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Abstract
1. Soil invertebrate communities represent a significant fraction of global biodiver-

sity and play crucial roles in ecosystems. A number of human activities threaten 
soil communities, in particular intensive agricultural practices such as pesticide 
use. However, there is currently no quantitative synthesis of the impacts of pes-
ticides on soil fauna communities.

2. Here, using a meta- analysis of 54 studies and 294 observations, we quantify pes-
ticide effects on the abundance, biomass, richness and diversity of natural soil 
fauna communities across a wide range of environmental contexts. We also iden-
tify scenarios with the most detrimental effects on soil fauna communities by 
analysing the effects of different pesticides (herbicides, fungicides, insecticides, 
broad- spectrum substances and multiple substances), different application rates 
and temporal extents (short-  or long- term), as well as the response of different 
functional groups of soil animals (body size categories, presence of exoskeleton).

3. Pesticides overall decreased the abundance and diversity of soil fauna communi-
ties across studies (Grand mean effect size (Hedge's g) = −0.30 +/− 0.16) and had 
stronger effects on soil fauna diversity than abundance. The most detrimental 
scenarios involved multiple substances, broad- spectrum substances and insec-
ticides, which significantly decreased soil fauna diversity even at recommended 
rates. We found no evidence that pesticide effects dampen over time, as short- 
term and long- term studies exhibited similar mean effect sizes.

4. Policy implications: Our study highlights that pesticide use has significant detri-
mental non- target effects on soil biodiversity, eroding a substantial part of global 
biodiversity and threatening ecosystem health. This provides crucial evidence 
supporting recent policies, such as the European Green Deal, that aim to reduce 
pesticide use in agriculture to conserve biodiversity. The detrimental effects of 
multiple substances revealed here are particularly concerning because realistic 
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1  |  INTRODUC TION

The wide use of pesticides across the globe to improve crop yield 
raises concerns regarding their impacts on biodiversity (Bernhardt 
et al., 2017; Pelosi et al., 2021; Wang et al., 2020). Despite recent 
initiatives to reduce the use of pesticides in many countries (e.g. 
European Commission, 2022), it continues to increase globally 
(Sharma et al., 2019), with a broad range of substances still being 
applied, and new substances continuously put on the market (Wang 
et al., 2020). It is, thus, crucial to synthesize the effects of pesticides 
on biodiversity and identify the most detrimental scenarios to gain 
a general understanding of their consequences for biodiversity. So 
far, most syntheses of the ecological consequences of pesticide use 
have focused on individual and population levels, on specific tax-
onomic groups such as pollinators and natural enemies (Desneux 
et al., 2007; Douglas & Tooker, 2016), or on specific pesticide types 
such as neonicotinoids (Pisa et al., 2015). To date, no quantitative 
synthesis has evaluated pesticide impacts on soil communities.

Soil organisms represent about a quarter of global biodiversity 
(Bardgett & van der Putten, 2014) and play important roles in mul-
tiple ecosystem services (Schuldt et al., 2018; Soliveres et al., 2016; 
Wagg et al., 2014). Soil biodiversity, quality and fertility are, thus, 
crucial for humanity (Wall et al., 2015). However, the response of 
soil communities to environmental change remains understudied 
compared to above- ground communities (FAO, ITPS, GSBI, SCBD, 
and EC, 2020; Phillips et al., 2017). This is particularly the case for 
soil invertebrates (such as earthworms or springtails) that not only 
constitute a significant fraction of global biodiversity (Eisenhauer 
et al., 2019; FAO, ITPS, GSBI, SCBD, and EC, 2020) but are also an 
essential part of terrestrial food webs, with many above- ground 
animals, including vertebrates, depending on this resource (Barnes 
et al., 2023; Scherber et al., 2010; Wardle, 2002).

Soil invertebrates are exposed to pesticides that often reach the 
soil through spraying, seed coating, fumigation, leaching and till-
age practices (FAO, 2018). Several pesticides are persistent in soils 
(Hladik et al., 2018; Navarro et al., 2007), sometimes over the course 
of decades (chlordecone: Cabidoche et al., 2009). For instance, 
neonicotinoids can be found up to several years after application 
(Pisa et al., 2015; Wood & Goulson, 2017). Pesticides can induce 
direct toxic and sublethal effects on soil invertebrates, even at con-
centrations commonly found in the field (Pelosi et al., 2014; Pisa 

et al., 2015), and many soil invertebrates can accumulate persistent 
chemicals such as pesticides in their tissues (Beaumelle et al., 2017; 
Pelosi et al., 2021; Römbke et al., 2017). Direct toxic effects include 
a range of responses from the individual to the population level. For 
example, pesticides can cause DNA damage, alter enzyme activities, 
growth rates, foraging activity and reproduction of soil inverte-
brates (Gunstone et al., 2021; Pelosi et al., 2014). On top of these di-
rect effects, pesticides can further affect soil invertebrates through 
different indirect effects mediated by shifts in resources and biotic 
interactions with soil microbes, plants and above- ground arthropods 
(Chen et al., 2013; Clements & Rohr, 2009; Desneux et al., 2007; 
Morgado et al., 2018; Zaller et al., 2014).

A recent review summarized the results of 394 studies and 
found that a large proportion reports significant negative effects of 
pesticides on soil invertebrates (70.5% of the individual endpoints 
reported, Gunstone et al., 2021). Negative effects were far more 
frequent at the scale of individuals and populations, while soil inver-
tebrate community responses were more variable. However, such 
qualitative, vote- counting approaches, cannot quantify the magni-
tude of pesticide effects. Quantitative synthesis is, thus, an import-
ant next step to generalize the consequences of pesticides for soil 
invertebrate communities across a range of environmental contexts 
(soil types, crops, geographic regions, etc.).

Although detrimental effects of pesticides are generally expected, 
several factors related to the type of exposure and organisms involved 
can alter the consequences of pesticides for soil invertebrate commu-
nities. As a result, it remains unclear whether pesticides generally de-
crease soil biodiversity and if certain scenarios are more detrimental 
than others. Indeed, soil invertebrates respond differently to different 
types of pesticides, according to their mode of action and chemical 
structure (Biondi et al., 2012; Frampton et al., 2006; Jänsch et al., 2006; 
Pelosi et al., 2014; Pisa et al., 2015). Pesticides that target inverte-
brates (insecticides) or other organisms (fungicides and herbicides), and 
broad- spectrum substances that simultaneously target several pests 
and diseases, could, thus, elicit contrasted effects on soil communi-
ties. Additionally, real- world scenarios often involve combinations of 
multiple substances with different targets throughout the crop season 
(Pelosi et al., 2021), and the impacts of pesticides can differ depending 
on whether they are applied alone or in conjunction with other sub-
stances (Wood & Goulson, 2017). Furthermore, exposure conditions 
in terms of dose and temporal extent (short vs. long- term exposures) 

pesticide use often combines several substances targeting different pests and 
diseases over the crop season. We suggest that future guidelines for pesticide 
registration, restrictions and banning should rely on data able to fully capture the 
long- term consequences of multiple substances for multiple non- target species in 
realistic conditions.

K E Y W O R D S
below- ground communities, biodiversity, data synthesis, invertebrates, multiple stressors, 
plant protection products, risk assessment
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can greatly influence soil fauna response to pesticides, and detrimental 
effects on soil communities may increase with application rates and 
decrease over time (Amossé et al., 2018; Atwood et al., 2018).

Another important moderator of the exposure and response 
of soil fauna communities to pesticides relates to their functional 
traits. Indeed, different functional groups of soil animals can elicit 
contrasting responses to pesticides due to different sensitivities 
(De Silva et al., 2010; Douglas & Tooker, 2016; Jänsch et al., 2006; 
Pisa et al., 2015). For example, environmental change is generally 
expected to have stronger effects on larger organisms (Liess & 
von der Ohe, 2005; Yvon- Durocher et al., 2011). In addition, soil 
invertebrates that live in close contact with the soil surface have 
been found to be more sensitive to pesticides than litter- dwelling 
invertebrates (Pelosi et al., 2013; Römbke et al., 2004). Such group- 
specific sensitivities could lead to a wide range of responses at the 
scale of community diversity and abundance, including neutral re-
sponses due to shifts in community composition and indirect effects 
(Gunstone et al., 2021; Pelosi et al., 2014). Only by addressing these 
potential context- dependencies, we can generate a comprehensive 
understanding of pesticide impacts on soil biodiversity able to in-
form land managers and policymakers.

Here, we conducted the first meta- analysis of pesticide effects 
on natural soil fauna communities. We first asked how pesticides 
affect the diversity (richness or diversity indices) and abundance 
(densities or biomass) of soil fauna communities across 54 studies. 
We then identified scenarios with the strongest negative effects on 
soil fauna communities by testing if responses depended on the type 
of pesticides (herbicides, fungicides, insecticides, broad- spectrum 
substances and multiple substances), on the exposure conditions 
(application rate and temporal extent), and the functional traits of 
soil fauna (body size category and exoskeleton presence/absence). 
We tested the following hypotheses:

• Overarching hypothesis (H1): pesticides generally elicit negative 
effects on soil fauna diversity and abundance across different 
types of pesticides and studies, with:
-  (H1.1) stronger negative effects on diversity than abundance 

due to the removal of sensitive species in pesticide- treated 
plots (Pelosi et al., 2013); and

-  (H1.2) the magnitude of pesticide effects depends on the type 
of pesticide applied, with:
• Stronger negative effects of insecticides than other types 

of pesticides due to direct toxic impacts on soil inverte-
brates (Jänsch et al., 2006; Pelosi et al., 2014); and

• Stronger negative effects of multiple substances due to the 
combination of direct and indirect effects mediated by bi-
otic interactions (plants, soil microbes; Chen et al., 2013; 
Desneux et al., 2007) and to potential additive or synergis-
tic effects when multiple pesticides are used in combina-
tion (Rillig et al., 2019; Wood & Goulson, 2017).

