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Abstract  We used meta-analyses to compare the 
effects of 44 single insect species used as biocontrol 
agents against invasive weeds with the effects of 51 
species of non-biocontrol insects on native plants. 
The effects of biocontrol insects on plant morpho-
metrics were stronger than those of non-biocontrol 
insects. Overall effects of both groups together were 
significantly different across plant growth forms with 
grasses, shrubs, and trees impacted more than vines 
and herbs. The effect of plant organ was also sig-
nificant, with roots and fruits suffering the greatest 
impacts. Insect order had a significant effect: Hemip-
tera and Coleoptera showed strong effects and Dip-
tera weak effects. Insect feeding guild had significant 
effects with leaf chewers, sap suckers, stem borers, 
and stem gallers having the strongest effects. There 
were no significant effects of study duration or lati-
tude of location. For most categories of plant growth 
form, plant organ attacked, insect order and feeding 
guild, biocontrol insects had significantly stronger 
effects than their non-biocontrol counterparts. The 

effects of non-biocontrol insects grouped alone 
against native plants were not always a reliable guide-
line for how biocontrol insects grouped alone affected 
their target plants.

Keywords  Classical biocontrol · Introduced insect 
herbivores · Invasive plants · Meta-analysis · Native 
insect herbivores · Native plants

Introduction

In biocontrol, one of the most frequently posed 
questions concerns biocontrol agent efficacy. Why 
do some biocontrol agents effectively control their 
hosts while others fail to establish (Hall et al. 1980; 
Stiling 1993; Kimberling 2004)? Success in biocon-
trol has often been attributed to the right series of 
ecological traits being possessed by the target, the 
enemy or both (Harris 1973; Crawley 1989a; Blos-
sey 1995). Selecting agents based on their potential 
impact has been argued to be the holy grail of bio-
control (McFadyen 1998). In the biocontrol of inva-
sive plants, characteristics of insect herbivores, such 
as insect order, plant organ attacked and mode of 
feeding, and characteristics of plants, such as size, 
nutrient quality and level of defenses are thought 
to impact the degree of plant damage and mortality 
(Myers and Sarfraz 2017). But do biocontrol agents 
actually cause more damage than similar native 
insects? Are plant growth forms or organs damaged 
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the most by biocontrol agents, the same as plant 
growth forms and organs most damaged by non-
biocontrol insects? If not, then are we releasing the 
best insects for biocontrol?

Several meta-analyses, or similar large-scale 
analyses, have compared the success of biocontrol 
programs against invasive alien plants in an attempt 
to answer the question “what factors impact natu-
ral enemy efficacy”? Stiling and Cornelissen (2005) 
synthesized experimental outcomes from 26 stud-
ies, involving 71 independent comparisons of 21 
target weed species and 24 biocontrol agents and 
showed significant effects of these agents on plant 
height, biomass, leaf number, and flower and seed 
production. Clewley et al. (2012) carried out meta-
analyses of 61 studies, from 2000 to 2011, involving 
173 comparisons of 28 target species and 49 differ-
ent biocontrol agents, and found significant reduc-
tions in plant size, biomass and flower and seed 
production.

Paynter et al. (2012) collated biocontrol data from 
80 weed species against which 232 biocontrol agents 
had been released. Because this data set contained 
similar species, in congeneric plants that shared traits, 
for example Opuntia species and Centaurea species, 
the impacts were averaged for congeneric species 
with identical traits, which reduced the database to 69 
species. Generalized Regression Analysis and Spa-
tial Prediction (GRASP, Lehmann et  al. 2002) was 
used to model the efficacy of biocontrol against plant 
factors. Schwarzländer et  al. (2018) and Panta et  al. 
(2024) used the fifth edition of “Biological control of 
weeds: a worldwide catalog of agents and their tar-
get weeds” (Winston et al. 2014) to examine data on 
intentional releases of biocontrol agents against spe-
cies of target weeds. In the absence of formal meta-
analyses, their data was couched in terms of percent 
of releases established, successful or with heavy 
impact.

Meta-analyses of the effects of native insects 
against native plants are not as common as those 
concerning the effects of biocontrol insects and few 
have attempted cross taxa comparisons. More com-
mon are studies that examine the effect of single feed-
ing guilds such as sap-feeding insects (Zvereva et al. 
2010) or temperate herbivorous communities (Coupe 
and Cahill 2003). As far as we are aware, no studies 
have performed extensive comparisons of the effect 
strength of biocontrol and non-biocontrol insects, or 

have compared their efficacy across multiple plant 
and insect groups.

Here we report phylogenetic meta-analyses (Lajeu-
nesse 2009) comparing the effects of individual bio-
control insect species against 44 weedy plant species, 
involving 153 independent comparisons, versus non-
biocontrol insects feeding on 51 native plant species 
involving 187 independent comparisons. Our use of 
a mixed-effect meta-analysis also models phyloge-
netic non-independence among all insects and plants 
synthesized.

Materials and methods

We performed a Web of Science search (all data-
bases), using the inclusive search string “insect AND 
herbivory” up to and including June 2021. This 
search returned 20,158 candidate studies. An addi-
tional 316 candidate studies were retrieved from the 
references of four earlier reviews on insect herbivory 
(Bigger and Marvier 1998; Stiling and Cornelissen 
2005; Zvereva et al. 2010; Clewley et al. 2012). After 
combining and deduplicating the bibliographic infor-
mation of these two sources, the titles and abstracts 
were then screened and assessed for inclusion using 
the abstract screener interface offered by the pack-
age metagear (v. 0.7; Lajeunesse 2016) in R (R Core 
Team 2024). Any study that did not report informa-
tion on the effects of herbivory on plant morphomet-
rics (e.g., leaves, stems, roots) were excluded during 
screening. This screening resulted in 1282 candidates.

For these 1282 candidate studies to be included 
in our meta-analysis, they further needed to meet the 
following inclusion/exclusion criteria. First, the study 
had to contain numerical information on a treatment 
that included ‘true’ insect herbivory by one insect 
species, as opposed to simulated herbivory/damage 
via clipping, and a control where plants were not 
exposed to that species of herbivore. Studies contain-
ing multiple species of herbivore lumped into one 
insect herbivory treatment were excluded since we 
were interested in the effects of individual known 
species of herbivores and partitioning the effects 
of multiple species in an exclusion treatment would 
be difficult. Furthermore, our method avoids com-
parisons where greater numbers of herbivore species 
may be excluded in some studies and compared to 
the effects of exclusion of fewer herbivore species in 
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others. Herbivore exclusion was usually achieved by 
field cages, insecticides, or by the use of greenhouse 
experiments.

