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Effects of insects on primary production in temperate
herbaceous communities: a meta-analysis
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Introduction

Abstract. 1. The effects of insects on primary production in temperate herb-
aceous communities were investigated in a meta-analysis. The following hypotheses
were tested: (1) the effect of insects on primary production depends on community
type, (2) the effect of insects on primary production varies as a function of
productivity, (3) insects have a greater effect on primary production in communities
with low species diversity, and (4) insects have a larger effect on primary production
during outbreaks.

2. Data were collected from 24 studies in which insecticides were used to suppress
insects in self-sown or pastoral communities. Effect sizes were calculated from
sprayed and control plot standing crop or yield, expressed as the log response
ratio, In (sprayed plot phytomass/control plot phytomass).

3. There was a significant increase in primary production as a result of insect
suppression. Forb-dominated communities showed a more variable response than
graminoid communities. During outbreaks, insects had a greater negative impact
on primary production. Effect size was unaffected by productivity or plant species
richness.

4. Although insects lower primary production in a diversity of temperate herb-
aceous communities, the basic measures by which such communities are often
described have little effect on the proportional impact that insects have on primary
production. While outbreaks are significant predictors of higher negative impact
on primary production, causes of outbreaks are not always related to traits of the
plant community.

Keywords. Insecticide, meta-analysis, outbreak, plant community, primary
production, productivity, species richness.

effects of insects on primary production assert that they are
measuring the effects of insect herbivory (Fraser & Grime,

Though insects are ubiquitous in herbaceous communities,
their effect on primary production is much debated
(Crawley, 1989; Carson & Root, 2000). Insects outweigh
vertebrates as much as 10-fold in temperate terrestrial
ecosystems (Pimentel & Andow, 1984), but may have little
effect on primary production if their populations are limited
by natural enemies (Hairston ezal., 1960; Schmitz etal.,
2000) or food quality, rather than food quantity (Hartley
& Jones, 1997). Though most investigators measuring the
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1997; Carson & Root, 2000), insects fill additional ecological
roles relevant to production, including accelerating nutrient
cycling (Seastedt & Crossley, 1984; Blumer & Diemer, 1996;
Belovsky & Slade, 2000) mediating plant competition (Clay
etal., 1993; Ramsell etal., 1993), and predation (Moran &
Hurd, 1998). Thus, it is not self-evident that their net effect on
plant growth should be negative. While agronomists have
often drawn attention to the fact that insect suppression
increases yield in sown pasture (White & French, 1968;
Henderson & Clements, 1977), results in self-sown commu-
nities are more varied, with insects in some cases decreasing
primary production (Fraser & Grime, 1997; Carson & Root,
2000) but in others having no effect (Gibson etal., 1990;
M. D. Coupe and J. F. Cahill, unpubl. data).
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This variability in response could depend on several
attributes of the community. These include bottom-up
influences such as the food quality of its constituent plant
species and top-down influences such as the traits of the
dominant insects, and abundance and effectiveness of nat-
ural enemies. Primary productivity has been proposed as
one factor modulating the relative strengths of bottom-up
and top-down influences on herbivore numbers (Oksanen
etal., 1981). For example, systems with low productivity
contain lower food supply, and plants of lower food quality
and palatability (bottom-up control; Coley eral., 1985;
Ritchie, 2000), retarding growth of insect herbivore popula-
tions, and lessening their potential to influence primary
production directly (OIff & Ritchie, 1998). Alternatively,
insect herbivores in more productive plant communities
may experience greater population control from natural
enemies, which could reduce their impact on plant growth
(Fraser & Grime, 1997). If both top-down and bottom-up
factors operate simultaneously, insects should affect pri-
mary production most at intermediate productivity. These
hypotheses lead to three mutually exclusive predictions of
the relationship between primary production with and
without insect herbivory (Fig. 1a).