• Hypotheses related to exposure conditions (H2): The dose and 
temporal extent of pesticide applications determine the re-
sponses of soil fauna, with:

-  (H2.1) pesticides used at their recommended rates have no de-
tectable negative impact on soil fauna communities;

-  (H2.2) stronger negative effects occur shortly after application 
(days- weeks), while pesticide degradation in soils, as well as 
population recovery and adaptation over time, lead to lower 
negative effects in the long- term (several months- years; 
Amossé et al., 2020; Givaudan et al., 2014).

• Hypotheses related to the sensitivity of different soil fauna 
groups (H3): Functional traits influence the sensitivity of soil 
fauna communities to pesticides, with:
-  (H3.1) macrofauna communities being more sensitive than 

meso-  and microfauna due to longer generation time and 
lower population densities (Liess & von der Ohe, 2005);

-  (H3.2) soil fauna without an exoskeleton (earthworms, ench-
ytraeids and nematodes) being more sensitive than arthro-
pods because they live in closer contact with the soil (Pelosi 
et al., 2013), while the exoskeleton of arthropods may act 
as a protective barrier against penetration of pesticides 
(Balabanidou et al., 2018; Jänsch et al., 2006).

2  |  MATERIAL S AND METHODS

2.1  |  Literature search

We conducted a systematic literature search to collect studies 
on pesticide impacts on soil fauna communities. We used a pre-
viously compiled database of studies on global change effects 
on soil fauna communities (Beaumelle, Thouvenot, et al., 2021; 
Phillips et al., 2019). The search terms are fully reported in (Phillips 
et al., 2019). Specifically, they included keywords to retrieve pesticide 
studies (such as ‘pesticide’, ‘fungicide’, ‘insecticide’ and ‘agrochemi-
cal’) and soil fauna community studies (combination of keywords of 
the form ‘soil’ AND (‘fauna’ OR ‘arthropod’ OR ‘invertebrate’) AND 
(‘community’ OR ‘biodiversity’)). From the full systematic search, by 
screening the abstracts and full texts, we identified 104 studies fo-
cusing on pesticide impacts (Beaumelle, Thouvenot, et al., 2021). We 
further screened the full texts of those 104 studies against our inclu-
sion criteria to identify our final set of 54 included studies (PRISMA 
plot: Figure S2). To verify the efficacy of the search, we checked that 
the initial literature search retrieved a set of preidentified papers rel-
evant to the current meta- analysis scope (Burrows & Edwards, 2002; 
Fountain et al., 2007; Knacker et al., 2004; Scholz- Starke et al., 2011, 
2013; Velcheva et al., 2012).

2.2  |  Inclusion criteria

We included studies that met the following inclusion criteria:

• Test the effects of a gradient of pesticide use (application rates 
or soil concentrations, untreated versus treated comparisons, or 
low versus high application rates or concentrations) on soil fauna 
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communities in terms of abundance, biomass, diversity indices 
or taxa richness. We followed the authors' statements regarding 
pesticide categorization. For example, studies investigating the 
effect of copper on soil fauna communities were only included if 
they specified that their treatment aimed to reflect the effects of 
copper- based fungicides. Studies comparing organic and conven-
tional farming systems were not included if they used different 
types of pesticides in organic and conventional fields and if they 
involved different types of farming practices on top of pesticide 
treatments.

• Focus on natural communities: We only included laboratory ex-
periments that involved intact soil cores and excluded studies cre-
ating artificial communities by adding species to soil microcosms.

• Report pesticide use intensity (such as pesticide application rates 
or soil contamination levels) in both the reference and treatment 
cases.

• Sample soil fauna using soil and/or litter processing (pitfall trap 
data were excluded if not accompanied by soil samples), so that 
our analysis focuses on organisms living strictly below the ground.

• Report means and standard deviations of the community metrics 
(abundance, biomass, richness or diversity) in both the control and 
treatment cases. For the Shannon index, however, we collected 
data even if the standard deviation was not reported to maximize 
the final number of observations, and we estimated variances as 
described below.

2.3  |  Data extraction

For each study, we collected soil fauna abundance, biomass, rich-
ness, and diversity indices along with several moderators. First, we 
defined the reference and treatment levels for each study based on 
the levels or intensities of pesticide use. For studies investigating 
multiple sites located along a gradient of pesticide intensities, the 
reference level was set as the condition with the lowest pesticide 
use intensity or concentration, and the treatment level was the 
treatment with the highest pesticide use intensity or concentration. 
We collected community data at the lowest taxonomic resolution 
reported by the study but higher than the family level (except for 
Enchytraeidae). When the study presented the response of several 
taxa or several pesticide treatments (different products, or differ-
ent mixtures of pesticides), we collected them all and created sepa-
rate observations for each taxon and pesticide treatment. If studies 
measured the same plot over multiple time points, we extracted 
control and treatment data from the latest time point to reflect long- 
term effects and control for temporal pseudoreplication (Ferlian 
et al., 2020; Hedges et al., 1999; Yue et al., 2018). We extracted 
means and variances for the reference and treatment levels from 
tables, text or figures (Rohatgi, 2018).

To test the effects of different pesticides (H1.2), we recorded 
pesticide identity (active ingredients) and assigned them to a pes-
ticide type (Table S1). Pesticide types were herbicides, fungicides, 
insecticides, or broad- spectrum substances (i.e. a single substance 

targeting several pests across taxonomic groups, e.g. fumigants). 
As a single study addressed the effect of a nematicide, we included 
that study in the insecticides category. When pesticide treatments 
involved multiple products combined into single, or several appli-
cations, we categorized the case study as ‘multiple substances’. We 
acknowledge that this categorization does not allow us to address 
the effect of mixtures of pesticides in its strict sense. From a soil 
fauna community perspective, realistic pesticide exposure can in-
volve tank mixtures (i.e. pesticides applied together, from the same 
sprayer), as well as the combination of several pesticides applied 
over the crop season. Both scenarios can lead to significant detri-
mental effects on soil biodiversity, and our approach enabled us to 
address them together in the present analysis.

We extracted pesticide application rates and the temporal ex-
tent of studies to test our hypotheses (H2.1) and (H2.2). We re-
corded if pesticides were applied at their recommended application 
rates or not based on information provided in the primary studies. 
When that information was missing, we compared the applied rates 
with the recommended application rates retrieved from the data-
base ANSES E- Phy (ANSES, 2023) for similar crops and target pests. 
We also recorded if studies addressed the effects of a single pesti-
cide application, or applied pesticides repeatedly (e.g. throughout 
the crop season). The temporal extent of the study reflected the 
time of the last sampling event after the start of the experiment 
(that is, the first pesticide application), with three categories: (1) 
‘short- term’ studies measured soil fauna response up to 3 months 
after pesticide application; (2) ‘intermediate- term’ studies spanned 
4 months to a year; and (3) ‘long- term’ studies from over a year to 
several years. It is important to note that our approach does not 
allow testing the temporal dynamics of pesticide effects on soil 
communities, as this was outside the scope of our study. Quantifying 
temporal effects would have required to use a different modelling 
framework to reduce temporal autocorrelation within each study. 
It would also further reduce the amount of available data, as fewer 
studies measure biodiversity changes over time. Instead, our ap-
proach, commonly used in other meta- analyses (Ferlian et al., 2020; 
Hedges et al., 1999; Yue et al., 2018), enables us to account for any 
variability in our mean effect sizes driven by different temporal ex-
tents in the primary studies.

To quantify whether functional traits moderated the response of 
soil fauna communities to pesticides (H3), we first assigned soil fauna 
taxa to taxonomic groups defined by the Global Soil Biodiversity 
Atlas (Orgiazzi et al., 2016) before assigning two functional traits. 
Taxonomic groups were categorized into (1) two functional groups 
based on the presence (arthropods) or absence (enchytraeids, nem-
atodes and earthworms) of an exoskeleton and (2) three body size 
categories (microfauna, mesofauna and macrofauna, Table S2). 
Although soil animals operate along a continuum of body size, body 
size categories are often used in soil ecology, as they reflect differ-
ent food web compartments (Decaëns, 2010; Potapov et al., 2021; 
Thakur et al., 2020) and are useful for comparing the response of dif-
ferent soil fauna groups to global change drivers in meta- analytical 
approaches (Phillips et al., 2019).
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2.4  |  Effect size calculation

We chose Hedge's g as the metric for our effect sizes because we 
were interested in the magnitude difference between control and 
pesticide treatments (Koricheva et al., 2013). Hedge's g represents 
a standardized mean difference (i.e. the raw mean difference is 
divided by the pooled standard deviation of the two groups) cor-
rected for positive bias (Viechtbauer, 2010). Hedge's g is widely 
used in ecology, making our results comparable to other studies. 
Furthermore, this metric is more suitable than the log- response ratio 
to incorporate the zero or close to zero values in our dataset (such as 
very low abundance or richness values due to pesticide treatments; 
Lajeunesse, 2013).