While comparisons of insect-infested plants to 
insect-free plants sometimes used a range of herbi-
vore densities on the infested plants, our comparisons 
used densities closest to field densities (as indicated 
within studies) and studies providing no comparisons 
with natural field densities were excluded. Only those 
studies lasting for a generation of herbivores, or at 
least four weeks exposure, were included and those 
examining herbivore effects on plants for a few days 
or a week in the laboratory were also not included. 
End of growing season data was used if possible and 
sometimes this occurred weeks after herbivores died 
or were removed. Studies had to provide simultane-
ous data on treatments and controls, and this pre-
cluded the use of some data for biological control 
of weeds which was gathered without controls over 
longer time periods. In total, 44 published studies 
involving biocontrol agents and 51 involving non-
biocontrol insects met these criteria for synthesis (see 
Supplementary Tables S1 and S2). Biocontrol stud-
ies were further divided into pre-release studies per-
formed in quarantine or in cages in the agent’s native 
range, or post-release studies following the release of 
biocontrol agents in their native range.

We primarily quantified study outcomes as her-
bivory (treatment, T) versus no-herbivory (control, 
C) effects on various plant morphometrics including 
whole individuals, flowers, fruits, seeds, stems (stem/
shoot/branch), leaves (leaf/rosette), or roots (root/
tiller/tuber). Measured variables on plants included 
absolute biomass, number, length (length/height/
diameter), area or percent change of herbivory on 
plant morphometrics. Plant life form was categorized 
as either herb, shrub, tree, vine, and grass (all peren-
nial), and studies were also classified as either aquatic 
or terrestrial ecosystems. Insects were subdivided 
into taxonomic orders (Coleoptera, Hemiptera, Lepi-
doptera, Orthoptera, Diptera, Hymenoptera, and Thy-
sanoptera), feeding guilds (leaf or root chewer, flower 
or seed feeder, stem or root borer, leaf galler, leaf 
miner, and sap sucker), insect feeding location (above 
or below ground) and plant ecosystem (terrestrial or 
aquatic). Finally, experimental duration and latitude 
of experimental location was also extracted from each 
study.

Studies included in our analyses had to report 
means ( x ), standard deviations (SD), or some meas-
ure of dispersion like SE or confidence intervals), 
and sample sizes (N) to compute effect sizes of study 
outcomes. These criteria excluded some early stud-
ies which only reported means (e.g., McEvoy et  al. 
1993). When these study measures were only avail-
able in figures, the juicr package in R was used to 
extract numerical values (v. 0.1; Lajeunesse 2021). 
These study parameters were used to compute the 
standardized mean difference between (T)  treatment 
and (C) control groups, also known as the Hedges’ d 
effect size metric (Hedges 1981; Lajeunesse 2013). 
Additional information about how effect sizes were 
calculated is found in the Supplementary Information 
S3.

Some weeds were often the subject of multiple 
studies using different herbivore species, or the same 
species of herbivores in different continents or differ-
ent parts of the same country. When multiple stud-
ies used the same species of herbivore attacking the 
same species of plant in the same location, we used 
only the most comprehensive study to compute effect 
sizes. However, if authors used the same species, but 
measured different things in different studies such as 
leaf area, leaf weight, and root weight in one study 
and seed production, seed weight, and seed germi-
nation in another, then these studies both had effect 
sizes computed.

Biocontrol and non‑biocontrol studies grouped 
together

In total, we had 153 effect sizes across 44 studies 
for biocontrol studies and 187 effect sizes across 51 
studies for non-biocontrol insects (Supplementary 
Tables S1-S3). We conducted a phylogenetic mixed-
effect meta-analysis using the metafor package in R 
(v. 4.0-0; Viechtbauer 2010) for the complete data 
set grouped together and for biocontrol and non-
biocontrol insects grouped separately. We also noted 
whether biocontrol studies were conducted pre-
release or post-release. For the complete data set all 
meta-analyses included the following four random-
effects components: the between-study  variance ( �2 ; 
as typical for meta-analysis), the variance modelling 
overrepresentation of multiple effect sizes within 
studies ( �2 ; 94 levels), the unstructured covariance of 
(I)nsect phylogeny ( �2

I
 ; 100 levels/species), and the 
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unstructured covariance of (P)lant phylogeny ( �2
P
 ; 86 

levels/species). In matrix notation, this model is:

where d is a column vector of Hedges’ d effect sizes 
(k = 340), � is the regression design matrix of f + 1 (f 
is the number of moderators + intercept) size, and � is 
the column vector of f + 1 regression coefficients. The 
weighting of each effect sizes via var(d) is defined by 
the diagonal variance–covariance matrix � , and 
finally � is the phylogenetic correlation matrix 
expanded by � , the indicator matrix linking multiple 
effect sizes to single species in � . The ultrametric 
composite insect phylogeny of 47 biocontrol species 
and 55 non-biocontrol species (Fig. 1a) used to define 
�I was constructed using Timetree (visited June 10, 
2023; Hedges and Kumar 2009; see NEWICK phy-
logeny in Supplementary Information S1). Pairwise 
relationships among Lepidoptera were further 
resolved using Kawahara & Breinholt (2014), thrips 
with Buckman et al. (2013), and beetles with Zhang 
et al. (2022). The ultrametric composite plant phylog-
eny of 86 species (Fig. 1b) used to define �P was con-
structed using Timetree (visited June 10, 2023; 
Hedges and Kumar 2009; Supplementary Information 
S2). The phylogenetic relationships among the 
Sporobolus were resolved using Peterson et al. (2014) 
and Asclepias with Fishbein et al. (2018). The branch-
length distances used to define � assumed a Brown-
ian motion model of phenotypic evolution (Rohlf 
2001) and was constructed using the vcv() function of 
the ape package in R (v. 5.6-2; Paradis et  al. 2004). 
The four random-effect components ( �2 , �2 , �2

