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Simple Summary: Reducing the use of pesticides that harm natural enemies of crop pests is important
to pest management. Currently, there is limited information on how herbicides might affect natural
enemies. We carried out an analysis of existing data to determine how herbicides affect natural
enemies and which herbicides are the most harmful. Herbicides increased natural enemy mortality
and reduced their longevity and efficacy as predators. Predatory mites and predatory true bugs were
more susceptible to herbicides than other groups of natural enemies. Spiders and parasitoid wasps
were the least susceptible. However, parasitoid wasps are often tested in their “protected” juvenile
stages within their hosts, and the data may under-represent the sensitivity of adults. Some potential
glyphosate replacement herbicides were more harmful than glyphosate. There was little or no data
available for many herbicides and beneficial insects, indicating that much more research is needed on
this topic.

Abstract: A critical component of integrated pest management is minimizing disruption of biological
control by reducing the use of pesticides with significant non-target effects on natural enemies. Insec-
ticide non-target effects testing for natural enemies has become increasingly common, but research
examining the non-target effects of herbicides on natural enemies is scarce, and recommendations
regarding herbicide selectivity are non-existent. We used meta-analysis to summarize laboratory
bioassays testing non-target effects of herbicides on arthropod natural enemies and identify patterns
in taxon susceptibility and active ingredient toxicity. Data were extracted from 78 papers representing
801 total observations. Herbicides increased natural enemy mortality and decreased longevity, repro-
duction, and predation. Mesostigmatan mites and hemipterans were the most sensitive to herbicides,
and spiders, neuropterans, and hymenopterans were the least sensitive. Mortality was higher in
juvenile predators versus parasitoids but did not differ between adults; parasitoid juveniles are likely
better protected within the host. In terms of acute mortality, metribuzin, glufosinate, and oxyfluorfen
were the most harmful herbicides. Only nicosulfuron, rimsulfuron, pendimethalin, phenmedipham,
atrazine, and urea did not increase natural enemy mortality. The large effect size of glufosinate is
particularly concerning, as it is the most likely replacement herbicide for glyphosate in many crops.
Many active ingredients remain under-studied. Our analysis indicates that herbicides have a strong
potential to disrupt biological control in cropping systems.

Keywords: herbicide; glyphosate; pesticide non-target effect; biological control; natural enemy;
beneficial insects; predator; parasitoid; meta-analysis
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1. Introduction

Pesticides often have non-target effects in agricultural systems [1-4]. Non-target ef-
fects include increased mortality as well as sublethal effects such as changes in behavior,
development, reproduction, and molecular physiology [2]. These effects can occur in any
organism that is not the direct target of a pesticide application, including both organisms
within the same taxonomic group as the target (e.g., insecticide effects on pollinators and
natural enemies) or a different group (e.g., insecticide effects on vertebrate wildlife). Within
the context of crop management, most non-target effects research has focused on insec-
ticide impacts on pollinators and natural enemies [2,5-7]. Minimizing non-target effects
is paramount to developing an integrated pest management (IPM) toolkit in agricultural
systems and reducing disruption of biological control services provided by natural ene-
mies [8,9]. Insecticide non-target effects research on natural enemies has increased over the
decades since the introduction of the IPM conceptual framework [3,4,10].

Weed management through herbicides accounts for nearly half of all global pesticide
usage [11,12]. However, unlike insecticide non-target effects, research examining herbicide
non-target effects on natural enemies remains scarce [1,13-16]. In the most comprehensive
review of pesticide non-target effects on natural enemies, only 1.4% of records examined
non-target effects of herbicides, and herbicide studies did not increase through time at the
same rate as other pesticide types [1]. In a recent meta-analysis of pesticide non-target
effects on phytoseiids (predatory mites), only 1.6% of observations/records (n = 2386) and
4.5% (n = 154) of papers examined non-target effects of herbicides [13]. In that analysis,
there were an insufficient number of studies testing the same active ingredient (Al) to
examine differences between herbicides [13]. A systematic review of pesticide impacts
on spiders also found that relatively few herbicides had been tested [16]. This scarcity
of research is concerning, given the evidence that some herbicides can be highly toxic to
beneficial insects. In prior non-target effects reviews, the limited data on herbicides put
these agrichemicals at or just below broad-spectrum insecticides in terms of toxicity [13,14].