For Shannon data, 11 observations from six studies lacked stan-
dard deviations (SDs) because studies did not report them. Based 
on our dataset that included 50 means and SDs of Shannon index 
responses (from nine other studies), we regressed the SD against the 
mean and used the slope to impute missing SDs (Lajeunesse, 2013). 
We note that a limitation of this approach was that the lack of data 
prevented the possibility of including the effects of moderators, 
such as pesticide type or community metric, on the relationship be-
tween means and SDs. For other diversity metrics, such as evenness, 
the number of studies was insufficient to use a similar approach, and 
observations that lacked SDs were not considered.

2.5  |  Meta- analysis

2.5.1  |  General modelling approach

We fitted meta- analytical models to test our hypotheses. All mod-
els included a random effect of the study identity, as data from the 
same study are not independent. In addition, an observation- level 
random effect was also used following Viechtbauer (2022), to en-
sure that the models did not assume identical effects for different 
observations within the same study. Effect sizes were weighted by 
the inverse of their variance in all models, giving more weight to 
well- replicated studies (Koricheva et al., 2013). We used Q- Q plots 
of the standardized deleted residuals and verified that they did not 
strongly depart from a normal error distribution (Viechtbauer, 2020). 
We also used Cook's distance plots to identify influential observa-
tions and checked that excluding them from the models yielded simi-
lar results. We tested interactive effects between moderators using 
likelihood ratio tests (LRTs). When interactions were not significant, 
we refitted the models without the interaction to test the main ef-
fect of each moderator using Wald- type Chi- square tests (QM). Main 
and interactive effects from the models were considered significant 
when p < 0.05. We identified the most detrimental scenarios based 
on the predicted mean effect sizes and their confidence intervals. A 
significant mean effect size is shown when the confidence interval 
does not overlap with zero. We used R software and the R package 
metafor (R Core Team, 2019; Viechtbauer, 2010).

2.5.2  |  Main analysis

First, we fitted a main model of the form: Y ~ PesticideType x 
CommunityMetric, with Y being the effect size, PesticideType, a 
categorical moderator with five levels (herbicides, fungicides, 
insecticides, broad- spectrum and multiple substances), and 
CommunityMetric, a categorical moderator with two levels: abun-
dance (densities and biomass data) or diversity (richness and diver-
sity indices) because there were too few studies to test separately 
abundance, biomass, diversity indices and richness. This main model 
allowed us to test our overarching hypothesis (H1) by quantifying 
the marginal grand mean effect size across all studies, along with the 
mean effect sizes of different types of pesticides and community 
metrics (H1.1). According to (H1.2) we expected stronger negative 
effects of multiple substances, broad spectrum substances target-
ing a wide range of organisms, and insecticides that have direct toxic 
effects on invertebrates. To formally test (H1.2), we used a post- hoc 
analysis and fitted a model similar to the main model, but with four 
categories of pesticides: (1) multiple substances, (2) broad spectrum 
substances, (3) insecticides and (4) fungicides and herbicides as a 
group of substances that do not target soil invertebrates (Table 1).

Publication bias was assessed based on the main model that 
included pesticide type and community metric as moderators. The 
funnel plot indicated no clear sign of publication bias (Figure S3). We 
further fitted Egger's regression between standard normal deviates 
of the effect sizes and precision (i.e. the inverse of their standard 
errors) with pesticide type and community metric as covariates in-
teracting with precision (Koricheva et al., 2013). The results did not 
indicate publication bias, as none of the intercepts from Egger's re-
gression differed significantly from zero showing no significant fun-
nel plot asymmetry (Table S3).

2.5.3  |  Second- level analyses

We further tested the influence of four moderators related to expo-
sure conditions: ‘recommended rates’ (H2.1) and ‘temporal extent’ 
(H2.2), and to soil fauna functional traits: ‘body size’ (H3.1), and ‘exo-
skeleton’ (H3.2). Those subsequent models tested each of the four 
moderators in interaction with pesticide type because we expected 
that the influence of the moderators would depend on the type of 
pesticide (H1.2). Due to the lack of studies, we could not include 
interactions with the community metric (few diversity observations). 
The second- level models, therefore, addressed the combined re-
sponses of diversity and abundance. As the main model highlighted 
community metric as a significant moderator, we included a random 
effect of community metric in the second- level models to account 
for differences in diversity and abundance response across studies, 
in addition to the random effect of study identity. These second- 
level models were of the form: Y ~ PesticideType x Moderator, with 
a random effect structure: (1|CommunityMetric) + (1|StudyID/
ObservationID), and Moderator being either the temporal extent, 
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body size or exoskeleton. For recommended rates, we tested Y ~ 
PesticideType with the same random effect structure.

Each model was based on different subsets of the data suitable 
to test our hypotheses (Table 1). For recommended rates, the data 
subset included all studies and observations of pesticides used at 
their recommended rates (n = 31 studies; 158 observations), and all 
pesticide types were represented (although broad- spectrum and 
fungicides had few diversity observations). For temporal extent, we 
excluded broad- spectrum substances that did not have long- term 
observations (Table 1), which removed four studies and 37 observa-
tions for that analysis. For body size, three studies and 12 observa-
tions were removed. Primarily, this was due to the observations of 
soil invertebrates being at a taxonomic level that inherently spanned 
multiple body size categories (e.g. measuring all soil invertebrates). 
As a result of this subsetting, broad- spectrum pesticides were re-
moved as only one study remained (addressing their impacts on 
macrofauna). Similarly, for the exoskeleton model, five studies and 
14 observations were removed, as the observations were not at a 
taxonomic level that could be identified as with or without an exo-
skeleton (e.g. measuring all macrofauna). However, this model did 
include all five pesticide categories (broad spectrum, fungicides, her-
bicides, insecticides and multiple substances: Table 1).

Finally, we performed supplementary analyses focusing on the im-
pact of multiple pesticides. We compared the mean effect sizes of mul-
tiple substances combining different types of pesticides versus multiple 
substances belonging to the same pesticide type. We also quantified 
the mean effect sizes of two well- represented pesticides in our dataset 
(glyphosate and neonicotinoids) and compared their effects when used 

alone or in combination with other substances. Mean effect sizes were 
estimated with a similar modelling approach as described above (ran-
dom effect structure, Wald- type Chi- square tests and data subsets of 
multiple substances, glyphosate or neonicotinoid studies).

3  |  RESULTS

3.1  |  Data description

Our study encompasses the results from 54 publications, with a 
total of 294 individual observations. Most were field experiments 
(n = 51 studies; 277 observations), covering a wide range of en-
vironmental contexts, although mostly located in the Northern 
Hemisphere (Figure S1). Studies addressed a total of 86 active sub-
stances (Table S1) belonging to different pesticide types (Figure 1): 
insecticides (n = 19; 116), herbicides (n = 10; 37), fungicides (n = 8; 
42) and broad- spectrum pesticides (such as fumigants, n = 7; 37). 
Twenty studies addressed the impact of multiple substances, either 
applied together or as separate applications throughout the crop 
season. Multiple substances included combinations of several pes-
ticide types (n = 7; 14), or several products belonging to the same 
pesticide type (n = 14; 48). Most studies applied pesticides at rec-
ommended application rates (n = 31, 158), but their temporal extent 
varied greatly, with fauna sampled from 7 days up to 22 years after 
pesticide application.

Studies reported soil fauna community abundance (n = 47; 190), 
diversity indices (n = 16; 41), richness (n = 12; 28), biomass (n = 9; 27) 

TA B L E  1  Description of the meta- analytical models used to test our hypotheses using different subsets of the data. We removed 
observations that did not discriminate between moderator levels (e.g. soil fauna responses encompass multiple body size levels), or if they 
belong to a moderator level combination having fewer than two studies and three observations (e.g. broad- spectrum substances in the 
models for temporal extent and body size).

Model name Hypothesis Main predictor Moderator N. Studies N. Observations

Main model H1.1 Pesticide type (five levels: herbicides; 
fungicides; insecticides; broad- 
spectrum substances; multiple 
substances)

Community metric (two 
levels: abundance and 
diversity)

54 294

Main model 2 H1.2 Pesticide type (four levels: herbicides 
and fungicides; insecticides; broad- 
spectrum; multiple substances)

Community metric (two 
levels: abundance and 
diversity)

54 294

Recommended rates H2.1 Pesticides applied at recommended 
rates (five levels: herbicides; 
fungicides; insecticides; broad- 
spectrum substances; multiple 
substances)

— 31 158

Temporal extent H2.2 Pesticide type (four levels: herbicides; 
fungicides; insecticides; multiple 
substances)

Temporal extent (three levels: 
short- , intermediate-  and 
long term)

50 257

Body size H3.1 Pesticide type (four levels: herbicides; 
fungicides; insecticides; multiple 
substances)

Body size (three levels: micro- , 
meso-  and macro- fauna)

47 247

Exoskeleton H3.2 Pesticide type (five levels: herbicides; 
fungicides; insecticides; broad- 
spectrum substances; multiple 
substances)

Presence of exoskeleton (two 
levels: with exoskeleton; 
without exoskeleton)

49 280
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and evenness indices (n = 3; 8). They covered 15 taxonomic groups 
(Figure 1; Table S2). Nematodes were the most represented (n = 21 
studies; 80 observations), followed by Acari (n = 13; 50), Collembola 
(n = 13; 42) and earthworms (n = 12; 55). Several studies also re-
ported the response of multiple taxa together (macro- arthropods, 
macrofauna, micro- arthropods or soil fauna). All pesticide types had 
a similar balance of observations among the most represented taxa 
(Figure 1). However, studies investigated insecticide effects on a 
much wider range of soil fauna groups (Figure 1, 16 groups) than 
the other pesticide types (9 for multiple substances, 7 for broad- 
spectrum and fungicides and 6 for herbicides).