I
 , �2

P
 ) 

d = �� + � + �
2

I
�I�I + �

2

P
�P�P + �

2
+ �

2
,

were estimated via residual maximum likelihood 
(REML) using the nlminb optimizer. Pooled effects 
were considered non-zero if 95% confidence intervals 
did not overlap zero, fixed-effect within-group homo-
geneity (H) tests were assessed using QH

df
 with a df of 

k–1, differences (B) between m number of groups 
within categorical moderators were tested using QB

df
 

omnibus tests with df = m–1 (both QH

df
 and QB

df
 are 

ANOVA-style �2 tests following Hedges and Olkin 
1985), and the significance of regression coefficients 
(i.e., non-zero tests) as well as contrasts between two 
groups were evaluated using z-tests. Likelihood ratio 
tests based on Wald-type �2 were used to test the sig-
nificance of multiple (fixed-effect) moderators and 
their interaction. Finally, the metafor’s regtest() func-
tion was used to implement Egger’s test for publica-
tion bias (Egger et al. 1997). Figure 1c is called a fun-
nel plot and is a way to visualize potential issues with 
publication bias among the effect sizes used in our 
synthesis. If the funnel is unbalanced (e.g., effect 
sizes are not symmetrically distributed on both sides 
of the funnel), then this may indicate issues with pub-
lication trends that may impact our overall synthesis. 
Along with Egger’s test, the funnel plot is useful to 
diagnose the extent of potential publication bias. 
Here, the funnel plot does not show strong asymme-
try. Further, although Egger’s test found bias in terms 
of few positive effects of herbivory on plants 
(z = –17.25, p < 0.001, slope = 0.277, 95% CI [0.194, 
0.360]; see funnel plot symmetry in Fig.  1c), the 
composition of the effect sizes violated one of the 
four assumptions of the test (i.e., significant between-
study heterogeneity: Q

H = 1461.75, df = 339, 
p < 0.001; see Ioannidis and Trikalinos 2007). Fur-
ther, a heavy composition of negative study outcomes 
is also expected given that biocontrol experiments 
aim to maximally manipulate effects of herbivory on 
target plants by selecting insects with the greatest 
potential to achieve this goal.

Biocontrol and non‑biocontrol studies grouped 
separately

We used similar analyses to examine both biocontrol 
and non-biocontrol insect groups separately. These 
analyses were again phylogenetic mixed-effect meta-
analysis but here used only the between study-vari-
ance ( �2 ), the variance modelling overrepresentation 

Fig. 1   The effect sizes and phylogenies of insects and plants 
used in mixed-effect meta-analyses. a Hypothesized ultramet-
ric phylogenetic tree of 100 insect species used in a phyloge-
netic meta-analysis to model unexplained phylogenetic hetero-
geneity among study outcomes ( �2

I
 ). b The phylogenetic tree 

for 86 plant species ( �2
P
 ). Topology and branch-length dis-

tances of phylogenetic trees are primarily based on TimeTree 
(Hedges and Kumar 2009; also see the  Materials and Meth-
ods  section), and branch-length distances here are in millions 
of years. c Visualization of potential publication bias using a 
funnel plot of Hedges’ d effect sizes (k = 340) and their inverse 
variances (meta-analysis weights). Funnel symmetry, with 
similar tails on funnel shape, would indicate little systematic 
heterogeneity due to publication bias (e.g., positive, null, and 
negative study outcomes are equally represented in the data)

◂
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of multiple effect sizes within studies ( �2 ), and the 
unstructured covariance of (I)nsect phylogeny ( �2

I
 ), 

because in analyzing these data sets separately we 
were aware that biocontrol practitioners can only 
select their target insects and not their target plants. In 
matrix notation, this model is:

This model was implemented again using 
the metafor package in R with all the same parameter-
ization and significance testing as the complete model 
described earlier.

d = �� + �+�2
I
�I�I + �

2
+ �

2
.

Results

Pooling outcomes across all 95 studies, and using 
phylogenetic meta-analysis, there was a significant 
effect of insect herbivores on plant morphometrics 
(non-zero z-test = –2.5, p = 0.0124, k = 340; Fig.  2a). 
When parsing studies among those with biocontrol 
insects and non-biocontrol insects there was signifi-
cant effects on plant morphometrics among biocontrol 
studies (non-zero z-test = –3.1, p = 0.0019, k = 153; 
Fig. 2b), but not among non-biocontrol insects (non-
zero z-test = –1.92, p = 0.0549, k = 187; Fig. 2b).

Fig. 2   Forest plots of effects of insect herbivores on plant 
morphometrics using three separate phylogenetic mixed-effect 
meta-analyses across 95 published studies (Supplementary 
Tables S1 and S2). Pooled effects (squares), their 95% confi-
dence intervals (CI), and number of Hedges’ d effect sizes 
pooled per group in brackets (k) are parsed among three effect 
groups: a the grand mean effect across all 95 published stud-
ies, b the pooled effects among biocontrol studies versus stud-
ies of native insects on native plants (non-biocontrol), and c 
the pooled effects of non-biocontrol studies versus biocontrol 
studies parsed as either biocontrol pre-release or post-release. 
Random effects included in this meta-analysis included the 
between study-variance ( �2 ), the variance modelling overrepre-
sentation of multiple effect sizes per study ( �2 with 94 levels), 

insect phylogeny ( �2
I
 with 100 levels; see Fig.  1a), and plant 

phylogeny ( �2
P
 with 86 levels; see Fig. 1b). Finally, QH

df
 is the 

fixed-effect (H)omogeneity test across all effect sizes, QB

df
 are 

the omnibus tests for differences (B)etween groups of pooled 
effects, and df is the degrees of freedom of these QB tests. 
When 95% CI overlap with zero, this indicates no evidence for 
an effect of herbivory on plant morphometrics, while pooled 
effects less than zero indicates negative effects on plants (e.g., 
more leaf damage than compared to the control group with-
out herbivory). Non-zero values for �2 , �2 , �2

I
 , and �2

P
 indicate 

the amount of variability associated with each random-effects 
across the pooled Hedges’ d effect sizes
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Insect herbivores used in biocontrol studies showed 
significantly greater effect on plant morphometrics 
than insects in non-biocontrol studies (pairwise con-
trast z-test = –2.13, p = 0.0333; Fig.  2b). However, 
while biocontrol post-release studies also showed a 
significantly greater effect of herbivores than native 
studies (non-zero z-test = –3.44, p = 0.0006, k = 96; 
Fig. 2b), pre-release studies did not show a difference 
compared to native studies (non-zero z-test = –1.74, 
p = 0.0816, k = 57; Fig. 2c). There were also no differ-
ences between pre- and post-release studies (pairwise 
contrast z-test = –1.887, p = 0.0591; Fig. 2c).