The effects of insects on primary production may also be
influenced by plant species diversity. This topic has been of
interest to agro-ecologists who seek to understand why pest
outbreaks are more frequent in monocultures than in
polycultures (Andow, 1991). Root (1973) hypothesised
that in more diverse agricultural communities, population
density of specialist insect herbivores is limited by decreased
foraging efficiency (the resource concentration hypothesis),
or greater abundance and effectiveness of natural enemies
(the natural enemies hypothesis). These hypotheses have
been supported by studies showing lower specialist insect
herbivore abundance and greater natural enemy abundance
in polyculture (Altieri ez al., 1985; Schellhorn & Sork, 1997);
however outbreaks are relatively rare in any particular site,
and as they involve single species of insects, they are in
contrast to the diverse suite of insects (and plants) that
typify natural herbaceous communities (Faeth, 1987). The
prediction that insects will have a lower proportionate effect
on primary production of more speciose plant communities
has yet to be tested across a wide diversity of insect herbivore
pressure and plant community types.

Community type could also affect the response of plants
to insect removal. Strong et al. (1984) described the concep-
tual gradient between communities as random assortments
of populations with little density dependence and fluctuating
species composition, and predictable systems maintained by
tight inter-specific competition, with little top-down control
of insect herbivores. They maintained that insect community
composition correlates with plant community composition in
some cases (Spartina saltmarshes) but not in others (bracken
fern patches). Root and Cappuccino (1992) found large tem-
poral variability and little intra-guild competition in the
insect communities of botanically similar old fields. Even if
insect communities show limited concordance with plant
communities, the effects of insects on primary production
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Fig. 1. Models and data depicting the relationship between primary
production with and without insecticide application. (a) Alternative
models of how the relative strength of herbivory should vary with
productivity result in distinct predictions on the form of the relationship
between plant biomass in sprayed plots and unsprayed plots. (1) If insect
suppression has no effect on plant growth, there should be a linear
relationship between control plot biomass and sprayed plot biomass
with a slope = 1 (——). (2) If there is a constant proportional increase in
primary production due to insect suppression, then there will be a linear
relationship between sprayed plot biomass and control plot biomass,
with a slope <1 ( ; 25% shown here). A quadratic relationship
indicates either (3) an increasing effect of insect suppression at higher
productivity (—--—; bottom-up control), or (4) a decreasing effect of
insect suppression at higher productivity (- - - -; top-down control). (5) If
both top-down and bottom-up processes influence herbivory strongly,
there should be a cubic relationship between sprayed and unsprayed
biomass (—-—). (b) The observed relationship between primary
production of sprayed and unsprayed plots for standing crop data. (c)
The observed relationship for yield data. In both b and c, neither the
quadratic nor the cubic terms improved the fit of the model significantly.
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could depend on community type, if dominant plant species
vary in palatability or susceptibility to herbivore attack.

A common technique used by investigators to address the
community-level impact of insect herbivory is chemical
exclusion with insecticides (Henderson & Clements, 1977,
Brown & Gange, 1992). Community response measures
such as plant cover and biomass are compared between
sprayed and unsprayed plots. This method examines the
effects of all insects, without excluding elements of commu-
nity regulation such as disturbance, grazing, and natural
abiotic conditions. Despite a growing body of research
using this approach, a quantitative synthesis of the effects
of chemical exclusion of insects on the primary production
of herbaceous communities is lacking. A meta-analysis was
used to test the following questions: (1) What is the average
effect size of insect suppression on total above-ground
phytomass? (2) Does effect size vary as a function of plant
species composition? (3) Is the effect size modulated by
primary productivity? (4) Is there a correlation between
effect size and plant species richness?

Methods
Literature search and paper selection

A search was conducted for experiments in which insecti-
cides were used to examine the effect of insects on above-
ground net primary production of a temperate herbaceous
plant community using two primary sources: (1) The Web
of Science (1975-2002), a citation database of scientific
papers from multiple disciplines, including ecological and
agronomic journals. A list of the keyword combinations
and author searches used is included in Appendix 1.
(2) Biological Abstracts (on paper) from 1950 to 1983. The
section Economic Entomology: Field, Flower, and Truck
Crops was searched, followed by a search of the electronic
Biological Abstracts (1984-2001) using the same keywords
as above. The literature cited by these studies was also
searched for additional potential papers for inclusion. As
the same publications were found repeatedly using these
different search methods, the search probably captured
most of the peer-reviewed published papers on this topic
in English. Unpublished data from an ongoing research
programme (M.D. Coupe and J.F. Cahill, unpubl. data)
and two other studies (Bowers, 1976; Gibson etal., 1990)
were also included.