3.2  |  Contrasted effects of different 
types of pesticides

The results revealed a significant decrease in soil fauna abundance 
and diversity in response to pesticide use across studies. The grand 
mean effect size (Hedge's g) was −0.30 (CI: −0.47; −0.14; Figure 2a). 

Richness and diversity indices were more negatively affected than 
abundance and biomass of soil fauna (significant effect of community 
metric: QM(df = 1) = 3.94, p = 0.0471), an effect that was consistent 
across different pesticides (Figure 2a: non- significant pesticide type x 
community metric interaction, LRT(df = 4) = 3.43; p = 0.4886). Multiple 
substances and broad- spectrum substances significantly decreased 
soil fauna abundance and diversity, and insecticides significantly de-
creased soil fauna diversity (Figure 2a). Although the model indicated 
that all pesticides generally had a negative effect (non- significant ef-
fect of pesticide type QM(df = 4) = 8.35, p = 0.0797), mean effect sizes 
of herbicides and fungicides had confidence intervals that overlapped 
with zero indicating non- significant (or neutral) effects when averaging 
across studies. A post- hoc analysis revealed that this was due to simi-
larities between the effects of fungicides and herbicides. Grouping to-
gether these two types of pesticides, that do not target invertebrates, 
revealed a significant effect of pesticide type (QM(df = 3) = 8.20, 
p = 0.0420), showing that broad- spectrum, multiple substances and 
insecticides elicited stronger negative effects compared with sub-
stances not targeting invertebrates (fungicides and herbicides).

F I G U R E  1  Relative coverage of different pesticide types and soil fauna taxa groups in 294 observations from 54 studies on the impacts 
of pesticide use on soil communities included in the meta- analysis. The sunburst diagram represents the proportions of observations for 
each category. Soil fauna groups have been categorized under different body size categories depicted in different shades of grey. Category 
‘Others’ combines all taxa groups represented by fewer than 10 observations for a given pesticide type, and the body size category 
corresponds to the most common category across taxa groups (which differed depending on pesticide types).
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Supplementary analyses suggested stronger negative effect 
sizes of multiple substances combining different types of pesticides 
(herbicides and fungicides, herbicides and insecticides, insecticides 
and fungicides) than of multiple substances combining several pes-
ticides of the same type (broad- spectrum substances, herbicides, 
fungicides or insecticides; Figure S4a). Although that trend, based 
on a subset of the data (only for recommended application rates 
to avoid confounding effects of application rates and type of mul-
tiple substances) was not statistically significant (QM(df = 1) = 1.04, 
p = 0.3086, n = 15; 30), the magnitude of the difference between 
mean effects was 0.43 (CI: −1.25; 0.39). We further compared the 
impacts of two types of widely used pesticides, glyphosate and ne-
onicotinoids, when they were applied alone or combined with other 
pesticides. The results indicated a neutral mean effect size of these 
pesticides when applied alone (Figure S4). When glyphosate was 
combined with other pesticides, the mean effect size was also not 
significant (Figure S4b). However, we found a strong and significant 
negative effect of neonicotinoids applied in combination with other 
substances (Figure S4c).

3.3  |  Pesticide effects persisted at lower doses and 
longer temporal extents

When analysing studies that applied pesticides at their recom-
mended rates (Figure 2b, n = 31; 158), the mean effect size on soil 
fauna abundance and diversity had a magnitude similar to that of the 
main analysis (−0.30) but with confidence intervals that overlapped 
zero (−0.66; 0.06). Responses did not differ according to pesticide 
types (QM(df = 5) = 9.65, p = 0.0858), and only broad- spectrum sub-
stances caused significant declines when applied at recommended 

rates (Table S4). However, in contrast with the main meta- analysis 
(Figure 2a), this model combined diversity and abundance responses 
due to the lack of diversity observations (Figure 2b). Focusing on pes-
ticide types that had enough observations to quantify the separate 
mean effect for diversity and abundance (multiple substances, insec-
ticides and herbicides), we found that recommended rates of multiple 
substances and insecticides had significant negative effects on diver-
sity, and neutral mean effects on abundance, while herbicides had 
neutral effects on both diversity and abundance (Figure 2b).

The temporal extent of the study (the time between the start 
of the experiment and soil fauna sampling) did not significantly af-
fect soil fauna communities (Figure 3a; QM(df = 2) = 1.26, p = 0.5320, 
n = 50; 257). Across pesticide types, short-  and long- term studies 
had the lowest mean effect sizes, but only the long- term mean ef-
fect size was significantly negative (Figure 3a). Long- term studies 
were dominated by insecticides (n = 5; 23) and multiple substances 
(n = 9; 18), while long- term effects of fungicides and herbicides were 
only addressed in n = 2; 4 and n = 2; 3 studies and observations, 
respectively. Furthermore, most long- term studies focused on re-
peated pesticide applications (n = 14 out of 17), while short-  and 
intermediate- term studies mostly addressed the impacts of a single 
pesticide application (n = 15 out of 22, and 14 out of 19 studies, in 
short-  and intermediate term, respectively).

Testing the effect of the temporal extent for single versus re-
peated applications separately across all pesticide types would have 
needed more data. For insecticides, we observed similar short- , in-
termediate-  and long- term effects of single applications on the abun-
dance of soil fauna (QM(df = 2) = 3.01, p = 0.2219). Single insecticide 
applications had significant negative effects in the short term (−0.22; 
CI: −0.44; −0.01; n = 7; 63) and intermediate term (−0.45; CI: −0.85; 
−0.04; n = 3; 11). In the long- term category, we had only two studies 

F I G U R E  2  Effects of pesticides on soil fauna communities (a) and impact of recommended pesticide application rates (b). Grand mean and 
mean effect sizes (Hedge's g) and their 95% confidence intervals are predicted values from meta- analytic models of soil fauna abundance 
(densities and biomass) or diversity (richness or indices) response to different types of pesticides (multiple substances: several pesticides 
applied together or as separate applications throughout the crop season; broad- spectrum substances: single substances targeting a broad 
range of taxonomic groups). Significant mean effect sizes are those with confidence intervals not overlapping with zero, and the main model 
additionally tests whether effect sizes differ from each other. Numbers in parentheses indicate the sample size for each mean effect size as 
follows: (number of studies; number of observations).
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addressing the effects of the same active ingredient (diflubenzuron) 
and the effect size was neutral (0.03; CI: −0.33; 0.39; n = 2; 15).

3.4  |  Broad functional groups did not explain soil 
invertebrate communities' responses

There was no evidence that body size and the presence/absence of 
an exoskeleton significantly modulated the response of soil fauna 
communities to pesticides (Figure 3). In general, we found simi-
lar responses for the three body size categories (QM(df = 2) = 2.41, 
p = 0.2994, n = 47; 247). Although the presence of an exoskeleton 
was associated with significant negative effects (effect size non- 
overlapping with zero, Figure 3), communities of organisms with an 
exoskeleton or a soft body had broadly overlapping effect sizes that 
were not significantly different from each other (QM(df = 1) = 1.11, 
p = 0.2917, n = 49; 280). None of those traits interacted with pes-
ticide types (Body size: LRT(df = 6) = 5.45, p = 0.4877; Exoskeleton: 
LRT(df = 4) = 3.29, p = 0.5102).

4  |  DISCUSSION

Despite raising concerns about the ecological consequences of 
the widespread and intensive use of pesticides in agriculture, our 
study is the first meta- analysis to investigate their impacts on soil 
fauna communities. The results confirm the overarching hypothesis 
(H1) that pesticide use elicits negative effects on soil fauna com-
munities across different environmental contexts. Our findings 
align with previous reviews (Jänsch et al., 2006; Pelosi et al., 2014) 
and vote- counting syntheses (Gunstone et al., 2021), but expand 
on them by quantifying the magnitude of pesticide use impacts on 
natural communities. Vote- counting approaches are sensitive to bi-
ases imposed by different sampling efforts in the original primary 

studies (Koricheva et al., 2013). Quantitative synthesis is thus cru-
cial to generalize the consequences of pesticides across a range of 
environmental contexts and further allows comparisons of their 
significance with respect to other global change drivers (Phillips 
et al., 2019). In one of the few existing meta- analyses on this topic, 
Pelosi et al. (2014) found neutral effects of pesticides on earthworm 
communities when averaged across studies, due to strong context 
dependencies. Our results provide new insights into the most det-
rimental scenarios for soil biodiversity, and the hierarchy of mod-
erators influencing the general patterns of soil fauna communities' 
response to a range of ubiquitous pesticides. These findings high-
light that realistic pesticide use represents a threat to soil fauna 
communities and have strong implications for future regulation and 
risk assessment of pesticides.