Biocontrol and non‑biocontrol studies grouped 
together

Plant traits

Plant growth form significantly moderated the 
strength of effects of insect herbivores ( �2 = 8.29, 
df = 1, p = 0.004; Fig.  3b), with grasses, shrubs and 
trees being impacted more than vines and herbs. Bio-
control status was also significant ( �2 = 16.93, df = 1, 
p = 0.002) with biocontrol insects exhibiting signifi-
cantly greater effects across most plant growth forms 
when compared to the non-biocontrol counterparts 
(Fig. 3b). However, there was an interaction of plant 
growth form and biocontrol status since non-biocon-
trol studies involving grasses and shrubs also showed 
strong effects of insect herbivores ( �2 = 13.81, df = 1, 
p = 0.0079).

There was a significant effect of plant organ on 
herbivory ( �2 = 6.99, df = 1, p = 0.0082; Fig.  3c), 
with roots and fruits suffering the greatest amounts of 
herbivory. Biocontrol status was also important here 
since seven of the eight strongest effects among our 
14 categories (plant organ by biocontrol status) were 
exhibited by biocontrol agents ( �2 = 25.91, df = 1, 
p = 0.0002; Fig.  3c). There was a significant inter-
action of plant organ and biocontrol status since the 
effects of non-biocontrol agents on roots were also 
quite strong ( �2 = 12.75, df = 1, p = 0.0471; Fig. 3c).

Above ground herbivory had significantly stronger 
effects than below ground herbivory ( �2 = 9.04, 
df = 1, p = 0.0026; Fig.  4b), presumably because 
the strong effects of root feeders did not translate 
into strong above ground effects. Biocontrol status 
was also significant ( �2 = 42.46, df = 1, p < 0.001; 
Fig.  4b) with most biocontrol insects having strong 

effects. There was also a significant interaction 
between insect feeding location and biocontrol status 
since below ground biocontrol agents did not have as 
strong effects as non-biocontrol insects ( �2 = 23.08, 
df = 1, p = 0.0008; Fig. 4b).

There was a significant effect of plant ecosystem 
on strength of herbivory since herbivory in terrestrial 
systems was significantly greater than in aquatic sys-
tems ( �2 = 8.54, df = 1, p = 0.0065; Fig.  4c). Once 
again, biocontrol status was important with biocon-
trol insects having significantly stronger effects than 
non-biocontrol insects ( �2 = 6.41, df = 1, p = 0.0113; 
Fig. 4c). There was no significant interaction between 
plant ecosystem and biocontrol status ( �2 = 3.64, 
df = 1, p = 0.0564; Fig. 4c).

The duration of the study had no effect for either 
biocontrol or non-biocontrol insects (biocon-
trol agents,slope = –0.1112, slope z-test = –0.811, 
p = 0.4174, k = 153; non-biocontrol agents, 
slope = –0.1701, slope z-test = –1.28, p = 0.1997, 
k = 187; Fig.  5a and b). Likewise, latitude of study 
location had no effect on strength of herbivory 
for either biocontrol insects or non-biocontrol 
insects (biocontrol agents, slope = –0.0207, slope 
z-test = –1.658, p = 0.0973, k = 153; non-biocon-
trol agents, slope = –0.0047, slope z-test = -0.2993, 
p = 0.7647, k = 187; Fig. 5c and d).

Insect traits

There were significant differences among insect 
orders in strength of herbivory ( �2 = 7.7, df = 1, 
p = 0.0055; Fig.  6b) with Hemiptera and Coleoptera 
showing strong effects and Diptera weak effects. 
The low numbers of studies involving Thysanoptera 
(k = 4), Hymenoptera (k = 5) and Orthoptera (k = 4) 
means that results for these orders should be viewed 
with caution. Biocontrol status was also significant 
( �2 = 23.2, df = 1, p = 0.0007; Fig. 6b) with biocon-
trol insects having stronger effects than their non-bio-
control counterparts for all of Lepidoptera, Hemip-
tera, Coleoptera, and Diptera. Once more there was 
a significant interaction effect ( �2 = 19.39, df = 1, 
p = 0.0007; Fig.  6b) with lepidopteran biocontrol 
agents having much stronger effects than non-bio-
control lepidopterans, while the differences between 
biocontrol and non-biocontrol insects for other orders 
was smaller.
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Fig. 3   Forest plots of effects of insect herbivores on plant mor-
phometrics using three separate phylogenetic mixed-effect meta-
analyses across 95 published studies (Supplementary Tables S1 
and S2). Pooled effects (squares), their 95% confidence inter-
vals (CI), and number of Hedges’ d effect sizes pooled per group 
in brackets (k) are parsed among three effect groups: a the grand 
mean effect across all 95 published studies, b the pooled effects 
among biocontrol studies versus studies of native insects on native 
plants (non-biocontrol) passed among plant growth forms, and c 
the pooled effects of non-biocontrol studies versus biocontrol stud-
ies parsed among plant organs afflicted. Random effects included 
in this meta-analysis included the between study-variance ( �2 ), 
the variance modelling overrepresentation of multiple effect sizes 

per study ( �2 with 94 levels), insect phylogeny ( �2
I
 with 100 levels; 

see Fig. 1a), and plant phylogeny ( �2
P
 with 86 levels; see Fig. 1b). 

Finally, QH

df
 is the fixed-effect (H)omogeneity test across all effect 

sizes, QB

df
 are the omnibus tests for differences (B)etween groups of 

pooled effects, and df is the degrees of freedom of these QB tests. 
When 95% CI overlap with zero, this indicates no evidence for an 
effect of herbivory on plant morphometrics, while pooled effects 
less than zero indicates negative effects on plants (e.g., more leaf 
damage than compared to the control group without herbivory). 
Non-zero values for �2 , �2 , �2

I
 , and �2

P
 indicate the amount of vari-

ability associated with each random-effects across the pooled 
Hedges’ d effect sizes
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The effects of insect feeding guild were also signifi-
cant ( �2 = 9.05, df = 1, p = 0.0026; Fig.  6c) with leaf 
chewers, sap suckers, stem borers, and stem gallers hav-
ing relatively strong effects and seed feeders and flower 
feeders relatively weak effects. Biocontrol status was 
again significant ( �2 = 42.46, df = 1, p < 0.0001; Fig. 6c) 
with the effects of biocontrol agents versus non-biocon-
trol agents stronger for leaf chewers, sap suckers, stem 
borers, root chewers, root borers, flower feeders, and 
seed feeders. For some feeding guilds such as stem gal-
lers, leaf miners, leaf gallers and stem chewers, there 
was insufficient data to compare biocontrol versus non-
control insects. There was also a significant interaction 

between feeding guilds and biocontrol status ( �2 = 
23.08, df = 1, p = 0.0008; Fig.  6c) with the differences 
in herbivory between biocontrol versus non-biocontrol 
insects being greater for some guilds such as root chew-
ers and root borers, and much less for other guilds such 
as sap suckers, flower feeders, and seed feeders.