Each paper was reviewed to check whether it met the
following selection criteria: (1) The study included measures
of community phytomass at the plot level. If data were
separated by constitutive parts (life form, species, etc.),
they were summed to obtain a plot-level measure. Studies
that examined the response of only a single species to insect
suppression were rejected. (2) The study was conducted
outdoors, in a natural or semi-natural system. Microcosms,
mesocosms, and greenhouse studies were excluded. Planted
monocultures were excluded, because they differ from nat-
ural communities in many respects, including selection of
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the plant species for palatability and uniform spacing of
plants (Altieri, 1994), in addition to their differences in
species richness. Studies were not excluded a priori due to
species composition, so communities could consist of native
or introduced species. Twenty-three acceptable studies were
identified, providing 66 data points (Appendix 2). As there
was a preponderance of studies in pasture, the data-set is a
non-random selection of herbaceous communities and the
conclusions may not be applicable to all temperate systems.

Data acquisition and classification

Because some studies reported data from more than one
site, study sites were considered to be independent data
points if they showed strong differences in botanical
composition and/or they were separated by >5 km. Several
studies had more than one treatment, but only the treat-
ment using the broadest spectrum insecticide (most insects
affected) was compared with the control (no insecticide).
When more than one broad-spectrum insecticide was used,
the one with the least-known impact on non-target organ-
isms (such as nematodes, earthworms, and molluscs) was
chosen. Non-target effect information was obtained from
within that paper and others in the meta-analysis whose
authors used the same insecticide. Results are presented
from the peak control phytomass (g dryweight m~2),
measured during the first year for which data were avail-
able. Phytomass was reported as annual yield in some cases
(sown pasture) and as standing crop in others (some pas-
ture, grassland, all forb-dominated communities). Annual
yield is a compounded measurement of production from
several harvests of standing crop in the same location, so
measurements of yield and standing crop could not be
combined for all analyses. As the interval between the
initiation of spraying and biomass measurement varied
between 21 and 2190 days in the studies, there is concern
that effect sizes will be biased as a function of the duration
of the study; however, for the full set of data there was no
relationship between effect size and study duration
(F1.65=2.929, #?=0.043, NS), and thus no time-weighting
was conducted, as has been necessary in other studies
(Downing et al., 1999). This concern was addressed further
by trial analyses of time-weighted data, but they did not
change the conclusions of the study. This does not mean
that effects are not cumulative; when the last measurement
taken in each study was subtracted from the measurement
included in the study data, the change in effect size was
positive in 35 out of 50 cases (x*>=8, P<0.01) but small
relative to the mean effect size in the results.

Each study site was assigned to one of five community
types: young pasture, mature pasture, native grassland,
mature forb, and young forb. Young pastures (n=27),
were defined as graminoid communities sown with grazing-
adapted grasses such as Lolium, and with clover, < 10 years
old. Mature pastures (n=27) were defined as graminoid
communities also sown with grazing-adapted grasses, but
allowed to grow untilled for > 10 years prior to the study,
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during which forbs and grasses not part of the original seed
mix were able to establish. Native grassland (n=3) was
defined as a perennial-dominated, self-sown graminoid
community. Mature forb communities (z»=06) in the data-
set were either an old field in the eastern U.S.A. (Carson &
Root, 2000) or one of five communities in an upland dale
(Fraser & Grime, 1997). Young forb communities (n=3)
were defined as self-sown communities, dominated by
forbs, early in succession, established by removing mature
plant communities. Annual plants form a large proportion of
their phytomass. Sites were also classified according to
whether or not a documented insect outbreak occurred
there during the study. Outbreaks were reported in five of
the 66 sites.