4.1  |  Detrimental effects of pesticide use targeting 
a wide range of organisms

We found that pesticide scenarios with the most detrimental impacts 
were those that targeted a wide range of organisms, either through 
the application of a single broad- spectrum substance or through 
the combined application of multiple substances at the same time 
or along the crop season. Broad- spectrum substances were mostly 
fumigants, substances that target invertebrates as well as fungal 
crop diseases and weeds, while multiple substances often combined 
insecticides, fungicides and herbicides. This result probably reflects 
that broad- spectrum and multiple substances harm a wider range of 
organisms, and combine direct toxic and sublethal effects (Desneux 
et al., 2007; Pelosi et al., 2014) with indirect effects via soil micro- 
organisms, plants, or above- ground biota (Chen et al., 2013; Douglas 
& Tooker, 2016; Rillig et al., 2019; Scherber et al., 2010).

Our findings further imply potential widespread additive or syn-
ergistic effects of multiple pesticides, as shown by the significant 

F I G U R E  3  Negative effects of pesticide use on soil fauna communities across temporal extents and functional groups. (a) Temporal 
extent reflects the time between the start of the experiment and fauna sampling (short term: 1– 12 weeks; intermediate term: 4– 12 months; 
long term: >1– 22 years). (b) Body size categories covered different taxa groups listed in Table S2. (c) Communities of organisms with 
(arthropods) or without (earthworm, enchytraeid, and nematode) an exoskeleton. Values are mean effect sizes and 95% confidence intervals 
across pesticide types and community metrics (diversity and abundance) from meta- analytic models of different subsets of the data. Broad- 
spectrum pesticides lacked long- term and macrofauna studies and are not included in (a) and (b). Numbers in parentheses indicate sample 
size for each mean effect size as follows: (number of studies; number of observations).
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negative effect of multiple substances across studies. Those results 
confirmed our hypothesis that multiple substances elicit stronger neg-
ative effects than single substances with a specific target (H1.2). For 
example, neonicotinoid applications resulted in significant declines 
only when combined with other pesticides. This is an alarming finding 
because pesticide mixtures are frequently found in agricultural soils 
(Pelosi et al., 2021). Panico et al. (2022) also found that ‘natural’ field 
mixtures of currently used pesticides in agricultural soil represent a 
risk for soil invertebrates. Although our result cannot indicate whether 
additive or synergistic effects dominate, several recent case studies 
have demonstrated synergistic toxic effects of combined pesticides on 
non- target organisms (Amossé et al., 2018; Niedobová et al., 2019; Tosi 
& Nieh, 2019; Wood & Goulson, 2017). At the community level, spe-
cies interactions may be important drivers of such multiple stressors 
effects (Bruder et al., 2019; Orr et al., 2020). Multitrophic approaches 
combined with full- factorial studies will thus enable better predictions 
of the consequences of realistic pesticide use for soil biodiversity 
(Beaumelle, Thouvenot, et al., 2021). It would be particularly relevant 
to evaluate the relative magnitude of direct versus indirect effects by 
combining laboratory and field experiments (Clements & Rohr, 2009).

The present results suggest that direct effects can be important 
because insecticides had stronger negative effects than fungicides 
and herbicides. Soil fauna taxa groups are arthropods and inverte-
brates, thus more closely related to the main targets of insecticides 
than to those of fungicides and herbicides. The modes of action of in-
secticides can indeed operate on arthropods and invertebrates (e.g. 
neonicotinoids target neural pathways shared by insects and earth-
worms; Pisa et al., 2015). The stronger negative effects of insecti-
cides reported here are thus probably due to their direct toxic and 
sublethal effects on soil fauna (Jänsch et al., 2006; Pelosi et al., 2014). 
In contrast, while non- target effects of herbicides and fungicides on 
soil fauna have been reported for several species (Bart et al., 2017; 
Zaller et al., 2014), our results indicate that they may not be gen-
eralizable across communities and pesticide ingredients. However, 
we caution against interpreting our results as evidence for the lack 
of effects of herbicides and fungicides on soil communities. Indeed, 
currently, too few studies are available to make strong generaliza-
tions (only 8 studies for herbicides and 10 studies for fungicides). 
These studies covered a small range of soil fauna taxa (Figure 1) and 
very few addressed long- term effects. Furthermore, a neutral mean 
effect size can arise from context- dependent responses ranging 
from negative to positive, and the lack of studies currently limits our 
ability to explain this variability. Finally, it is important to note that 
most studies were field experiments, which inherently present high 
variability, making it difficult to demonstrate significant effects of 
pesticides (Brulle et al., 2022; Gunstone et al., 2021).

4.2  |  Pesticide use as a significant threat to soil 
biodiversity

We further revealed significant detrimental effects on soil fauna di-
versity across a range of functional groups, including when pesticides 

were used at their recommended application rates. Together, these 
alarming results suggest that pesticide use represents a significant 
threat to soil biodiversity.

The stronger negative effects on diversity than abundance re-
ported here probably reflect species- specific sensitivities to pes-
ticides that lead to the removal or decline in the abundance of 
sensitive species from pesticide- treated plots (Amossé et al., 2018; 
Hedde et al., 2012; Pelosi et al., 2013). In contrast, abundance re-
sponses can range from negative (e.g. via direct toxic effects) to pos-
itive (e.g. via indirect competitive or predation release) depending on 
the functional or taxonomic group considered (Atwood et al., 2018). 
The lower mean effect of pesticides on the abundance of soil fauna 
could therefore arise from such variable responses and compensa-
tion processes between species (Pelosi et al., 2014). Future studies 
could address how different facets of diversity, such as richness and 
evenness, or abundance versus biomass, respond to pesticide use, 
as here it was not possible to separate their responses to different 
pesticide types.

Soil fauna diversity also declined in response to recommended 
rates of pesticides in several scenarios. In general, the effect sizes of 
recommended rates were lower than in the main analysis, in line with 
ecotoxicology theory where the dose is one of the primary factors 
determining the biological response to toxicants (Newman, 2009). 
Indeed, in the main analysis, most studies that did not apply pes-
ticides at recommended rates used concentrations above those 
rates (13 studies, against only 2 studies below recommended rates). 
However, broad- spectrum substances, insecticides and multiple 
substances still showed clear negative effects at their recommended 
rates, implying significant detrimental non- target effects on soil com-
munities also at lower doses. Pelosi et al. (2021) also reported a high 
risk of chronic toxicity to earthworms exposed to realistic concen-
trations of pesticide mixtures in agricultural soils. Our findings thus 
only partly confirmed hypothesis (H2.1) that low doses of pesticides 
have lower detrimental effects on soil invertebrate communities. 
One explanation is that recommended application rates are derived 
from simplified experiments that may not capture well the response 
of natural soil communities. For example, experiments do not nec-
essarily consider the most sensitive species (Pelosi et al., 2013). We 
note that our meta- analysis of studies published from 1990 to 2018 
includes pesticides now forbidden in several countries. Comparing 
the effects of forbidden and currently used pesticides was outside 
the scope of our global analysis, given that pesticide regulations vary 
widely across countries and over time within a country (e.g. neon-
icotinoids bans in the EU). As recent evidence points to consider-
able increases in the toxicity of currently used pesticides for several 
non- target organisms (Schulz et al., 2021), it is not clear if excluding 
forbidden substances from our meta- analysis would have changed 
our conclusions. Furthermore, we showed that pesticides had stron-
ger negative effects on diversity than abundance, but we had few 
observations of diversity responses in this analysis. Including more 
data on the impact of recommended rates of pesticides on soil fauna 
diversity may thus lead to an even greater negative effect than re-
ported here.
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Our results further suggested persistent detrimental effects 
of pesticides on soil fauna communities over time. We expected 
lower negative effects on longer temporal extents due to pesticide 
degradation, population recovery and adaptation to pesticide ex-
posure (Givaudan et al., 2014; Navarro et al., 2007). Due to the lack 
of data, we could not formally test this hypothesis because short- 
term studies mainly addressed the effects of a single pesticide 
application, while long- term studies were dominated by repeated 
pesticide applications that could lead to stronger negative effects 
due to the repeated disturbances for soil communities. In addition, 
the over- representation of insecticides and multiple substances 
that had the strongest negative effects in long- term studies could 
explain the similar negative effects found in short-  and long- term 
studies. However, this result could also reflect the time it takes for 
soil fauna populations to recolonize after being affected by pesti-
cides, given their low dispersal ability (Amossé et al., 2020; Pelosi 
et al., 2015). Indeed, we found that a single insecticide application 
could reduce soil fauna abundance with a magnitude similar to that 
several weeks or several months after application. Although our 
primary studies covered a wide range of temporal extents from a 
few days to several years, we acknowledge that we extracted the 
last point in time when studies reported temporal series. While this 
reduced temporal pseudo- replication in the modelling framework 
used here, we missed observations at shorter duration within each 
study and the temporal dynamics that they may show. Our results 
nevertheless suggest that realistic pesticide use with repeated ap-
plications has long- term detrimental effects on soil fauna commu-
nities that future studies, land managers and policymakers should 
take into account.