Being able to compare the effects of herbicide chemistries is especially important,
given the shift away from glyphosate. Glyphosate is used extensively in both agricultural
and non-agricultural settings, drawing public attention to its potential non-target effects
on both human health and the environment [17-20]. In terms of beneficial arthropods, the
greatest attention has been paid to the effects of glyphosate on insect pollinators, especially
monarch butterflies and pollinators such as honeybees [21-24]. The impact on monarchs
can be primarily attributed to the indirect effect of the loss of host plants (milkweeds)
on herbicide-treated agricultural systems and roadsides [21,25]. However, research on
honeybees and other pollinators has a greater focus on the direct effects of glyphosate on
individuals and hive health [24]. The effects of glyphosate on non-pollinator insects are not
as well understood. This is especially true regarding comparisons between glyphosate and
herbicides that are likely to replace it in situations where legislation, glyphosate-resistant
weeds, and consumer demand cause its discontinuation [20,26,27]. Therefore, studies are
needed that compare the effects of glyphosate and potential replacement products on
beneficial insects, including pest natural enemies.

The purpose of this meta-analysis was to summarize the literature on herbicide non-
target effects on a wide spectrum of arthropod natural enemies tested in laboratory assays.
We sought to answer five research questions: (1) Do herbicides impact natural enemies
through either lethal or sublethal effects, and if so, what parameters do they specifically
affect? (2) Does herbicide sensitivity differ between the major natural enemy categories
(predators versus parasitoids)? (3) Do taxonomic groups of natural enemies differ in
herbicide sensitivity? (4) Do herbicides vary in toxicity to natural enemies based on mode
of action, chemical class, or active ingredient? (5) Does glyphosate differ from likely
replacement active ingredients in toxicity to natural enemies?
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2. Materials and Methods
2.1. Study Selection

We examined the existing literature for studies by using combinations of various
keywords in GoogleScholar and Web of Science, including herbicide, side effect, non-target,
natural enemy, predator, parasitoid, insect, and arthropod (e.g., “herbicide parasitoid non-
target effect”, “herbicide side effect hymenoptera”). We also combined the “herbicide”
search term with the scientific names of commonly tested natural enemies (e.g., “Chrysoperla
rufilabris”, “Trichogramma”). Reference lists of papers retrieved in the initial search were
also used as a source of additional studies. Only articles written in English, Portuguese, or
German were used. Only laboratory studies were included in our analysis; field tests of her-
bicide non-target effects are rare, and it is difficult to untangle the direct effect of a herbicide
on natural enemies from its indirect effects (e.g., changes in habitat and food resources due
to weed death) in field studies. Only formulated herbicides with named Als were included
(no experimental products or pure Al). Studies reporting proportion/percent-based data
were included if the percent/proportion and sample size were specified. For means-based
data, studies were included if the mean, standard deviation or standard error, and sample
size were specified. In some cases, only an International Organization for Biological Control
rating (1-4) was provided [28]; these data could not be included. Studies only reporting
LC50 values were also excluded. The data are available in Supplementary Database S1.

2.2. Data Extraction

Data in figures were extracted using WebPlotDigitizer [29]. Herbicides were cate-
gorized into mode of action (MOA) groups and chemical classes based on the Herbicide
Resistance Action Committee classifications. We simplified the response variables to
12 types: egg mortality, juvenile mortality, adult mortality, development time, longevity,
size, sex ratio, mating, reproduction, predation, movement, and repellency. Only one
data point for each of these response variables was used per paper, per herbicide xspecies
combination. If more than one exposure method (e.g., contact, fresh residue, dry residue)
was tested within a paper, only data from the method with the greatest risk to the natural
enemy was used (contact over fresh residue, newer residues over older residues). If a
variable was measured at multiple time points, only the data from the time point closest to
48 h was used, as this appeared to be the most commonly evaluated time frame (72 h data
were used if both 24 and 72 h data were reported).