Species-richness measures were derived from tables and
graphs, and were only available for 32 sites. Most anecdotal
accounts of plant species richness were not used, unless they
supplemented data from tables or graphs, or resulted from
personal communication with the author (Wilson efal.,
1995). When biomass or cover measures were given, they
sometimes included categories such as grass weeds or dicots
recorded as minor components of the community (Henderson
& Clements, 1977). Unless there was more detailed informa-
tion in the text, each was scored conservatively as one species.
Thus, in all cases, a minimum estimate of species richness is
used in the analyses.

Statistical analyses

In order to contrast methods for making generalisations
about the effects of insects on primary production, a vote
count was the first method of analysis. Studies were scored
according to whether or not individual experiments rejected
the null hypothesis at P < 0.05. Following the vote count,
more sophisticated meta-analytical methods were used. The
metric of effect size is the log response ratio (L), the natural
log of the ratio (R) between the mean phytomass of the
sprayed (Xs) and control (X¢) groups [In(R) =In(Xs/Xc);
Hedges etal., 1999]. Thus, L expresses the proportional
effect of insect suppression on phytomass, with positive
values indicating greater phytomass in sprayed plots. The
best approach to meta-analysis of numeric data incorp-
orates measures of both mean, and variability around the
mean, of each data point (Gurevitch & Hedges, 1999),
however the majority of studies did not provide measures
of variability. Therefore, two separate analyses were
conducted; one using just the studies providing measures
of variability and sample size (n=15), and one with all 66
data points, treating individual experiments as single data
points throughout (Gurevitch & Hedges, 1999).

MetaWin 2.0 (Rosenberg et al., 2000) was used for ana-
lyses of the data for which measures of variability were
available. A structured random-effects model was run,
which assumes a random component of between-study
variation in means in addition to variation in means due
to sampling error (Rosenberg etal., 2000). Habitat type
(e.g. mature field, young forb) served as a categorical

variable in the model. For the confidence interval, a boot-
strapped effect size estimate was calculated (Adams et al.,
1997), presented in the text as a back-transformed
(unlogged) value. The o value was set at 0.01 to account
for the inefficiency of log response ratio equations in
avoiding Type I errors at sample sizes lower than 20 (true
probability content as low as 91% with a=0.05; Hedges
etal., 1999). Although this result is presented as a 95%
confidence interval, the true probability content is
unknown, and probably slightly different. For the full
data-set (including those measures that lacked estimates of
variability), an ANova was performed using SPSS 10.0
(SPSS Inc., 2000). Community type and outbreak status
were treated as fixed factors with L as the response variable.
A planned post hoc comparison of means was made between
young pasture and mature pasture, the two habitat types for
which the most data were available.

The most direct way to determine whether the net effects
of insects on plant growth varied as a function of product-
ivity would be to perform a simple regression between
effect size (L) and productivity; however, as L is calculated
as the ratio between unsprayed and sprayed plot biomass,
and the sprayed plot biomass is the surrogate measure of
productivity in these herbaceous communities (Knapp ez al.,
1998), this would result in a regression that includes the
same data in both axes, and could force a significant nega-
tive relationship between L and sprayed biomass even with
simulated data (Jackson, 1997). An alternative method of
analysis was therefore needed that could avoid the use of
ratios and determine the form of the relationship between
sprayed plot biomass and unsprayed plot biomass in each
site directly. If insects have no net effect on plant growth at
any level of productivity, there should be a linear relation-
ship with a slope = 1 between sprayed and unsprayed plot
biomass. If insects have a constant proportional effect on
primary production, independent of productivity, the
relationship will be linear with a slope < 1. Increasingly
negative effects with productivity are indicated by a signifi-
cant and negative quadratic term, while decreasingly
negative effects would be indicated by a significant and
positive quadratic term. A unimodal relationship between
productivity and the proportional effects of insects on plant
growth would result in a sigmoid relationship between
sprayed and unsprayed biomass, and would be indicated
by a significant cubic term in the regression (Fig. 1a).

