevant
in predicting herbivore impacts (see also Box 1). For example, in
eastern US old fields, goldenrod Solidago altissima is a community
dominant. Studies have shown that goldenrod's competitive domi-
nance is reduced through herbivory by specialist herbivores (Box 2;
Carson & Root, 2000; McBrien et al., 1983; Root, 1996). In this ex-
ample, factors such as the history of coevolution between golden-
rod and its specialist herbivores, rather than palatability per se, likely
affect both the extent of herbivore damage and plant tolerance to
herbivores (Uriarte et al., 2002). Measures of palatability may thus
be uncorrelated with competitive ability. A key point is that where
there is not a common axis of palatability across species, trade-offs
between resistance and competitive ability may be less predictive
of how plant communities respond to release from herbivory. One
interesting hypothesis that remains untested is that competitively
dominant plant species will either be highly palatable to generalists
or have specialist herbivores that occasionally outbreak, thus typ-
ically controlling their abundance and plant community structure
(Carson et al., 2004).

Depending on the preferences, level of specialization and inten-
sities of attack, insect suppression can have non-intuitive effects
at the community level. For example, in our long-term (10 year)
studies of herbivory on Oenothera biennis (a monocarpic annual or
biennial) in an early successional community, we found that insect
suppression increased per capita fecundity by 20%, yet caused a
reduction in the abundance of experimentally planted populations
(Agrawal et al., 2012; Maron et al., 2018). Here the major herbivores
were seed-feeding specialist insects which affected plant fecundity.
However, the decrease in abundance was mediated by competition
with naturally occurring Taraxacum officinale. Critically, T. officinale
enjoyed a substantially greater benefit than O. biennis when released
from its own herbivory, thereby tipping the balance of competition
in its favour, resulting in smaller O. biennis populations over multiple
generations (Agrawal et al., 2012, 2021). Even in a simple scenario of
a few competing plant species, the impacts of insect suppression in
the short term will depend on (1) the tolerance of each plant species
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BOX 2 The goldenrod case study

A long-term set of studies on the impact of insect herbivores on old fields dominated by tall goldenrod, Solidago altissima, has pro-
vided notable insight into the effects of herbivores on plant individuals, populations and communities. In the native range of eastern
North America, overall, herbivore pressure on goldenrod reduced the size and biomass of individual stems, and lowered the proba-
bility of flowering (Root, 1996). After 7 years of above-ground insect suppression in 20m? plots in central New York (USA), height of
goldenrod stems and the length, biomass and number of underground rhizomes were substantially enhanced (19%-64%) compared
to treatments with ambient insects (Cain et al., 1991). These strong impacts on individual performance open the door to population
effects, although because goldenrod is highly clonal and prioritizes maintaining established individuals over sexual reproduction
(flowering and seed production), such effects were challenging to measure.

Over a 10-year experiment in similar old fields, goldenrod stem density was not impacted by herbivore suppression in the
first 7 years of the experiment (Carson & Root, 2000). However, after an outbreak of a specialist leaf beetle Microrhopala vittata
in year 7, goldenrods were >80% more abundant in insect-suppression plots compared to controls, and this effect persisted for
at least 2years after the outbreak ended (Carson & Root, 2000). Stem mortality and rhizome production were both implicated
in the population effects of insects on goldenrod. Consequently, understorey plant species richness was enhanced 30% where
herbivores suppressed goldenrod, and this effect was attributed to light reaching the understorey. Critically, these effects would
have been missed in a shorter-term study. In a parallel study conducted much earlier (1975-1980), McBrien et al. (1983) showed
that 5years of insecticide application in similar goldenrod fields in southern Ontario suppressed an outbreak of another special-
ist leaf beetle (Trirhabda sp.). Here too there were community impacts of suppressing herbivores, including enhanced cover of
understorey plants and substantial enhancement of grasses.

An additional study of goldenrod early in succession (beginning with bare soil) found that S. altissima became nearly threefold more
abundant (measured in terms of biomass per plot) after 3years of above-ground insect suppression compared to control plots with ambi-
entinsects (Carson & Root, 1999). Allowing for S. altissima's dominance by suppressing insects reduced plant species richness, suggesting
that population-level effects on one species can impact other species. In this experiment, the xylem-feeding and extreme generalist
meadow spittlebug, Philaenus spumarius, was implicated as the most impactful herbivore driving the community effects. Here, the pref-
erence of spittlebugs (presumably favouring S. altissima) as well as the relative plant tolerance to spittlebug feeding (see Meyer, 1993)
both likely contributed to the effects of insect suppression on plant populations individually and the plant community as a whole.