Fig. 4   Forest plots of effects of insect herbivores on plant 
morphometrics using three separate phylogenetic mixed-effect 
meta-analyses across 95 published studies (Supplementary 
Tables S1 and S2). Pooled effects (squares), their 95% confi-
dence intervals (CI), and number of Hedges’ d effect sizes 
pooled per group in brackets (k) are parsed among three effect 
groups: a the grand mean effect across all 95 published stud-
ies, b the pooled effects among biocontrol studies versus stud-
ies of native insects on native plants (non-biocontrol) parsed 
among insect feeding locations, and c the pooled effects of 
non-biocontrol studies versus biocontrol studies parsed among 
plant ecosystems. Random effects included in this meta-anal-
ysis included the between study-variance ( �2 ), the variance 
modelling overrepresentation of multiple effect sizes per study 

( �2 with 94 levels), insect phylogeny ( �2
I
 with 100 levels; see 

Fig. 1a), and plant phylogeny ( �2
P
 with 86 levels; see Fig. 1b). 

Finally, QH

df
 is the fixed-effect (H)omogeneity test across all 

effect sizes, QB

df
 are the omnibus tests for differences (B)etween 

groups of pooled effects, and df is the degrees of freedom of 
these QB tests. When 95% CI overlap with zero, this indicates 
no evidence for an effect of herbivory on plant morphometrics, 
while pooled effects less than zero indicates negative effects 
on plants (e.g., more leaf damage than compared to the con-
trol group without herbivory). Non-zero values for �2 , �2 , �2

I
 , 

and �2
P
 indicate the amount of variability associated with each 

random-effects across the pooled Hedges’ d effect sizes
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Biocontrol and non‑biocontrol studies grouped 
separately

Non‑biocontrol studies

Across all non-biocontrol studies (k = 187) there was 
no significant effect of plant growth form on effects of 
herbivores (QB = 9.17, df = 4, p = 0.057) but there was 
a significant effect of plant organ (QB = 13.83, df = 6, 

p = 0.032) with roots, leaves and fruit more affected 
than seeds or stems. There were no significant effects 
of experimental duration (slope z-test = –0.5814, 
p = 0.561) or latitude (slope z-test = –1.8492, 
p = 0.0644) on strength of herbivory by non-biocon-
trol agents. There were no significant effects of insect 
order or effects of insect feeding guild on strength of 
herbivory (order: QB = 7.42, df = 6, p = 0.284; feed-
ing guild: QB = 5.51, df = 8, p = 0.702). There was no 

Fig. 5   Bubble plot of effects of insect herbivores on plant 
morphometrics using two separate phylogenetic mixed-effect 
meta-analyses: a and b meta-regression of herbivores effects 
predicted by study duration (ln days), and c and d predicted by 
latitude (degrees), both presented separately for biocontrol and 
non-biocontrol studies. Presented is the phylogenetic mixed-

effect meta-regression slope (full line) with 95% confidence 
intervals (dashed lines) and bubbles sizes are based on the rela-
tive model weights (inverse variance) of each Hedges’ d effect 
size to emphasize that effect sizes are not weighted equally in 
each meta-regression (see  the “Materials and methods”  sec-
tion)



565Biocontrol insects have stronger effects than non‑biocontrol insects on plants﻿	

Vol.: (0123456789)

effect of insect feeding location (QB = 0.032, df = 1, 
p = 0.858), but there was a significant effect of ter-
restrial versus aquatic ecosystem on herbivory (QB = 
4.98, df = 1, p = 0.0256) with terrestrial plants dam-
aged more than aquatic plants, thought the sample 
size for aquatic plants was low and this result should 
be treated with caution.

Biocontrol studies

Across all biocontrol studies (k = 153) there were no 
significant effects of plant growth form (QB = 0.12, 
df = 4, p = 0.998) or plant organ (QB = 7.81, df = 6, 
p = 0.252) on the strength of effects of biocontrol 
agents. There were also no significant effects of exper-
imental duration (slope z-test = –1.12, p = 0.2623) or 
latitude (slope z-test = –0.21, p = 0.8394) on strength 
of herbivory by biocontrol agents. Although there 
was no significant effect of insect order on strength of 
herbivory (QB = 7.24, df = 4, p = 0.123), there was a 
significant effect of insect feeding guild (QB = 18.86, 
df = 9, p = 0.0156) with leaf chewers, sap suckers and 
stem borers having stronger effects and root chew-
ers having weaker effects. There was no significant 
effect of insect feeding location (QB = 3.487, df = 1, 
p = 0.0619) with above ground feeders having similar 
effects to below ground feeders. Finally, there was no 
significant effect of terrestrial versus aquatic ecosys-
tem on herbivory (QB = 0.53, df = 1, p = 0.4665).

Discussion

Our synthesis revealed that insect herbivores had a 
significant effect on plant morphometrics (Fig.  2). 
This reinforces results from other meta-analyses, 
which also found significant effects of insect her-
bivores on their host plants (Bigger and Marvier 
1998; Hawkes and Sullivan 2001; Morris et  al. 
2007; Zvereva et al. 2010; Katz 2016; Jia et al. 2018) 
including those that have examined the effectiveness 
of classical biocontrol on invasive plants (Stiling and 
Cornelissen 2005; Clewley et al. 2012).

Biocontrol insects had significantly stronger effects 
than non-biocontrol insects on plants. This supports 
the idea that biocontrol is not a natural phenomenon 
since released weed control agents have stronger 
effects than the average native insect herbivore on its 
native plant (Hawkins et al. 1999). Marone and Crone 

(2006) also documented stronger effects of biocontrol 
insects than native invertebrate consumers on native 
plants, as measured by their impacts on plant abun-
dance. However, pre-release studies of biocontrol 
agents have no stronger effects on plants than non-
biocontrol studies. Presumably, pre-release studies 
help promote the release of “better than average” bio-
control agents. This supports the idea that biocontrol 
is not a given process but, where it succeeds, is more 
likely due to hard work in pre-release studies and can-
didate selection before biocontrol is even attempted. 
An alternative is that biocontrol agents may no longer 
be constrained by their own natural enemies, which 
are present only in their native range. Studies of the 
same plant-herbivore combinations in their native and 
introduced ranges could shed light on this possibility, 
but our database contains no such studies. However, 
pre-release biocontrol agents also suffer no attack 
from their co-evolved enemies yet had similar effects 
to native herbivores on native plants, which does not 
support lack of natural enemies as a mechanism for 
stronger effects of biocontrol agents. Also, biocontrol 
agents in their introduced ranges may suffer attack 
from generalist natural enemies with which they did 
not co-evolve.