Describing the relationship between two variables is
notoriously difficult so two methods were chosen: a step-
wise regression and a generalised additive model. In both
analyses, above-ground biomass in the control plots served
as the response variable, and biomass in the sprayed plots
served as the independent variable. In the stepwise regres-
sion, the squared and cubed terms of sprayed biomass as
independent variables were also included, added in the
order linear, quadratic, cubic. Following the methods of
Cahill and Casper (2000), this method tested whether add-
ing the quadratic or cubic terms increased the F ratio of the
model significantly. The generalised additive model was run
using a spline with three degrees of freedom, testing whether
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the inclusion of this non-linear term improved the fit of the
model significantly compared with a simple linear relation-
ship. The generalised additive model allows a more power-
ful method of detecting non-linearity than the stepwise
regression, which is important here as biological meaning
will be inferred from the observed relationship. The step-
wise regression was run in SPSS 10.0 (SPSS Inc., 2000), and
the generalised additive model was run using PROC GAM
in SAS8.2 (SAS Institute, 2002). Both analyses were run
separately for standing crop and annual yield.

The effects of plant species richness on L were also
investigated using stepwise regression and a generalised
additive model. In these analyses, the In-transformed species
richness (and a quadratic term) served as the independent
variable(s), and L served as the response variable.

A common critique of using chemical suppression on
insects is that effects on non-target organisms can lead to
incorrect interpretations (Wall & Reichman, 2000). Organ-
isms other than insects were affected by some insecticides in
this analysis (Shure, 1971; Clements et al., 1982). All papers
were recorded whose authors reported effects on earth-
worms or nematodes, or used an insecticide for which
such non-target effects were found in another study, as
this was the most common non-target effect. Studies using
such insecticides found lower effect sizes than studies using
other insecticides (=3.69, d.f.=36, P=0.001), and thus
the estimates of insect effects are probably underestimates
of the true effect.

Results
Average effect sizes in different habitats

Twenty of the 66 study sites reported a significant nega-
tive effect of insects on plant biomass, with only a single site
reporting a significant positive effect of insects on plant
biomass, a finding attributed to non-target effects of the
insecticide (Clements etal., 1982). Analysis of the effect
sizes indicated that, on average, insect suppression
increased above-ground primary production significantly.
The back-transformed 95% confidence interval for the full
data-set (unweighted) was: R=1.151+0.057 (Fig.2). The
back-transformed 95% confidence interval for the partial
data-set (weighted by variance) was: R=1.23 £0.18. These
results indicate an increase in primary production of 15 and
23% respectively, in response to insect suppression.

Effect size varied among community types (Fy ¢ = 3.230,
P <0.05), but there was significant non-homogeneity of
variances (Fy ¢, =4.813, P<0.01) (Fig.2). This variability
appears to be driven by the mature forb communities as
when they were removed, the remaining variances were
homogeneous (F3 5= 1.051, NS) and there was no commu-
nity effect (F5s56=2.162, NS). Random removals of six
studies from the data-set indicated that this change was
not due simply to a loss of statistical power, suggesting
that the effects of insects on production in mature forb
communities may be different from their effects in other
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Fig.2. Estimated effect sizes due to insect suppression for each
community type in the full (unweighted) data-set (95% CI). The
dashed line corresponds to no effect. Mean effect sizes do not vary
between community types.

community types. Effect sizes did not differ between mature
pasture and young pasture (Tamhane’s T2, difference in
averages L =0.094, P=0.226). In the data-set with vari-
ation, habitat had no effect on effect size [between-group
heterogeneity (Q)=1.22, NS]. Insect suppression during
outbreaks resulted in a greater proportional increase in
production than did suppression in non-outbreak commu-
nities (F g4 =32.173, P <0.001). Of the five outbreaks that
occurred, four occurred in young pasture.

Productivity and species richness

In the analyses to determine whether the effects of insect
suppression vary with productivity, a linear relationship
best described the relationship between sprayed and
unsprayed biomass and yield in both the stepwise regression
(Table 1, Fig.1b,c) and the generalised additive model
(Table 1). Because a higher-order term was not necessary
to describe this relationship, it is concluded that the effects
of insects on primary production are independent of prod-
uctivity.