Finally, a close relative of S. altissima (S. canadensis) is invasive in Europe and Asia, and a long-term insect exclusion study in
Germany found that native herbivory promoted the invasive success (stems and biomass over 8years) of S. canadensis (Korell
et al., 2019). In other words, as an invader, where its specialist herbivores were absent, insects suppressing other vegetation
enhanced the competitive dominance of S. canadensis. Remarkably, the effects of herbivores in this experiment were to decrease
community pant diversity, and this was associated with dominance by S. canadensis. We interpret the results of this experiment
as an exception that proves the rule: although the population and community effects of insect suppression on S. canadensis in
Europe were opposite to those in North America, the difference appears to be driven by the non-native status of S. canadensis
and its lack of specialist herbivores in the Europe.

BOX FIGURE 1. Two major defoli-
ating leaf beetles of tall goldenrod
that occasionally outbreak: Adult
Trirhabda virgata (left, photo by
A.A. Agrawal) and Microrhopala vit-
tata (right, photo by A. Kessler) ob-
served in central New York (USA).
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to the typical amount of herbivory received and (2) the difference
in competitive ability of each plant species with versus without the
typical amount of herbivory. Long-term impacts on plant popula-
tions will follow from these effects, depending on the relationship
between fecundity and population size.

Studies like the one above have used insect suppression to ex-
amine early successional dynamics. In two experiments by Brown
and Gange (1989, 1992), suppression of below-ground insects in
tilled English hayfields benefitted perennial forbs over annual forbs
or grasses, resulting in higher plant species richness. In contrast,
suppressing above-ground insects favoured competitive grasses,
which reduced plant species richness. A similar experimental design
in a third study conducted in Germany also revealed stronger below-
versus above-ground effects of herbivory, although the community
consequences were via divergent effects on plant functional groups
(Schadler et al., 2004). Overall, these three studies found divergent
successional dynamics driven by suppressing above- versus below-
ground insects, with the effects of the latter being stronger.

Surprisingly, relatively few long-term experiments have manipu-
lated insect herbivores within non-disturbed plant communities and
examined the consequences (Table 1, Box 2). Work by Crawley and
coworkers factorially manipulated insects, rabbits, molluscs, nutri-
ents, competition and soil pH over 18years (Allan & Crawley, 2011;
Edwards & Crawley, 1999; Leverkus & Crawley, 2020). Focusing
on their results from insect suppression alone, they found no im-
pact of herbivory on the vegetation community, germinable seeds
in the soil or the total number of seedlings emerging in vegetation
gaps after 4years. A single species (Rumex acetos) showed eight-fold
greater abundance in sprayed compared to control gaps (Edwards
& Crawley, 1999). Nonetheless, impacts of insects on vegetation
emerged after 8years and depended on the presence of molluscs
and rabbits (Allan & Crawley, 2011). Overall, insects served to main-
tain diversity and when taken out of the community, plant diver-
sity declined by 25%. Some of these effects occurred through a
competitively dominant grass Holcus mollis that was suppressed by
sucking insects (Heteroptera). A key insight of this study was that
the impacts of insect herbivores in intact temperate grasslands can
take years to emerge, and can occur through modifying competitive
interactions between plants (and through interactions with other in-
vertebrate and vertebrate herbivores; see also Box 2).

Insect suppression experiments that are of longer duration have
mostly been conducted in productive and highly competitive grass-
lands in eastern North America and Europe. In general, these com-
munities are dominated by herbaceous perennials (including many
clonal species) with relatively little recruitment from seed. In these
systems, recruitment into plant populations is often mostly site
limited, implying that herbivory has its impacts primarily through
competitive displacement occurring among adult plants. The gen-
eral message across these studies is that insect suppression typically
impacts plant community composition through direct negative ef-
fects on different species and indirect positive effects, with strong
herbivory-by-competition interactions shaping overall community
responses. How suppression of plant fecundity by insect herbivores

translates (or not) into effects on seedling recruitment across spe-
cies, and ultimately metrics of community diversity, remains unclear.
In particular, in seed-limited ecosystems, or those where positive
plant-plant interactions are common, the impacts of herbivores at
the community level may differ substantially.