There is at least one caveat to address. Studies of 
native insects on native plants can sometimes show 
compensatory herbivory, whereas for biocontrol 
insects this is less likely. However, we found only 
three instances of compensatory herbivory for non-
biocontrol studies (Nowaza and Ohgushi 2002; Pov-
eda et  al. 2010; Long and Porturas 2014). Further-
more, surprisingly, some biocontrol studies showed 
greater plant growth with than without herbivores 
(e.g., Wheeler et  al. 2017). There was no support 
for the idea that the magnitude of herbivore effect 
sizes for either biocontrol or non-biocontrol insects 
changed with latitude, supporting the conclusions 
of Jia et  al. (2018) who found no effect of latitude, 
biome type, net productivity, mean annual tempera-
ture or rainfall on the strength of herbivores on plants 
using a meta-analysis of animal exclusions. We also 
found no evidence that studies of longer duration 
were more likely to show increased effect sizes of 
herbivores. The success of weed biocontrol has been 
linked to both plant and enemy traits (Stiling and 
Cornelissen 2005; Clewley et al. 2012; Paynter et al. 
2012; Schwarzländer et  al. 2018; Panta et  al. 2024) 
and the effects of both traits are discussed below.
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Plant traits

There was support for the idea that the effects of 
insect herbivores changed with plant growth form. 
Bigger and Marvier (1998) suggested that long-lived 
plants with large growth forms, such as trees, shrubs 
and vines could draw on large resources to resist the 
effects of herbivores. Our data suggests that while 
relatively short-lived species and small species, such 
as grasses, are subject to the strongest effects of her-
bivores, herbs, which also have short life spans, did 
not appear to be impacted as much. Trees were also 
strongly impacted. When non-biocontrol insects were 
analyzed separately, there was no significant effect of 
plant growth form on effect strength. For biocontrol 
agents analyzed alone, there was also no significant 
effect of plant growth form showing that biocontrol 
can be successful against any plant growth form.

The effects of insect herbivores varied with plant 
organ attacked, with roots and fruits subject to some 
of the strongest effects and seeds and flowers suffering 
weaker effects. However, these strong effects on roots did 
not translate into strong effects on the rest of the plant, 
since below-ground herbivores had weaker effects than 

above-ground herbivores. When non-biocontrol agents 
were analyzed alone, there was a significant effect of 
plant organ with roots, leaves and fruits suffering stronger 
effects from herbivores than seeds and stems. Once 
again, this suggests targeting certain areas of the plant 
for attack by biocontrol agents might yield more effective 
results than targeting other areas. However, when bio-
control agents were analyzed alone, there was no effect 
of plant organ suggesting that, in practice, biocontrol can 
be effective when targeting any part of the plant. Stiling 
and Cornelissen (2005) also showed significant effects of 
biocontrol agents on flower production, seed production, 
leaf number, plant height, plant biomass and root weight. 
Clewley et al. (2012) showed significant effects of bio-
control agents on plant size, plant mass, seed production, 
flower production and target diversity. Panta et al. (2024) 
suggested that agents feeding on vegetative plant tissues 
had the strongest impacts. However, a recent review on 
plant biocontrol in New Zealand suggested that the use of 
agents that attack plant reproductive parts are unlikely to 
be solely successful (Paynter 2024). Separate analyses on 
non-biocontrol insects suggested stronger effects in ter-
restrial ecosystems than in aquatic ones but for biocontrol 
agents there were no significant differences, again show-
ing biocontrol can be effective in terrestrial and aquatic 
systems.

Enemy traits

Separate analyses for biocontrol insects and non-
biocontrol insects had suggested no significant effect 
of insect order on strength of herbivory. However, in 
our combined analyses there was a significant effect 
of insect order on strength of herbivory. Schwar-
zländer et  al. (2018) concluded from their analy-
sis that “Coleoptera and Hemiptera appear to be the 
biological control agent taxa with the highest likeli-
hood of success, in terms of establishment rate and 
in causing heavy impact.” Clewley et al. (2012) found 
that, among beetles, weevils (Curculionidae) and 
leaf-beetles (Chrysomelidae) had strong effects, per-
haps because they suffer less parasitism than other 
insect herbivore families (Goeden and Louda 1976; 
McFadyen and Spafford 2004) and/or because of 
the level of damage they inflict on their host plants 
(Crawley 1989b; Clewley et  al. 2012). In addition, 
such external feeders maybe chosen for biocontrol 
since they are easier to rear than internal feeders. In 
our study, Hemiptera and Lepidoptera both had strong 

Fig. 6   Forest plots of effects of insect herbivores on plant 
morphometrics using three separate phylogenetic mixed-effect 
meta-analyses across 95 published studies (Supplementary 
Tables  S1 and S2). Pooled effects (squares), their 95% confi-
dence intervals (CI), and number of Hedges’ d effect sizes 
pooled per group in brackets (k) are parsed among three effect 
groups: a the grand mean effect across all 95 published studies, 
b the pooled effects among biocontrol studies versus studies of 
native insects on native plants (non-biocontrol) parsed among 
insect orders, and c the pooled effects of non-biocontrol studies 
versus biocontrol studies parsed among insect feeding guilds. 
Random effects included in this meta-analysis included the 
between-study variance ( �2 ), the variance modelling overrepre-
sentation of multiple effect sizes per study ( �2 with 94 levels), 
insect phylogeny ( �2

I
 with 100 levels; see Fig.  1a), and plant 

phylogeny ( �2
P
 with 86 levels; see Fig. 1b). Finally, QH

df
 is the 

fixed-effect (H)omogeneity test across all effect sizes, QB

df
 are 

the omnibus tests for differences (B)etween groups of pooled 
effects, and df is the degrees of freedom of these QB tests. 
When 95% CI overlap with zero, this indicates no evidence for 
an effect of herbivory on plant morphometrics, while pooled 
effects less than zero indicates negative effects on plants (e.g., 
more leaf damage than compared to the control group with-
out herbivory). Non-zero values for �2 , �2 , �2

I
 , and �2

P
 indicate 

the amount of variability associated with each random-effects 
across the pooled Hedges’ d effect sizes

◂
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effects on their host plants as did Thysanoptera and 
Hymenoptera, but for the latter two orders, low sam-
ple size means caution is needed when quantifying 
their effects. Ignoring these taxa with small sample 
sizes, for biocontrol insects, lepidopterans and hemip-
terans had strong effects while for non-biocontrol 
insects, Hemiptera had the strongest effects.