The analysis of all data to determine the effects of plant
species richness produced similar results. Neither a linear
nor a quadratic term could explain significantly variation
within the data for both the stepwise regression and the
generalised additive model (Table 1, Fig. 3). This indicates
that the proportional effect of insects on productivity are
independent of plant species richness.
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Table 1. Results from stepwise regression (SWR) and generalised additive models (GAM) describing the relationship between the effects of
insect suppression on production, and productivity, and plant species richness respectively. Both stepwise regression and the generalised
additive model were used to determine whether the relationships between the effect and response variables are linear or non-linear. All linear
models for the productivity regressions were significant (P < 0.001), and the goal of that analysis was to determine whether the addition of the
higher-order terms improved the fit of the model significantly. The significance of the change in model fit was determined using the change in
the F statistic in the stepwise regression, and by using a chi-square, thus change refers to actual value of the change in F due to the addition of
higher-order terms in the stepwise regression, or the chi-square value comparing the generalised additive model with 3d.f. spline to the
generalised additive model without the spline. Pcpange refers specifically to the significance of the change in model fit due to the addition of the

higher-order term.

Productivity Plant species richness
Parameter Parameter
Term estimate Fyr Change Pehange estimate Fayr. Change Pehange
Biomass SWR Linear 412.5; 2
Quadratic 413.11 5 0.527 0.476
Cubic 414.31 5 1.232 0.280
GAM Linear 0.757 2.96 0.398
Yield SWR Linear 7099.7, 38
Quadratic 7101.8; 37 2.130 0.153
Cubic 7101.9, 36 0.017 0.897
GAM Linear 0.882 3.42 0.331
All data SWR Linear
Quadratic 1.237 0.275
GAM Linear 0.0317 3.079 0.380
Discussion insects affect primary production in these systems, and the

Average effect sizes and habitat

On average, insects reduced plant biomass by 13% in
these temperate herbaceous communities. The fact that
biomass tends to be higher in treated plots suggests that
herbivory is the dominant direct mechanism by which
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Fig.3. The relationship between plant species richness and the
effect size associated with insect suppression. The dashed line
corresponds to no effect. Neither the linear nor the quadratic terms
were significant in the stepwise regression or generalised additive
model (Table 1), indicating that the net effects of insects on above-
ground primary production are independent of plant species
diversity.

discussion will be framed in that context. These values
should be taken as a minimum effect of insect herbivory,
as chemical suppression does not result in complete insect
exclusion and insects also perform functions that can
increase plant growth (e.g. increased nutrient cycling;
Belovsky & Slade, 2000), reducing their net effect. Add-
itionally, exclusion of foliar insects (as in most studies
considered here) can improve performance of root-feeding
insects, which could reduce the apparent effect of insect
suppression on primary production (Seastedt & Reddy,
1991; Masters, 1995). Regardless, this magnitude of tissue
loss due to insects is similar to that found in temperate
forests (5-15% leaf area removed; Landsberg & Ohmart,
1989); however the hypothesis that insects decrease primary
production to some degree has been in less doubt than the
various hypotheses proposing that these effects vary as a
function of community traits.

Overall, community type had no effect on mean effect
size. This conclusion agrees with Landsberg and Ohmart’s
(1989) study showing uniformity in insect defoliation across
many forest community types, however the significantly
greater variance in mature forb communities suggests that
community type does modulate insect impact on primary
production, but not in a fashion predictable from the
existing data. As a group, graminoids have lower invest-
ment in chemical defences than do dicotyledons, higher
investment in structural defences, lower nitrogen concentra-
tions, and greater tolerance to herbivory (Tscharntke &
Greiler, 1995). Bigger and Marvier (1998) showed that
invertebrates have a strong negative effect on forb growth,
especially in comparison with vertebrates, while Moran and
Hurd (1998) found that biomass of grasses, but not of forbs,
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was increased by addition of a top arthropod predator in an
old field. Although the larger average effect size in young
pasture than in mature pasture was not significant, the
relative frequency of outbreaks in young pasture suggests
that these two community types are affected differently by
insects. It is noteworthy that with its greater dominance of
grazing-adapted plants and higher productivity (Clements
etal., 1987), young pasture can be thought of as the most
agricultural of all habitat types considered here.