For mortality data, if an Abbott’s correction was used and the results for the control
were not reported (common in older papers), 0% was used for the control value. Egg
mortality was only used if authors assessed egg hatch directly by observing treated predator
eggs. For parasitoids, any test where the infested host was treated was considered “juvenile
mortality”. If more than one juvenile stage was tested in a paper, only data from the
youngest stage was used; younger stages are typically the most susceptible to pesticide
non-target effects due to higher surface area-to-volume ratios [30]. There were very few
tests of herbicide exposure of predator pupae, and these instances were not included in
the analysis. The variable “Size” included measurements of weight and length or width
of body parts. Sex ratio data were standardized across studies to compare the proportion
of females so that a higher effect size indicated an increase in females and a lower effect
size indicated a decrease in females relative to the control. Mating behavior was measured
in only three studies and included the ability of males to follow female cues [31] or the
frequency of successful mating [32,33]. The variable “Reproduction” included any study
where an individual was treated and the effects on variables such as the number of eggs
laid, whether any offspring were produced during an observation period, number of
females produced by a treated female (parasitoid), and number of adults emerging from
a parasitized egg (parasitized by a treated female). “Predation” included any measure of
natural enemy efficacy, including number of prey consumed or parasitized, time to first
attack, and handling time. “Movement” included studies examining the effects of herbicide
exposure on natural enemy speed or distance traveled. “Repellency” studies were those
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testing whether a natural enemy avoided a herbicide-treated surface, including the amount
of time spent on treated versus untreated surfaces and the proportion of individuals found
on treated versus untreated surfaces.

2.3. Data Analysis

All data were analyzed using Open MEE [34]. For means data, the effect size calculated
was Hedge’s d, and for binomial data, the log odds ratio was calculated. Log odds ratios
were then converted to Hedge’s d to allow for comparison across all studies [35]. The
“Subgroup Meta-analysis” function was used to compare effect sizes between categorical
variables [34]. For each categorical group analyzed, its effect size and 95% Confidence
Interval (CI) were calculated. Effect sizes were considered significantly different from zero
or each other when 95% of CIs did not overlap.

To compare effect sizes for the different response variable types, data from all species
and herbicides were combined. For the analyses comparing herbicide effects between
taxonomic groups, only adult and juvenile mortality data were used (these variables had
the greatest sample sizes), and all active ingredients were analyzed together. In the analyses
comparing herbicide MOA group, class, and active ingredient, only entries examining
adult or juvenile mortality were used, and studies on all-natural enemy taxa tested for each
category were combined.

3. Results and Discussion
3.1. General Trends in Herbicide Non-Target Research

Data from 78 papers representing 801 total observations were extracted from the
published literature (1960-2020) and three (at the time of analysis) unpublished studies by
Schmidt-Jeffris et al. Two of the unpublished papers have since been published [36,37], and
the unpublished data are noted as such in the database. No papers matching our search
criteria were published prior to 1960. Of papers published from 1960 to 2000, only 11 papers
met our search criteria, with a maximum of one publication per year. This is in contrast to
2001-2010 and 2011-2020, which had 28 and 39 suitable publications, respectively. These
two decades also represented an increase in papers on the topic from three to four per year.
However, publication growth was more rapid from 2001-2010 than from 2011-2020.

Overall, herbicide non-target effects research does not appear to be growing at nearly
the same rate as insecticide research. In a prior meta-analysis focusing solely on phytoseiids,
there was no increase in herbicide non-target effects publications throughout the years; in
each decade, only 1-2 papers where at least one herbicide was tested were published [13].
For insecticides, the publications typically doubled from decade to decade, although there
was no increase this last decade [13]. Recent meta-analyses of individual insecticide classes,
such as neonicotinoids and Bt proteins, revealed a much greater depth of research on
non-target organisms than for all herbicides combined [38,39].

3.2. Herbicide Effects on Natural Enemies

The most common parameters tested in studies within our database were juvenile
and adult mortality (Figure 1). Of the sublethal effects, predation, sex ratio changes, and
reproduction were the most commonly examined. Across all herbicides, effect sizes for
mortality of all life stages (eggs, juveniles, and adults), longevity, reproduction, and preda-
tion differed from zero, indicating that herbicides significantly change these parameters
relative to a control (Figure 1). Herbicides caused increased mortality and decreased
longevity, reproduction, and predation. Predation had a larger (more negative) effect size
than reproduction (Figure 1).
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Figure 1. Effect sizes (d) for variables tested in non-target effects assays. Error bars indicate 95% boot-
strapped confidence intervals. Where these intervals do not overlap with d = 0 (dashed line), the effect
is significant and indicated with an asterisk. Sample size (1 in blue, number of records/observations)
is indicated underneath each confidence interval in blue. Positive effect sizes are indicated by black tri-
angles pointing upwards, and negative effect sizes are indicated by red triangles pointing downwards.
A negative effect for sex ratio indicates a decrease in females/males compared to the control.