Our analyses showed a significant effect of insect 
feeding guild on strength of herbivory on host plants, 
with leaf chewers, sap suckers, and stem borers hav-
ing the strongest effects. Stiling and Cornelissen (2005) 
also showed strong effects of biocontrol folivores and 
sap feeders on leaf and stem numbers, plant biomass 
and flower production. In our study, for non-biocontrol 
insects, analyzed separately, insect feeding guild did not 
significantly effect degree of damage but, for biocontrol 
insects, damage levels were affected by insect feeding 
guild with leaf chewers, sap suckers and stem borers hav-
ing strong effects and other guilds having weak effects. 
Panta et  al. (2024) suggested that agents feeding exter-
nally have the greatest effects. In conclusion, we found 
that the effects of biocontrol and non-biocontrol insects 
on plants are strong and hold for most plant growth forms 
and against many different plant parts but the effects 
of biocontrol insects are significantly stronger than for 
non-biocontrol insects. The reasons for these effects are 
not entirely clear but apply for most plant growth forms 
or organs attacked, and for most insect orders or feed-
ing guilds. In addition, non-biocontrol systems are not 
always an accurate signpost for biocontrol systems since 
results from non-biocontrol can suggest certain plant 
growth forms or plant organs are subject to more dam-
age than others, or that certain insect orders or feeding 
guilds maybe the most successful. In actuality, biocontrol 
can be successful against most types of plants using most 
insect orders or feeding guilds.

Acknowledgements  We thank Jason Richardson for help 
with data extraction and the University of South Florida, USA 
for supporting this study. Thanks also to Melissa Smith for 
reviewing the manuscript. We welcome notification of suitable 
biocontrol, or non-biocontrol studies, we may have omitted.

Author contributions  PS: Conceptualization, methodology, 
data creation, data curation, analysis interpretation, writing-
original draft, review, and editing. ML: Data creation, formal 
analysis, visualizations, analysis interpretation, writing-review, 
and editing.

Declarations 

Competing interest  The authors declare that they have no 
competing interests that are directly or indirectly related to the 
work submitted for publication.

Ethical approval  This research involved no human or animal 
participants.

References

Bigger D, Marvier M (1998) How different would a world 
without herbivory be? A search for generality in ecology. 
Integr Biol 1:60–67

Blossey B (1995) A comparison of various approaches for 
evaluating potential biological control agents using insects 
on Lythrum salicaria. Biol Cont 5:113–122

Buckman RR, Mound LA, Whiting MF (2013) Phylogeny of 
thrips (Insecta: Thysanoptera) based on five molecular 
loci. Syst Entomol 38:123–133

Clewley GD, Eschen R, Shaw RH, Wright DJ (2012) The effec-
tiveness of classical biological control of invasive plants. J 
of Appl Ecol 49:1287–1295

Coupe MD, Cahill JF Jr (2003) Effects of insects on primary 
production in temperate herbaceous communities: a meta-
analysis. Ecol Entomol 28:511–521

Crawley MJ (1989a) The success and failures of weed biocon-
trol using insects. Biocontrol News Info 10:212–223

Crawley MJ (1989b) Insect herbivores and plant population 
dynamics. Annu Rev of Entomol 34:531–562

Egger M, Smith GD, Schneider M, Minder C (1997) Bias in 
meta-analysis detected by a simple, graphical test. Br Med 
J 315:629

Fishbein M, Straub SCK, Boutte J, Hansen K, Cronn RC, Liston 
A (2018) Evolution at the tips: Asclepias phylogenomics and 
new perspectives on leaf surfaces. Am J Bot 105:514–524

Goeden RD, Louda SM (1976) Biotic interference with 
insects imported for weed control. Annu Rev Entomol 
21:325–341

Hall RW, Ehler LE, Bisabri-Ershadi B (1980) Rate of success 
in classical biological control of arthropods. Bull Entomol 
Soc Am 26:111–114

Harris P (1973) The selection of effective agents for the bio-
logical control of weeds. Can Entomol 105:1495–1503

Hawkes CV, Sullivan JJ (2001) The impact of herbivory on 
plants in different resource conditions: a meta-analysis. 
Ecology 82:2045–2058

Hawkins BA, Mills NJ, Jervis MA, Price PW (1999) Is the bio-
logical control of insects a natural phenomenon? Oikos 
86:493–506

Hedges LV (1981) Distribution theory for Glass’s estimator of 
effect size and related estimators. J Educ Stat 6:107–128

Hedges SB, Kumar S (2009) Discovering the timetree of 
life. In: Hedges SB, Kumar S (eds) The timetree of life. 
Oxford University Press, New York, pp 3–18

Hedges LV, Olkin I (1985) Statistical methods for meta-anal-
ysis. Academic Press

Ioannidis JP, Trikalinos TA (2007) The appropriateness of 
asymmetry tests for publication bias in meta-analyses: a 
large survey. Can Med Assoc J 176:1091–1096



569Biocontrol insects have stronger effects than non‑biocontrol insects on plants﻿	

Vol.: (0123456789)

Jia S, Wang X, Yuan Z, Lin F, Ye J, Hao Z, Luskin MS 
(2018) Global signal of top-down control of terrestrial 
plant communities by herbivores. PNAS 115:6237–6242

Katz DS (2016) The effects of invertebrate herbivores on 
plant population growth: a meta-regression analysis. 
Oecologia 182:43–53

Kawahara AY, Breinholt JW (2014) Phylogenomics pro-
vides strong evidence for relationships of butterflies and 
moths. Proc R Soc B 281:20140970

Kimberling DN (2004) Lessons from history: predicting suc-
cesses and risks of intentional introductions for arthro-
pod biological control. Biol Invasions 6:301–318