Ultimately, a connection between plant species' competitive abil-
ity (or competitive tolerance), palatability (or probability of attack),
tolerance to herbivory and changes in fitness (through survival,
competition or recruitment) will need to be made to predict im-
pacts of herbivores on plant communities. The relationship between
plant resistance to herbivory, tolerance to damage and competitive
ability has not been well explored, yet is critical to understand the
impacts of insect herbivores on plant populations and communities
(Fornoni, 2011; Uriarte et al., 2002). Here we have primarily con-
sidered above-ground competition for light, although underground
competition is clearly an important axis as well.

When herbivores are suppressed at the community scale, the
extent to which herbivores impact the abundance of dominant
versus subordinate species should influence the net effect on di-
versity. In the classic case of goldenrod meadows (Box 2), herbi-
vores suppress a competitive dominant and increase plant species
richness (Carson & Root, 2000). More recent work has also specif-
ically addressed the relative impact of herbivory on intraspecific
and interspecific competitive dynamics between goldenrod and a
subordinate competitor, providing insight into the mechanisms of
herbivores as keystone species (Kim et al., 2013). Under other con-
ditions, herbivores may ultimately reduce plant diversity by reduc-
ing the abundance of rare plant species (Myers & Sarfraz, 2017;
Schmidt et al., 2020). Indeed, insect herbivores can reduce the
spatial distribution of plants, reducing their abundance in some
communities (e.g. cases where specialist herbivores restrict plants
to shadier habitats, Louda & Rodman, 1996). Although effects
on plant diversity have not been studied in this context, in such
cases the impact of herbivores overall could be to reduce diversity
and increase competitive dominance (as reported for an invaded
grassland in Europe; Korell et al., 2019). Across a broad swath of
vertebrate exclosure studies, when grazers had the effect of sup-
pressing competitive dominants, the result was to increase spe-
cies richness; however, in a substantial fraction of the reviewed
studies, grazers increased competitive dominants, and here com-
munity richness declined (Koerner et al., 2018). Whether insect
herbivores have comparable effects on plant communities is an

open question.

1.3 | Effects of insects on plant communities of
varying diversity

Given that plant diversity itself shapes the intensity of herbivory,
insect diversity and higher trophic interactions (Agrawal et al., 2006;
Wan et al., 2020), over longer temporal scales there may be feed-
backs between plant diversity and the regulation of those plant
communities by insects. There may also be an interplay between
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productivity, herbivory and plant species richness. In vertebrate
herbivore exclusion studies, the impacts of herbivores on plant spe-
cies richness are typically stronger at higher productivities (Koerner
et al., 2018; Staver et al., 2021). The answer to the analogous ques-
tion with insect herbivores has been less well established (Schadler
et al., 2003). There may be additional consequences of such inter-
actions for plant community dynamics as well. For example, biotic
resistance to invasion is influenced by factors such as productivity
and plant diversity; it follows then that native herbivores which im-
pact diversity may have consequences for plant invasions (Levine
et al., 2004; Parker et al., 2006). Although such effects have been
hypothesized, few longer-term studies on the topic have been con-
ducted (Korell et al., 2019; Schmidt et al., 2020).

Planted and managed communities have been used to examine
the relative importance of, and interaction between, plant diversity
and insect herbivores in grassland ecosystems (Schmidt et al., 2020;
Seabloom et al., 2017; Siemann et al., 1998). Such field experiments,
although highly controlled, equilibrate over years and have revealed
important insight to the roles of plant community interactions and
consumption. For example, in European hayfields of varying diver-
sities (i.e. 15-35 plant species), 5years of insect suppression had
stronger effects on overall plant productivity as plant diversity in-
creased (Stein et al., 2010). In other words, herbivores seem to exert
greater consumption in more diverse plant communities. This effect
is likely due to many direct and indirect effects. Nonetheless, by ex-
amining individual plant species responses that were differentially
impacted by insect suppression, predictive insight can be gained.
Among several leaf trait predictors tested, an independent measure
of plant palatability (to two generalist herbivores) predicted the out-
come of insect suppression across years (Kempel et al., 2015). In par-
ticular, the most preferred plant species (i.e. least defended) showed
the greatest increase following insect suppression. This follows from
palatable species having the most to gain from insect suppression;
in addition, however, the least palatable species decreased in abun-
dance after insect suppression, underscoring a likely competitive
effect suppressing unpalatable species after removal of herbivory.