Previous reviews have noted that sublethal effects tend to constitute a relatively
small fraction of pesticide non-target effects testing [1,2]. Within sublethal effects testing,
most previous research focused on fecundity or other measures of reproduction [1]. In
our database, sublethal effects were surprisingly well represented (Figure 1), possibly
because researchers expected herbicides to typically be non-lethal at field rates and focused
evaluations on sublethal effects. Predation/parasitism efficacy was the most common
sublethal effect tested, with 95% of records coming from parasitoid wasps or spiders and
half of records pertaining exclusively to Trichogramma spp. Half of all records testing
predation/parasitism were for glyphosate. While this may indicate that glyphosate is
particularly disruptive to predation, it also indicates that individuals tested survived field-
rate applications of glyphosate long enough to have sublethal effects assessed. This is
one challenge with assessing sublethal pesticide effects: highly toxic Als do not have
measurable sublethal effects at the field rate because acute mortality prevents sublethal
effects from being measured. Regardless, our meta-analysis shows a strong trend for
herbicides to reduce the efficacy of natural enemies.

Within lethal effects, adult mortality had a larger (more positive) effect size than
juvenile mortality, and egg mortality was intermediate. A previous systematic review
found that adults and larvae were more sensitive than eggs and pupae [1]. This review
also noted that parasitoids were the exception to this trend, where eggs and adults were
more sensitive than larvae and pupae [1]. Similarly, in our meta-analysis, predators and
parasitoids did not differ in adult mortality, but the juvenile mortality effect size for
parasitoids was lower than that for predators (Figure 2). This is likely because the larval
stage of most parasitoids occurs within the host, where it is more protected from pesticide
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exposure [14]. However, the older systematic review also found that parasitoids were
more pesticide-susceptible than predators [1], which did not align with our results. It is
possible that the trends for pesticides in general, which at the time of the review were
primarily represented by broad-spectrum insecticides, do not hold for herbicides more
specifically. Alternatively, there were over twice as many records of herbicide mortality
effects on immature parasitoids compared to adults (Figure 2). This has the potential to
skew the analysis of parasitoid taxa to indicate that they are less susceptible. To better
understand how herbicides might impact parasitoids, acute effects on adults, especially
of Als other than glyphosate, should be more thoroughly investigated. This is especially
true given that adults are more likely to be exposed to herbicide residues, as many adult
parasitoids will forage on flowering weeds [40]. Additionally, more research is needed on
parasitoid taxa outside of Hymenoptera (e.g., dipterans), as there were no other parasitoid
taxonomic groups represented in our database.
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Figure 2. Effect sizes (d) of herbicide-caused mortality on adult and juvenile stages of predators (black
circles) versus parasitoids (open squares). Error bars indicate 95% bootstrapped confidence intervals.
Where these intervals do not overlap with d = 0, the effect is significant. Where these intervals do
not overlap with each other, they are considered significantly different and marked with an asterisk.
Sample size (1, number of records/observations) is indicated underneath each confidence interval in
blue. “n.s.” indicates that none of the groups compared statistically differed from each other.