The greater effect size in outbreak conditions suggests
that insect population fluctuation and species identity may
explain variation in the impact of insects on primary
production better than traits of the plant community. Fluc-
tuation in natural enemy numbers, changes in host plant
quality, and climate are all possible explanations for insect
outbreaks (Berryman, 1987). Not all are related directly to
the traits of the plant community considered here.

Effects of productivity

Neither top-down nor bottom-up control of insect
herbivores appears to be dependent on productivity in
these systems. The original advocates of the idea that top-
down control varies as a function of productivity (Oksanen
etal., 1981) proposed that this phenomenon was most likely
for relationships between plants and endotherms, arguing
that invertebrates were more likely to be regulated by
temperature than productivity per se. In a later review of
the model and its evidence, Oksanen and Oksanen (2000)
stated that not enough is known about the effects of
folivorous insects on primary production to judge whether
the model is applicable to them. Indeed, individual studies
suggest that the effects of top-down and bottom-up forces
on insect herbivores and primary production do vary as a
function of productivity. Fraser and Grime (1997) exam-
ined the Oksanen and Fretwell model (top-down control;
Oksanen etal., 1981) for insects and found that insect
impact on primary production was greatest at intermediate
levels of productivity, while Ritchie (2000) showed that
insect herbivore populations were limited by food quality
in nitrogen-poor environments but not limited by top-down
forces in more productive environments; however this meta-
analysis reveals that, overall, the effects of insects on plant
growth are independent of productivity. A similar conclu-
sion was made by a recent meta-analysis of invertebrate
effects on cover and biomass (Schadler eral., 2003),
although their analysis included biomass in effect size
calculations and on the x-axis, the potential source of
confounding discussed in the methods section (Jackson,
1997). Any conclusion on this topic is, however, clouded
by the lack of knowledge of insect herbivore effects on root
productivity, which in grasslands constitute an average of
53% of annual productivity (Gill & Jackson, 2000).
Although above-ground insect herbivory is known to
reduce root growth (Burleson & Hewitt, 1982; Cain etal.,
1991), no studies have evaluated differences between
habitats or along a productivity gradient, in the effects of
insect herbivory on roots.
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Effects of species richness

The lack of a relationship between species richness and
response to insect suppression suggests that even if plant
diversity affects specialist herbivore load or natural enemy
attack rate, these differences do not translate into effects on
primary production. Comparison of this result with the
effects observed in agricultural systems is difficult because
yield response to diversity manipulation is rarely measured
(Risch, 1987) and, when it is, non-crop plants are not
considered as contributors to yield (Altieri etal., 1985;
Schellhorn & Sork, 1997). In natural systems, Root’s
(1973) resource concentration hypothesis has been sup-
ported by studies finding greater defoliation (Kamata,
2000) and mortality (Cappuccino etal., 1998) of the tree
hosts of monophagous insects, when those hosts were
growing in habitats with lower tree diversity or isolation.
When Mulder ez al. (1999) manipulated plant diversity in a
grassland, however, they found that insect impact on produc-
tion was actually greater at higher diversity. A companion
study found no support for the prediction that natural
enemies would become more abundant at higher diversity
(Koricheva et al., 2000). Significantly, the species compos-
ition of the plant mixtures was far more important to inverte-
brate abundance and trophic level composition, with the
presence of nitrogen-rich legumes having the strongest effect.

Summary of results

The results demonstrate that insects depress primary
production consistently in a variety of temperate herb-
aceous communities. More studies are necessary to deter-
mine how community types differ, but there is evidence that
herbaceous community type is important to the magnitude
of insect impact. The mechanisms for these community type
effects are unclear, and may include differences in the plant
community (palatability, susceptibility to herbivory) or the
insect community (feeding mode, rates of population
growth), or both. The evidence presented here suggests
that these patterns are not affected by productivity or
species diversity, two fundamental traits often used to
describe plant communities.
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