In a similar long-term plant diversity experiment conducted in
Minnesota grasslands (Borer et al., 2015; Seabloom et al., 2017,
2018), a key result was that changes in a plant species' biomass over
time due to insect suppression were not concordant in monocultures
compared to polycultures. In other words, differential outcomes
were likely caused by interactions between herbivory and plant
competition, which varied among diversity treatments. Here species
with the weakest competitive ability (gauged by nitrogen utilization)
were the most responsive to insecticide, supporting a species-level

trade-off between plant defence and competitive ability.

2 | WHAT SHORT-TERM STUDIES MISS

Although shorter-term studies have served as much of the basis for
what we know about the impacts of insects on plants, these stud-
ies can miss key events (e.g. insect outbreaks) and are unlikely to

address the relative importance of critical factors (e.g. compensa-
tory demographic mechanisms, community change) that might
modify the strength and direction of herbivore effects over time.
In habitats where seedling recruitment is common, short-term stud-
ies may often miss how variation in recruitment, driven my insect
exclusion, influences individual species' abundance and ultimately
community diversity. Nonetheless, in systems where recruitment is
minimal and clonal growth is more important, effects of insect ex-
clusion on plant communities could manifest more quickly (although
this does not seem to be the case, Table 1).

Our goal here is to highlight the value of longer-term experi-
ments to fully elucidating the extent to which insect herbivores drive
population or community change. This is not to undervalue shorter-
term studies; in fact, many of the ideas examined in this essay were
derived from shorter-term work. An important link extrapolating
from short-term studies to long-term impacts is the shape of eco-
logical relationships, for example, between the extent of herbivory
and impacts on plant fecundity. In a simplified world, effects would
be linear and additive over time. Nonetheless, given that this often is
not the case, some progress could be made by evaluating the shapes
of such relationships and simulating their impacts.

In many classic long-term experiments examining interactions
other than herbivory, the impact of the interaction was often not
fully captured for many years. This was certainly the case for how
herbivores affected goldenrod fitness (Root, 1996), which formed
the basis for the community effects in that system (Box 2). The
accumulation of weaker effects (e.g. low levels of persistent her-
bivory), whether at the population or community level, often take
time to manifest ecologically and may not be linear. Annual vari-
ability in insect herbivore abundance, as well as key plant param-
eters such as seedling recruitment, plant cover and flowering can
together create variability in population and community responses.
Detecting a coherent signal through this ‘noise’ can only be ac-
complished by longer-term work. Additionally, we make a plea for
characterizing the insect community (in terms of species identity,
level specialization, feeding guild and abundance) in the control
plots of exclusion experiments; variability in the insect community
undoubtedly shapes their ecological effects over space and time.
Of course, factorially excluding generalists versus specialists, or
insects with unique feeding modes, to tease apart their individual
effects is extremely challenging (Siemann et al., 2004).

3 | CONCLUSION

Although we hesitate to add yet another voice to the many cries
over the years that ecologists do larger, longer and more multi-factor
experiments, it is clear that these approaches are irreplaceable for
filling substantial gaps in our knowledge of how insects influence
plant populations and communities. While there is much to be
gained, we want to acknowledge that there are difficult logistical
issues involved in attempting long-term insect exclusion. Clearly, ex-

cluding insect herbivores is not as straightforward as using fences
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to exclude larger herbivores. Fences require maintenance, but are
typically long lasting. In contrast, using insecticide typically requires
weekly (or bimonthly) application. Furthermore, in some cases, par-
ticular insecticides can be difficult to obtain due to environmental
regulations (Siemann et al., 2004), and some can have phytotoxic or
even plant stimulatory effects. As well, without judicious and well-
timed application, insecticides may negatively influence pollinator
abundance or behaviour. Yet, despite these limitations, insecticides
(or other approaches that suppress insect herbivores) are valuable
tools that can be vital to addressing fundamental and applied issues
related to controls on plant abundance and distribution. These ques-
tions remain mostly unresolved in part because of the lack of longer-
term experiments.

At the community scale, although we know that insect her-
bivores can act as keystone species that enhance plant species
richness, this work has been highly restricted to north temperate
mesic grasslands. Work on the relative roles or interactions be-
tween specialist versus generalist herbivores in the maintenance
of plant communities deserves attention. In addition to classic
long-term insect exclusion studies, one future approach might be
to conduct comparative studies of the impacts of insect exclusion
in neighbouring ecosystems, on closely related plants with differ-
ing life histories, or other contrasts predicted to show differences.
And finally, studies that explore the differential impacts of sup-
pressing insects on individual plants versus plot-level suppression
in the same communities may reveal important insights into the
importance of herbivory-by-competition interactions in determin-

ing community outcomes.
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