Lastly, different types of soil fauna communities were equally 
affected by pesticide use, highlighting that pesticides could similarly 
threaten a wide range of soil animal functional groups. Therefore, 
our results did not confirm the hypothesis that pesticides have stron-
ger effects on larger organism groups (H3.1). Neither did our results 
support the hypothesis of different sensitivities of communities 
of arthropods versus non- arthropods (H3.2). It is conceivable that 
other functional groupings may better determine pesticide effects 
at this macroscopic scale. For example, endogeic earthworms have 
been found less sensitive to insecticides (chlorpyrifos) than epigeic 
ones (De Silva et al., 2010). Pesticides may thus affect communities 
of species living in close contact with the soil surface more than spe-
cies dwelling on the surface (Hedde et al., 2012; Pelosi et al., 2013). 
Key traits such as dispersal ability, diet breadth and generation 
length may also shape soil fauna responses to pesticide use, as has 
been found in aquatic communities (Liess & von der Ohe, 2005). 
Furthermore, the effects of the functional traits studied here may 
depend both on the type of substance and on the community metric, 
but unfortunately, the lack of studies only enabled us to test inter-
actions with broad categories of pesticides on combined diversity 
and abundance. These results suggest that the type of pesticide and 
application rate may influence soil fauna communities' response to 
pesticide use more than broad functional traits such as body size and 
the presence of an exoskeleton.

4.3  |  Implications and future directions

The present study demonstrates that the use of pesticides has sig-
nificant detrimental non- target effects on soil biodiversity, eroding 
a substantial part of global biodiversity and threatening ecosystem 
health. This provides crucial evidence to support recent policies that 
aim to reduce pesticide use. For example, the European Commission 
recently adopted a proposal for a new regulation of sustainable 
use of plant protection products that includes the aim to reduce 
by 50% the use and risk of chemical pesticides by 2030 (European 
Commission, 2022). Our results confirm the relevance of such regu-
lation to conserve soil biodiversity.

However, we also reported significant knowledge gaps regard-
ing the effects of low doses of pesticides on soil fauna communi-
ties, highlighting that policy initiatives would benefit from further 
research able to identify thresholds under which the detrimental 
effects of pesticides on soil biodiversity drop significantly. Linking 
pesticide use, animal exposures and potential side effects in ag-
ricultural landscapes could identify which substances should be 
managed in priority and reveal which degree of reduction is needed 
to safeguard biodiversity (Fritsch et al., 2022; Panico et al., 2022; 
Pelosi et al., 2021). Finding such thresholds will require multidisci-
plinary approaches that account for the consequences of pesticide 
reductions on crop productivity. Although our results imply cascad-
ing positive effects of pesticide reduction on the sustainability of 
agricultural production (by promoting a diversity of soil organisms 
involved in soil fertility, water infiltration or nutrient cycling) we 
cannot ignore potential short- term yield gaps that can result from 
pesticide reductions. Here, of the three studies that measured crop 
productivity, only one reported significant yield gain in response to 
pesticide use. Similarly, a large- scale study showed that reducing 
pesticide use generally does not result in losses in crop productivity 
and profitability (Lechenet et al., 2017). Additionally, integrated pest 
management strategies using natural enemies and building on and 
fostering nature- based solutions can further resolve apparent trade- 
offs between biodiversity conservation and agricultural production 
(Barnes et al., 2020; Beaumelle, Auriol, et al., 2021; Beaumelle, 
Giffard, et al., 2023; Dainese et al., 2019).

Our findings have strong implications for agriculture, as they 
suggest key actions to reduce the detrimental effects on soil fauna 
communities. First, limiting the number of pesticides should be con-
sidered (Rillig et al., 2019). Although reducing pesticide use is in line 
with recent policies, using a variety of substances is sometimes rec-
ommended to avoid the development of resistance to a particular 
pesticide (Barzman et al., 2015; van den Bosch et al., 2014). Thus, 
it would be interesting to explore potential trade- offs between 
biodiversity conservation and protection against pest resistance 
in the future. Second, since we found long- term detrimental ef-
fects of realistic pesticide use with repeated applications, we sug-
gest that spraying patterns could be modified to ensure soil fauna 
population recovery between pesticide applications to meet the 
objectives of sustainable agricultural production (e.g. European 
Commission, 2022).
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Finally, this study has important ramifications for future pes-
ticide regulation. National guidelines for pesticide registration, 
restrictions and banning should rely on data able to fully capture 
the long- term consequences of multiple substances for multiple 
non- target species in realistic conditions. By showing detrimental 
effects at recommended rates, our results especially challenge the 
way pesticides are tested before their market authorization (Brühl 
& Zaller, 2019), as they should not cause detrimental non- target ef-
fects on soil communities. Recommended application rates vary de-
pending on the crop, country, and manufacturer, and have recently 
been criticized because of the ways they are derived and their lack 
of transparency (Colin et al., 2020). The relevance of laboratory tests 
and risk assessment procedures to assess pesticide effects on bio-
diversity is increasingly being questioned (Brühl & Zaller, 2019). The 
development of new risk assessment approaches exposing multiple 
taxa to realistic mixtures of pesticides should, thus, be encouraged 
(Panico et al., 2022). Furthermore, by relying on long- term experi-
ments lasting a maximum of 1 year, environmental risk assessment 
for soil organisms may currently miss the long- term detrimental ef-
fects over several years reported here.

5  |  CONCLUSIONS

Our quantitative synthesis is an important step towards better pre-
dictions of the ecological consequences of pesticide use by focusing 
on natural soil fauna communities that are key components of global 
biodiversity and ecosystem functioning. Here, the negative effects 
of pesticides, especially in realistic scenarios with combinations of 
multiple substances and recommended rates, and largely based on 
field studies, confirm the general assumption and alarming conclu-
sion that pesticides can represent a major threat to soil biodiversity. 
It is now recognized that increases in quantity, diversity and geo-
graphic distribution of synthetic chemicals have exceeded the rate 
of other important global change drivers, such as rising atmospheric 
CO2. This, along with our results, should reinforce current policies, 
such as the European Green Deal, aiming to reduce pesticide use to 
conserve biodiversity and achieve sustainable agriculture.

AUTHOR CONTRIBUTIONS
Léa Beaumelle and Helen R. P. Phillips conceived the ideas and 
designed the methodology with inputs from Nico Eisenhauer, Jes 
Hines, Lise Thouvenot, and Céline Pelosi; Léa Beaumelle, Sandhya 
Malladi, Helen R. P. Phillips, Céline Pelosi and Léa Tison collected 
the data; Léa Beaumelle analysed the data and led the writing of the 
manuscript. All authors contributed critically to the drafts and gave 
final approval for publication.

ACKNO WLE DG E MENTS
This research was funded by a Large Research Grant from the 
British Ecological Society (awarded to H.R.P.P.). L.B. was supported 
by the Synthesis Centre (sDiv) of the German Centre for Integrative 
Biodiversity Research (iDiv) Halle- Jena- Leipzig, funded by the 

German Research Foundation (FZT 118) and the BiodivERsA Project 
SECBIVIT (funded through the 2017– 2018 Belmont Forum and 
BiodivERsA joint call for research proposals, under the BiodivScen 
ERA- Net COFUND program). H.R.P.P. has received funding from the 
European Union's Horizon 2020 research and innovation program 
under the Marie Skłodowska- Curie grant agreement No. 101033214 
(GloSoilBio). L.Th. acknowledges funding from the German Research 
Foundation (DFG Ei 862/18- 1).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
All data and R codes associated with this analysis are publicly availa-
ble on the Zenodo archive https://doi.org/10.5281/zenodo.7937860 
(Beaumelle, Tison, et al., 2023), and can also be found on GitHub 
https://github.com/leabe aumel le/MAPesti.

ORCID
Léa Beaumelle  https://orcid.org/0000-0002-7836-8767 
Léa Tison  https://orcid.org/0000-0003-4822-2983 
Nico Eisenhauer  https://orcid.org/0000-0002-0371-6720 
Jes Hines  https://orcid.org/0000-0002-9129-5179 
Sandhya Malladi  https://orcid.org/0000-0001-8700-0107 
Céline Pelosi  https://orcid.org/0000-0002-7100-5760 
Lise Thouvenot  https://orcid.org/0000-0002-8719-6979 
Helen R. P. Phillips  https://orcid.org/0000-0002-7435-5934 

R E FE R E N C E S
Amossé, J., Bart, S., Brulle, F., Tebby, C., Beaudouin, R., Nélieu, S., Lamy, 

I., Péry, A. R. R., & Pelosi, C. (2020). A two years field experiment to 
assess the impact of two fungicides on earthworm communities and 
their recovery. Ecotoxicology and Environmental Safety, 203, 110979.

Amossé, J., Bart, S., Péry, A. R. R., & Pelosi, C. (2018). Short- term effects 
of two fungicides on enchytraeid and earthworm communities 
under field conditions. Ecotoxicology, 27, 300– 312.

ANSES. (2023). E- Phy— Le catalogue des produits phytopharmaceu-
tiques et de leurs usages, des matières fertilisantes et des supports 
de culture autorisés en France.

Atwood, L. W., Mortensen, D. A., Koide, R. T., & Smith, R. G. (2018). 
Evidence for multi- trophic effects of pesticide seed treatments on 
non- targeted soil fauna. Soil Biology and Biochemistry, 125, 144– 155.