Lajeunesse MJ (2009) Meta-analysis and the comparative 
phylogenetic method. Am Nat 174:369–381

Lajeunesse MJ (2013) Recovering missing or partial data from 
studies: a survey of conversions and imputations for meta-
analysis. In: Koricheva J, Gurevitch J, Mengersen K (eds) 
Handbook of meta-analysis in ecology and evolution. Prince-
ton University Press, Princeton, pp 195–206

Lajeunesse MJ (2016) Facilitating systematic reviews, data 
extraction and meta-analysis with the metagear package 
for R. Methods Ecol Evol 7:323–330

Lajeunesse MJ (2021) Squeezing data from scientific images 
using the juicr package for R. R package version 0.1. 
https://​cran.r-​proje​ct.​org/​packa​ge=​juicr

Lehmann A, Overton JM, Leathwick JR (2002) GRASP: 
Generalized regression analysis and spatial prediction. 
Ecol Model 157:189–207

Long JD, Porturas LD (2014) Herbivore impacts on marsh 
production depend upon a compensatory continuum 
mediated by salinity stress. PLoS ONE 9(10):e110419

Marone JL, Crone E (2006) Herbivory: effects on plant abun-
dance, distribution and population growth. Proc R Soc B 
273:2575–2584

McEvoy PB, Rudd NT, Cox CS, Huso M (1993) Disturbance, 
competition, and herbivory effects on ragwort, Senecio 
jacobanea populations. Ecol Mono 63:55–75

McFadyen REC (1998) Biological control of weeds. Annu 
Rev Entomol 43:369–393

McFadyen REC, Spafford JH (2004) Insects for the biocontrol of 
weeds: predicting parasitism levels in the new country. In: 
Cullen JM, Briese DT, Kriticos DJ, Lonsdale WM, Morin 
L, Scott JK (eds) Proceedings of the XI international sympo-
sium on biological control of weeds. CSIRO, Canberra, pp 
135–140

Morris WF, Hufbauer RA, Agrawal AA, Bever JD, Borow-
icz VA, Gilbert GS, Maron JL, Mitchell CE, Parker IP, 
Power AG, Torchin ME, Vázquez DP (2007) Direct and 
interactive effects of enemies and mutualists on plant 
performance: a meta-analysis. Ecology 88:1021–1029

Myers JH, Sarfraz RM (2017) Impacts of insect herbivores 
on plant populations. Annu Rev Entomol 62:207–230

Nowaza A, Ohgushi T (2002) Indirect effects mediated by 
compensatory shoot growth on subsequent generations 
of a willow spittlebug. Pop Ecol 44:235–239

Panta S, Schwarzländer M, Weyl PSR, Hinz HL, Winston 
RL, Eigenbrode SD, Harmon BL, Bacher S, Paynter Q 
(2024) Traits of insect herbivores and target weeds asso-
ciated with greater biological weed control establish-
ment and impact. BioControl 69:221–236

Paradis E, Claude J, Strimmer K (2004) APE: analyses of 
phylogenetics and evolution in R language. Bioinfor-
matics 22:289–290

Paynter Q (2024) Prioritizing candidate agents for the bio-
logical control of weeds. BioControl 188:105396

Paynter Q, Overton JM, Hill RL, Bellgard SE, Dawon MI 
(2012) Plant traits predict the success of weed biocon-
trol. J Appl Ecol 49:1140–1148

Peterson PM, Romaschenko K, Arrieta YH, Saarela JM 
(2014) A molecular phylogeny and new subgeneric 
classification of Sporobulus (Poaceae: Chloridoideae: 
Sporobolinae). Taxon 63:1212–1243

Poveda K, Jimenez MIG, Kessler A (2010) The enemy as 
ally; herbivore-induced increase in crop yield. Ecol 
Appl 20:1787–1793

R Core Team (2024). R: a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna. https://​www.r-​proje​ct.​org/

Rohlf FJ (2001) Comparative methods for the analysis of 
continuous variables: geometric interpretations. Evolu-
tion 55:2143–2160

Schwarzländer M, Hinz HL, Winston RL, Day MD (2018) 
Biological control of weeds: an analysis of introduc-
tions, rates of establishment and estimates of success, 
worldwide. BioControl 63:319–331

Stiling P (1993) Why do natural enemies fail in classical bio-
logical control programs? Am Entomol 39:31–37

Stiling P, Cornelissen T (2005) What makes a successful 
biocontrol agent? A meta-analysis of biological control 
agent performance. BioControl 34:236–246

Viechtbauer W (2010) Conducting meta-analyses in R with 
the metafor package. J Stat Softw 36:1–48

Wheeler GS, Hight SD, Wright SA (2017) Impact of field 
densities of the naturalized defoliator Caloptilia triadi‑
cae (Lepidoptera; Gracillariidae) on the invasive weed 
Chinese tallowtree. Environ Entomol 46:1305–1312

Winston RL, Schwarzländer M, Hinz HL, Day MD, Cock 
MJW, Julien MH (2014) Biological control of weeds: 
a world catalogue of agents and their target weeds, 5th 
edn. Health Technology Enterprise Team, Morgantown

Zhang H, Song N, Yin X (2022) Higher-level phylogeny of 
Chrysomelidae based on expanded sampling of mitog-
enomes. PLoS ONE 17(1):e0258587

Zvereva EL, Lanta V, Kozlov MV (2010) Effects of sap-
feeding insect herbivores on growth and reproduction of 
woody plants: a meta-analysis of experimental studies. 
Oecologia 163:949–960

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing agreement 
with the author(s) or other rightsholder(s); author self-archiving of 
the accepted manuscript version of this article is solely governed 
by the terms of such publishing agreement and applicable law.

Peter Stiling   is an ecologist interested in biological control, 
invasive species, global change biology, coastal ecology and 
restoration ecology.

Marc J. Lajeunesse   is an ecologist interested in research 
synthesis.

https://cran.r-project.org/package=juicr
https://www.r-project.org/

	Biocontrol insects have stronger effects than non-biocontrol insects on plants
	Abstract 
	Introduction
	Materials and methods
	Biocontrol and non-biocontrol studies grouped together
	Biocontrol and non-biocontrol studies grouped separately

	Results
	Biocontrol and non-biocontrol studies grouped together
	Plant traits
	Insect traits

	Biocontrol and non-biocontrol studies grouped separately
	Non-biocontrol studies
	Biocontrol studies


	Discussion
	Plant traits
	Enemy traits

	Acknowledgements 
	References