3.3. Taxonomic Variation in Herbicide Effects

Hymenoptera, Coleoptera, and Mesostigmata were the best-represented taxonomic
orders in our database (Figure 3A). All hymenopterans were species of parasitoid wasps,
and Trichogrammatidae (which were all Trichogramma species) was the most studied family
within the order (Figure 3B). Coccinellids, carabids, and staphylinids were the only beetle
groups with published studies. Most Mesostigmata records corresponded to predatory
mites in Phytoseiidae. Studies with neuropterans were limited to only chrysopids (green
lacewings), with nearly all observations coming from three species of Chrysoperla. Within
the true bugs, there was only published work on Podisus nigrispinus (Pentatomidae) and
anthocorids (Orius insidiosus and O. strigicollis). A greater diversity of spider groups was
studied, with eight different families represented in the meta-analysis. It was surprising
that spiders were relatively well-represented in the herbicide non-target effects literature,
given that it is often noted that spiders are under-represented in pesticide non-target ef-
fects studies more generally [1,41,42]. Otherwise, trends for which taxonomic groups of
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natural enemies have few or no entries in our herbicide database match the trends for
other pesticides, with earwigs, non-phytoseiid predatory mites, non-coccinellid beetles,
syrphids, many predatory hemipteran groups, and brown lacewings (Hemerobiidae) no-
ticeably understudied [1]. The general lack of information on pesticide non-target effects on
ground-dwelling natural enemies has been previously noted [41,43]. Because these arthro-

pods are particularly at risk for herbicide exposure, these groups should be prioritized in
future research.
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Figure 3. Effect sizes (d) of herbicide-caused mortality on both juvenile and adult stages compared
between taxonomic groups at the level of (A) order (shapes), (B) families within orders, and (C) genera
within families. Error bars indicate 95% bootstrapped confidence intervals. Where these intervals do
not overlap with d = 0 (dashed line), the effect is significant. Where these intervals overlap with each
other, they are not considered significantly different and were assigned the same letter. Sample size
(n, number of records/observations) is indicated underneath each confidence interval in blue. “n.s.”
indicates that none of the groups compared statistically differed from each other. Symbol shade and
shape for a taxonomic order are consistent between panels.
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Mesostigmatans and hemipterans had the highest effect sizes for combined adult and
juvenile mortality, indicating higher herbicide sensitivity in these groups (Figure 3A). Spi-
ders and hymenopterans were the least sensitive, with lacewings and beetles intermediate.
This trend also occurred at the family level; none of the spider families had an effect size that
differed from zero, and within the Hymenoptera, only the effect size for Trichogrammatidae
differed from zero (Figure 3B). It has been previously noted that herbicides have minimal
lethal effects on spiders, and most observed effects have been sublethal [16,36]. The low
sensitivity of Hymenoptera may indicate that this group is particularly herbicide-tolerant
or may reflect that the more protected, juvenile parasitoid stage was more commonly tested
than the more sensitive adults (Figure 2).

In an older database, mirids, ichneumonids, and chrysopids were the least susceptible
to pesticides (primarily insecticides), followed by nabids, lygaeids, and anthocorids [14].
Many of these families had too few herbicide studies for analysis in our database. Of those
sufficiently represented to analyze, anthocorids had the second largest effect size of any
family, just slightly less than Phytoseiidae (Figure 3B). This suggests that while anthocorids
may be less sensitive to insecticides than many other groups, this trend does not necessarily
extend to herbicides. This emphasizes the importance of including herbicides in non-target
effects screening, as assumptions about the sensitivity of a particular group that is drawn
from primarily insecticide data will not be accurate for herbicides. Our meta-analysis
also supports previous qualitative reviews indicating that herbicides may be more toxic
to beneficial mites than other natural enemies [44]. The authors speculate that this could
be due to differing detoxification mechanisms [44], but the physiological mechanisms for
herbicide non-target effects on arthropods are relatively unknown [43].

Within the orders with sufficient taxonomically represented diversity to compare fami-
lies, there were few statistical differences in effect sizes (Figure 3B). Trichogrammatids had a
higher effect size than scelionids, with the other three hymenopteran families intermediate
(braconids, eulophids, platygastrids) (Figure 3B). The scelionid data were all collected in
a single paper examining pesticide non-target effects on Telenomus remus as larvae within
parasitized eggs of the host [45]. Therefore, there is no strong evidence that scelionids are
less herbicide sensitive than trichogrammatids; it is possible that the herbicides tested in
the single T. remus paper did not include as many instances of the more toxic Als or that
T. remus may be unusually herbicide tolerant compared to scelionids in general. Similar to
the analysis within orders, within taxonomic families, there were no differences in effect
size for combined adult and juvenile mortality between genera, although only three families
(Phytoseiidae, Carabidae, and Coccinellidae) had multiple genera sufficiently represented
in the dataset to allow for comparisons (Figure 3C). Therefore, based on currently available
data, it appears that significant differences in herbicide susceptibility occur almost entirely
at the order level. This may indicate that generalizations about the toxicity of particular
herbicides can be made at the order level. If so, future studies should prioritize testing
herbicide effects on understudied orders of natural enemies [43] or testing the effects of
understudied Als before testing additional species or families in well-studied groups.