Balabanidou, V., Grigoraki, L., & Vontas, J. (2018). Insect cuticle: A criti-
cal determinant of insecticide resistance. Current Opinion in Insect 
Science, 27, 68– 74.

Bardgett, R. D., & van der Putten, W. H. (2014). Belowground biodiver-
sity and ecosystem functioning. Nature, 515, 505– 511.

Barnes, A. D., Scherber, C., Brose, U., Borer, E. T., Ebeling, A., Gauzens, 
B., Giling, D. P., Hines, J., Isbell, F., Ristok, C., Tilman, D., Weisser, W. 
W., & Eisenhauer, N. (2020). Biodiversity enhances the multitrophic 
control of arthropod herbivory. Science Advances, 6, eabb6603.

Barnes, A. E., Robinson, R. A., & Pearce- Higgins, J. W. (2023). Collation of 
a century of soil invertebrate abundance data suggests long- term 
declines in earthworms but not tipulids. PLoS ONE, 18, e0282069.

Bart, S., Laurent, C., Péry, A. R. R., Mougin, C., & Pelosi, C. (2017). 
Differences in sensitivity between earthworms and enchytrae-
ids exposed to two commercial fungicides. Ecotoxicology and 
Environmental Safety, 140, 177– 184.

 13652664, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.14437 by Inrae - D

ipso, W
iley O

nline L
ibrary on [28/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5281/zenodo.7937860
https://github.com/leabeaumelle/MAPesti
https://orcid.org/0000-0002-7836-8767
https://orcid.org/0000-0002-7836-8767
https://orcid.org/0000-0003-4822-2983
https://orcid.org/0000-0003-4822-2983
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-9129-5179
https://orcid.org/0000-0002-9129-5179
https://orcid.org/0000-0001-8700-0107
https://orcid.org/0000-0001-8700-0107
https://orcid.org/0000-0002-7100-5760
https://orcid.org/0000-0002-7100-5760
https://orcid.org/0000-0002-8719-6979
https://orcid.org/0000-0002-8719-6979
https://orcid.org/0000-0002-7435-5934
https://orcid.org/0000-0002-7435-5934


    |  13Journal of Applied EcologyBEAUMELLE et al.

Barzman, M., Bàrberi, P., Birch, A. N. E., Boonekamp, P., Dachbrodt- 
Saaydeh, S., Graf, B., Hommel, B., Jensen, J. E., Kiss, J., Kudsk, P., 
Lamichhane, J. R., Messéan, A., Moonen, A. C., Ratnadass, A., Ricci, 
P., Sarah, J. L., & Sattin, M. (2015). Eight principles of integrated 
pest management. Agronomy for Sustainable Development, 35, 
1199– 1215.

Beaumelle, L., Auriol, A., Grasset, M., Pavy, A., Thiéry, D., & Rusch, A. 
(2021). Benefits of increased cover crop diversity for predators and 
biological pest control depend on the landscape context. Ecological 
Solutions and Evidence, 2, e12086.

Beaumelle, L., Giffard, B., Tolle, P., Winter, S., Entling, M. H., Benítez, E., 
Zaller, J. G., Auriol, A., Bonnard, O., Charbonnier, Y., Fabreguettes, 
O., Joubard, B., Kolb, S., Ostandie, N., Reiff, J. M., Richart- Cervera, 
S., & Rusch, A. (2023). Biodiversity conservation, ecosystem ser-
vices and organic viticulture: A glass half- full. Agriculture, Ecosystems 
& Environment, 351, 108474.

Beaumelle, L., Hedde, M., Vandenbulcke, F., & Lamy, I. (2017). 
Relationships between metal compartmentalization and biomarkers 
in earthworms exposed to field- contaminated soils. Environmental 
Pollution, 224, 185– 194.

Beaumelle, L., Thouvenot, L., Hines, J., Jochum, M., Eisenhauer, N., & 
Phillips, H. R. P. (2021). Soil fauna diversity and chemical stress-
ors: A review of knowledge gaps and roadmap for future research. 
Ecography, 44, 845– 859.

Beaumelle, L., Tison, L., Eisenhauer, N., Hines, J., Malladi, S., Pelosi, C., 
Thouvenot, L., & Phillips, H. R. P. (2023). Data and analysis code from: 
Pesticide effects on soil fauna communities— A meta- analysis. Zenodo 
Open- Access Repository. https://doi.org/10.5281/zenodo.7937860

Bernhardt, E. S., Rosi, E. J., & Gessner, M. O. (2017). Synthetic chemicals 
as agents of global change. Frontiers in Ecology and the Environment, 
15, 84– 90.

Biondi, A., Mommaerts, V., Smagghe, G., Viñuela, E., Zappalà, L., & 
Desneux, N. (2012). The non- target impact of spinosyns on benefi-
cial arthropods. Pest Management Science, 68, 1523– 1536.

Bruder, A., Frainer, A., Rota, T., & Primicerio, R. (2019). The importance 
of ecological networks in multiple- stressor research and manage-
ment. Frontiers in Environmental Science, 7, 59.

Brühl, C. A., & Zaller, J. G. (2019). Biodiversity decline as a consequence 
of an inappropriate environmental risk assessment of pesticides. 
Frontiers in Environmental Science, 7, 177.

Brulle, F., Amossé, J., Bart, S., Conrad, A., Mazerolles, V., Nélieu, S., Lamy, 
I., Péry, A., & Pelosi, C. (2022). Toward a harmonized methodology 
to analyze field side effects of two pesticide products on earth-
worms at the EU level. Integrated Environmental Assessment and 
Management, 19, 254– 271. https://doi.org/10.1002/ieam.4650

Burrows, L. A., & Edwards, C. A. (2002). The use of integrated soil micro-
cosms to predict effects of pesticides on soil ecosystems. European 
Journal of Soil Biology, 38, 245– 249.

Cabidoche, Y.- M., Achard, R., Cattan, P., Clermont- Dauphin, C., Massat, 
F., & Sansoulet, J. (2009). Long- term pollution by chlordecone of 
tropical volcanic soils in the French West Indies: A simple leaching 
model accounts for current residue. Environmental Pollution, 157, 
1697– 1705.

Chen, D., Lan, Z., Bai, X., Grace, J. B., & Bai, Y. (2013). Evidence that 
acidification- induced declines in plant diversity and productivity 
are mediated by changes in below- ground communities and soil 
properties in a semi- arid steppe. Journal of Ecology, 101, 1322– 1334.

Clements, W. H., & Rohr, J. R. (2009). Community responses to contam-
inants: Using basic ecological principles to predict ecotoxicological 
effects. Environmental Toxicology and Chemistry, 28, 1789– 1800.

Colin, T., Monchanin, C., Lihoreau, M., & Barron, A. B. (2020). Pesticide 
dosing must be guided by ecological principles. Nature Ecology and 
Evolution, 4, 1575– 1577.

Dainese, M., Martin, E. A., Aizen, M. A., Albrecht, M., Bartomeus, I., 
Bommarco, R., Carvalheiro, L. G., Chaplin- Kramer, R., Gagic, V., 
Garibaldi, L. A., Ghazoul, J., Grab, H., Jonsson, M., Karp, D. S., 

Kennedy, C. M., Kleijn, D., Kremen, C., Landis, D. A., Letourneau, 
D. K., … Steffan- Dewenter, I. (2019). A global synthesis reveals 
biodiversity- mediated benefits for crop production. Science 
Advances, 5, eaax0121.

De Silva, P. M. C. S., Pathiratne, A., van Straalen, N. M., & van Gestel, 
C. A. M. (2010). Chlorpyrifos causes decreased organic matter de-
composition by suppressing earthworm and termite communities in 
tropical soil. Environmental Pollution, 158, 3041– 3047.

Decaëns, T. (2010). Macroecological patterns in soil communities. Global 
Ecology and Biogeography, 19, 287– 302.

Desneux, N., Decourtye, A., & Delpuech, J.- M. (2007). The sublethal 
effects of pesticides on beneficial arthropods. Annual Review of 
Entomology, 52, 81– 106.

Douglas, M. R., & Tooker, J. F. (2016). Meta- analysis reveals that seed- 
applied neonicotinoids and pyrethroids have similar negative ef-
fects on abundance of arthropod natural enemies. PeerJ, 4, e2776.

Eisenhauer, N., Bonn, A., & Guerra, C. A. (2019). Recognizing the quiet 
extinction of invertebrates. Nature Communications, 10, 50.

European Commission. (2022). Proposal for a regulation of the European 
Parliament and of the council on the sustainable use of plant pro-
tection products and amending Regulation (EU). 2021/2115.

FAO. (2018). Soil pollution: A hidden reality. FAO.
FAO, ITPS, GSBI, SCBD, and EC. (2020). State of knowledge of soil 

biodiversity— Status, challenges and potentialities. FAO.
Ferlian, O., Thakur, M. P., Castañeda González, A., San Emeterio, L. M., 

Marr, S., da Silva Rocha, B., & Eisenhauer, N. (2020). Soil chemistry 
turned upside down: A meta- analysis of invasive earthworm effects 
on soil chemical properties. Ecology, 101, e02936.

Fountain, M. T., Brown, V. K., Gange, A. C., Symondson, W. O. C., & 
Murray, P. J. (2007). The effects of the insecticide chlorpyrifos on 
spider and Collembola communities. Pedobiologia, 51, 147– 158.