3.4. Variation between Herbicides

Herbicide MOA groups differed in toxicity to natural enemies. Group 9 (inhibitors of
EPSP synthase) made up a large proportion of the data set (27%) due to an overrepresenta-
tion of studies on glyphosate (Figure 4A). Group 10 (inhibitors of glutamine synthetase)
was the most toxic to natural enemies, and Groups 3 (microtubule assembly inhibitors) and
27 (inhibitors of 4-HPPD) were the least toxic; these were also the only two groups with
effect sizes that did not differ from zero (Figure 4A).
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Figure 4. Effect sizes (d) of herbicide-caused mortality on both juvenile and adult stages compared
between herbicide (A) mode of action (MOA) group, (B) chemical class and (C) active ingredient.
Error bars indicate 95% bootstrapped confidence intervals. Where these intervals do not overlap with
d = 0 (dashed line), the effect is significant. Where these intervals overlap with each other, they are
not considered significantly different and were assigned the same letter. Sample size (11, number of
records/observations) is indicated underneath each confidence interval in blue. Symbols shade and
shape for a MOA group are consistent between panels.
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Only two MOA groups had more than one chemical class adequately represented in
the data set for within-group comparisons: Groups 1 (inhibitors of acetyl CoA carboxylase)
and 5 (inhibitors of photosynthesis at photosystem II). Within Group 1, aryloxyphenoxy-
propionates (FOPs) and cyclohexanediones (DIMs) did not differ in effect size, although
the effect size variance for cyclohexanediones was very large (Figure 4B). Within Group 5,
the triazinones had a higher effect size than the phenyl-carbamates and triazines. Across
all chemical classes, sulfonylureas (Group 2), dinitroanilines (Group 3), phenyl-carbamates
(Group 4), triazines (Group 5), glycines (Group 9), isoxazolidinones (Group 13), and
chloroacetamides (Group 15) had the lowest effect sizes (Figure 4B). Conversely, phosphinic
acids (Group 10), triazinones (Group 5), and diphenylethers (Group 14) had the highest
effect sizes (Figure 4B). Some chemical classes were only represented by one active ingre-
dient, such as phenyl-carbamates (phenmedipham, Group 5)), triazinones (metribuzin,
Group 5), glycines (glyphosate, Group 9), and isoxazolidinone (clomazone, Group 13).

For two chemical classes in the data set, there were enough observations to compare
active ingredients within a class for combined adult and juvenile mortality. The sulfonylureas
(halosulfuron, nicosulfuron, and rimsulfuron) did not differ from each other in effect size
(Figure 4C). The triazines, atrazine, and simazine also did not differ in effect size (Figure 4C).
Across all active ingredients, the herbicides least acutely toxic to natural enemies (effect size
with confidence interval overlapping zero) were nicosulfuron, rimsulfuron, pendimethalin,
phenmedipham, atrazine, and diuron. The effect size for glyphosate was relatively low,
although it did differ from zero. Metribuzin and glufosinate had the largest effect sizes, and
oxyfluorfen and S-metolachlor did not statistically differ from those active ingredients, al-
though S-metolachlor had a fairly high effect size variance and low sample size (Figure 4C).
Paraquat had a significantly lower effect size than glufosinate but did not differ from the
other three most harmful active ingredients. Therefore, our meta-analysis indicates that
glufosinate, metribuzin, oxyfluorfen, and paraquat are the most harmful herbicide Als
to natural enemies, and additional work is needed to determine whether S-metolachlor
should also be considered part of this group.

There has been little prior work attempting to discern patterns regarding which herbi-
cides are most harmful to natural enemies. In the older systematic review, the nitrophenol
derivative, nitrogen heterocyclic, urea derivative, and carbamate chemical classes were
fairly toxic, whereas organometallics and phenoxy-alkyl derivates were not toxic [14]. A
qualitative summary of herbicide non-target effects on phytoseiids found that fomofenoxim,
bromoxynil, ioxynil, methabenzthiazuron, glufosinate, and paraquat were consistently
harmful [46]. Based on our analysis, herbicide toxicity appears to be primarily driven
by chemical class; chemical classes within a single MOA differed in effect size (MOA 5),
whereas active ingredients within the same chemical class did not differ in effect size
(sulfonylureas, triazines). This is not unexpected, as MOA groups for herbicides are based
on mechanisms of toxicity to plants, not animals. Therefore, the effects of herbicides on
arthropods may be generalizable at the chemical class level. However, given the relatively
few groups for which there were adequate records to perform this analysis, more work will
be needed to confirm this generalization.

“Inert ingredients” within formulated pesticides further complicate identifying pat-
terns within herbicide toxicity. It is important that non-target effects researchers test
formulated products, as natural enemies will never be exposed to pure Al in the field.
However, research examining pesticide non-target effects on bees has found that differ-
ences between formulations with the same Al can alter conclusions of non-target effects
testing [47]. Surfactants and other adjuvants, either included in the pesticide formulation or
tank mixed to improve herbicide performance, can increase Al toxicity or even have direct,
non-synergistic impacts on natural enemies [37,46,48,49]. In the case of glyphosate, much
of its reported toxicity to bees is attributed to the inert, surfactant ingredient ethoxylated
tallowamine [47]. While our meta-analysis focuses on formulated herbicides, there is a
clear need for comparing different herbicide formulations, inert ingredients, and pure Al
in order to determine mechanisms of herbicide toxicity. This may allow for the modifi-
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cation of existing herbicide formulations to reduce harm to natural enemies and other
non-target organisms.

Toxicity of individual Als may partially drive patterns observed in taxonomic group
susceptibility. In the combined juvenile + adult mortality analysis, 37% of the Hymenoptera
records tested glyphosate. This likely reflects the intersection of high glyphosate use
in field crops and the importance of Trichogramma spp. for caterpillar biological control
within these cropping systems, particularly in Brazil, where much of this research was con-
ducted [50]. For the other arthropod orders, glyphosate comprised only 11-21% of records.
Similarly, within the juvenile + adult mortality analysis, Hymenoptera had relatively fewer
records (13%) pertaining to the four most harmful Als (glufosinate, metribuzin, oxyfluorfen,
paraquat) compared to most other taxonomic orders (25-31% of records, with the exception
of Coleoptera which also had 13%). Therefore, an over-representation of the less harmful
glyphosate and an under-representation of the four most harmful Als, combined with an
emphasis on testing the juvenile (more protected) stage, may make Hymenoptera appear
less herbicide sensitive than other groups in our database.

3.5. Glyphosate Alternatives

Glyphosate is the most widely used herbicide [19] primarily due to the adoption of
glyphosate-resistant row crops and the availability of low-cost, generic formulations [20].
It is, therefore, unsurprising that 32% of our records tested the non-target effects of this Al
Globally, there is widespread interest in reducing glyphosate use due to weed resistance
development and, more recently, concerns regarding environmental safety and human
health [20,26,27].

Weed management alternatives to glyphosate rely on multiple herbicides and are often
still less effective than the glyphosate applications they replace [27]. Glyphosate is also less
acutely toxic to mammals than most other herbicides [51]. Paraquat is the main burn-down
alternative to glyphosate in field crops [20], although it is less effective [19] and is also one
of the most toxic herbicides to humans and other vertebrates [52]. In tree fruit, paraquat and
glufosinate are the most likely glyphosate replacements for managing intra- and inter-row
weeds post-emergence [37]. In the European Union (EU), only quizalofop-ethyl is available
as a post-emergent herbicide alternative to glyphosate in tree fruit, and cycloxydim, 2,4-D,
and dicamba are the most suitable replacements in herbaceous crops [27]. However, the
latter three herbicides must be used in combination as cycloxydim is only effective against
monocots, and 2,4-D and dicamba are only effective against dicots [27]. Field crop varieties
resistant to glufosinate, dicamba, 2,4-D, triazines, and imidazolinones are also available,
and increased use of these varieties and their respective herbicides is expected if glyphosate
is banned in some countries [19,20].

Based on the meta-analysis results, the replacement of glyphosate with other herbicide
Als would likely be disruptive to biological control, especially outside of the EU. Glufosinate
and paraquat were among the most acutely toxic Als to natural enemies. The triazine
class (Figure 4B) and 2,4-D (Figure 4C) also significantly increased the mortality of natural
enemies. There were no studies in our database that tested the effects of imidazolinone
herbicides. Quizalofop—ethyl was classified as harmless to two predatory beetles [53], but
there have been no additional studies on this Al. Cycloxidim was also poorly represented
in our database; exposure caused high mortality in adult Trichogramma cacoeciae [54] but
no mortality in Bembidion lampros [53]. Surprisingly, there are also very few studies on the
effects of dicamba. Previous research has found mixed results; exposure caused no adult
mortality in T. cacoeciae [54], increased male mortality in Coleomegilla maculata [55], and
increased female mortality in Phytoseiulus persimilis [46]. It has been suggested that the
lethal effects of dicamba are primarily caused by inert ingredients, leading formulations
to differ in their toxicity [55]. Therefore, glyphosate replacement herbicides appear to be
highly toxic to natural enemies (especially the primary burndown Als, glufosinate, and
paraquat) or are very poorly studied. Non-target effects tests of paraquat exposure in
predatory mites remain one of the only field studies linking herbicide use to secondary
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pest outbreaks [56,57]. Field tests of other likely glyphosate replacement chemistries and
non-chemical management strategies are needed to determine which weed management
programs are the least disruptive to biological control.

4. Conclusions

Herbicides were found to impact natural enemies through both lethal and sublethal
effects by increasing mortality at all life stages and reducing longevity, reproduction, and
predation/parasitism rates. Juvenile parasitoids were less herbicide-sensitive than juvenile
predators, likely due to being protected within the host. Taxonomic groups differed in
herbicide sensitivity, with the greatest differences observed between taxonomic orders;
spiders were the most tolerant group, and Mesostigmata were the least tolerant group.
Herbicides varied in toxicity, with glufosinate, metribuzin, oxyfluorfen, and paraquat
among the most harmful Als. Glyphosate replacement products were often much more
toxic than glyphosate.

The findings of this meta-analysis strongly support the need for more testing of herbi-
cide non-target effects on natural enemies. There are not only very few studies evaluating
the non-target effects of herbicides relative to other pesticides (e.g., insecticides, fungicides),
but within those studies, the majority of arthropod natural enemies remain understudied.
Further, very few herbicide formulations and Als have been tested consistently across the
natural enemies examined thus far. The limited information available for diverse arthro-
pod taxa and herbicides makes it difficult to predict how natural enemies will respond to
changes in herbicide regimes, including potential alternatives to glyphosate. However, this
knowledge will be important where weed management is being incorporated into IPM
programs more holistically and where policy changes and capital decision-making result in
certain herbicides being phased out of use.

There is a movement towards whole-systems IPM to better understand how other
aspects of crop management can affect the management of arthropod pests. This in-
cludes aspects of weed management like tillage and mowing but often neglects herbicides.
Herbicides are a critical tool for weed management in agricultural systems and serve as
cornerstones of many no-till and reduced-tillage programs. No-tillage and reduced tillage
systems frequently increase beneficial arthropods and reduce the need for chemical arthro-
pod control [58-60]. However, reduced plant diversity due to strict weed management
could lead to fewer generalist predators, which may harm biological control services [61].
Translating non-target bioassay results from the laboratory to the field is always chal-
lenging [43], but herbicides may pose a unique challenge. A decrease in natural enemy
abundance following an herbicide application may be due to toxicity, but it could also
be caused by loss of habitat or other resources provided by treated weeds that result in
natural enemy dispersal. When the overall ecology of a crop is considered, herbicides
may be the least selective of all pesticides because they “directly affect primary producers,
with subsequent effects rippling through dependent trophic levels in the community” [62].
Weed management has been shown to have an impact on arthropod populations, including
both pests and beneficial insects [63,64]. Incorporating weed management, specifically
herbicide use, into sustainable IPM programs will require a much better understanding of
how herbicides impact natural enemies and pest dynamics within agricultural systems.
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