Frampton, G. K., Jänsch, S., Scott- Fordsmand, J. J., Römbke, J., & van den 
Brink, P. J. (2006). Effects of pesticides on soil invertebrates in lab-
oratory studies: A review and analysis using species sensitivity dis-
tributions. Environmental Toxicology and Chemistry, 25, 2480– 2489.

Fritsch, C., Appenzeller, B., Burkart, L., Coeurdassier, M., Scheifler, R., 
Raoul, F., Driget, V., Powolny, T., Gagnaison, C., Rieffel, D., Afonso, 
E., Goydadin, A. C., Hardy, E. M., Palazzi, P., Schaeffer, C., Gaba, S., 
Bretagnolle, V., Bertrand, C., & Pelosi, C. (2022). Pervasive expo-
sure of wild small mammals to legacy and currently used pesticide 
mixtures in arable landscapes. Scientific Reports, 12, 15904.

Givaudan, N., Binet, F., Le Bot, B., & Wiegand, C. (2014). Earthworm toler-
ance to residual agricultural pesticide contamination: Field and ex-
perimental assessment of detoxification capabilities. Environmental 
Pollution, 192, 9– 18.

Gunstone, T., Cornelisse, T., Klein, K., Dubey, A., & Donley, N. (2021). 
Pesticides and soil invertebrates: A Hazard assessment. Frontiers in 
Environmental Science, 9. https://doi.org/10.3389/fenvs.2021.643847

Hedde, M., van Oort, F., & Lamy, I. (2012). Functional traits of soil inverte-
brates as indicators for exposure to soil disturbance. Environmental 
Pollution, 164, 59– 65.

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta- analysis of 
response ratios in experimental ecology. Ecology, 80, 1150– 1156.

Hladik, M. L., Main, A. R., & Goulson, D. (2018). Environmental risks 
and challenges associated with neonicotinoid insecticides. 
Environmental Science & Technology, 52, 3329– 3335.

Jänsch, S., Frampton, G. K., Römbke, J., van den Brink, P. J., & Scott- 
Fordsmand, J. J. (2006). Effects of pesticides on soil invertebrates in 
model ecosystem and field studies: A review and comparison with 
laboratory toxicity data. Environmental Toxicology and Chemistry, 25, 
2490– 2501.

Knacker, T., van Gestel, C. A. M., Jones, S. E., Soares, A. M. V. M., 
Schallnaß, H.- J., Förster, B., & Edwards, C. A. (2004). Ring- testing 
and field- validation of a terrestrial model ecosystem (TME)— An 
instrument for testing potentially harmful substances: Conceptual 
approach and study design. Ecotoxicology, 13, 9– 27.

 13652664, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.14437 by Inrae - D

ipso, W
iley O

nline L
ibrary on [28/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5281/zenodo.7937860
https://doi.org/10.1002/ieam.4650
https://doi.org/10.3389/fenvs.2021.643847


14  |   Journal of Applied Ecology BEAUMELLE et al.

Koricheva, J., Gurevitch, J., & Mengersen, K. (2013). Handbook of meta- 
analysis in ecology and evolution. Princeton University Press.

Lajeunesse, M. (2013). Recovering missing or partial data from stud-
ies: A survey of conversions and imputations for meta- analysis. 
In Handbook of meta- analysis in ecology and evolution. Princeton 
University Press.

Lechenet, M., Dessaint, F., Py, G., Makowski, D., & Munier- Jolain, N. 
(2017). Reducing pesticide use while preserving crop productivity 
and profitability on arable farms. Nature Plants, 3, 1– 6.

Liess, M., & von der Ohe, P. C. (2005). Analyzing effects of pesticides on 
invertebrate communities in streams. Environmental Toxicology and 
Chemistry, 24, 954– 965.

Morgado, R. G., Loureiro, S., & González- Alcaraz, M. N. (2018). Chapter 
3— Changes in soil ecosystem structure and functions due to soil 
contamination. In A. C. Duarte, A. Cachada, & T. Rocha- Santos 
(Eds.), Soil pollution (pp. 59– 87). Academic Press.

Navarro, S., Vela, N., & Navarro, G. (2007). Review. An overview on the 
environmental behaviour of pesticide residues in soils. Spanish 
Journal of Agricultural Research, 5, 357– 375.

Newman, M. C. (2009). Fundamentals of ecotoxicology. CRC Press.
Niedobová, J., Skalský, M., Ouředníčková, J., Michalko, R., & Bartošková, 

A. (2019). Synergistic effects of glyphosate formulation herbi-
cide and tank- mixing adjuvants on Pardosa spiders. Environmental 
Pollution, 249, 338– 344.

Orgiazzi, A., Bardgett, R. D., Barrios, E., Behan- Pelletier, V. M., Briones, 
M. J. I., Chotte, J. L., De Deyn, G., Eggleton, P., Fierer, N., Fraser, 
T., Hedlund, K., Jeffery, S., Johnson, N. C., Jones, A., Kandeler, E., 
Kaneko, N., Lavelle, P., Lemanceau, P., Miko, L., … Wall, D. H. (2016). 
Global soil biodiversity atlas. European Commission, Publications 
Office of the European Union.

Orr, J. A., Vinebrooke, R. D., Jackson, M. C., Kroeker, K. J., Kordas, R. L., 
Mantyka- Pringle, C., Van den Brink, P. J., De Laender, F., Stoks, R., 
Holmstrup, M., Matthaei, C. D., Monk, W. A., Penk, M. R., Leuzinger, 
S., Schäfer, R. B., & Piggott, J. J. (2020). Towards a unified study of 
multiple stressors: Divisions and common goals across research dis-
ciplines. Proceedings of the Royal Society B: Biological Sciences, 287, 
20200421.

Panico, S. C., van Gestel, C. A. M., Verweij, R. A., Rault, M., Bertrand, 
C., Menacho Barriga, C. A., Coeurdassier, M., Fritsch, C., Gimbert, 
F., & Pelosi, C. (2022). Field mixtures of currently used pesticides 
in agricultural soil pose a risk to soil invertebrates. Environmental 
Pollution, 305, 119290.

Pelosi, C., Barot, S., Capowiez, Y., Hedde, M., & Vandenbulcke, F. (2014). 
Pesticides and earthworms. A review. Agronomy for Sustainable 
Development, 34, 199– 228.

Pelosi, C., Bertrand, C., Daniele, G., Coeurdassier, M., Benoit, P., 
Nélieu, S., Lafay, F., Bretagnolle, V., Gaba, S., Vulliet, E., & Fritsch, 
C. (2021). Residues of currently used pesticides in soils and earth-
worms: A silent threat. Agriculture, Ecosystems & Environment, 
305, 107167.

Pelosi, C., Bertrand, M., Thénard, J., & Mougin, C. (2015). Earthworms in 
a 15 years agricultural trial. Applied Soil Ecology, 88, 1– 8.

Pelosi, C., Toutous, L., Chiron, F., Dubs, F., Hedde, M., Muratet, A., Ponge, 
J.- F., Salmon, S., & Makowski, D. (2013). Reduction of pesticide use 
can increase earthworm populations in wheat crops in a European 
temperate region. Agriculture, Ecosystems & Environment, 181, 
223– 230.

Phillips, H. R. P., Beaumelle, L., Tyndall, K., Burton, V., Cameron, E., 
Eisenhauer, N., & Ferlian, O. (2019). The effects of global change on 
soil faunal communities: A meta- analytic approach. Research Ideas 
and Outcomes, 5, e36427.

Phillips, H. R. P., Cameron, E. K., Ferlian, O., Türke, M., Winter, M., & 
Eisenhauer, N. (2017). Red list of a black box. Nature Ecology and 
Evolution, 1, 103.

Pisa, L. W., Amaral- Rogers, V., Belzunces, L. P., Bonmatin, J. M., Downs, C. 
A., Goulson, D., Kreutzweiser, D. P., Krupke, C., Liess, M., McField, 

M., Morrissey, C. A., Noome, D. A., Settele, J., Simon- Delso, N., 
Stark, J. D., van der Sluijs, J. P., van Dyck, H., & Wiemers, M. (2015). 
Effects of neonicotinoids and fipronil on non- target invertebrates. 
Environmental Science and Pollution Research, 22, 68– 102.

Potapov, A. M., Rozanova, O. L., Semenina, E. E., Leonov, V. D., Belyakova, 
O. I., Bogatyreva, V. Y., Degtyarev, M. I., Esaulov, A. S., Korotkevich, 
A. Y., Kudrin, A. A., Malysheva, E. A., Mazei, Y. A., Tsurikov, S. M., 
Zuev, A. G., & Tiunov, A. V. (2021). Size compartmentalization of 
energy channeling in terrestrial belowground food webs. Ecology, 
102, e03421.

R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje 
ct.org/

Rillig, M. C., Ryo, M., Lehmann, A., Aguilar- Trigueros, C. A., Buchert, S., 
Wulf, A., Iwasaki, A., Roy, J., & Yang, G. (2019). The role of multiple 
global change factors in driving soil functions and microbial biodi-
versity. Science, 366, 886– 890.

Rohatgi, A. (2018). WebPlotDigitizer.
Römbke, J., Schmelz, R. M., & Pélosi, C. (2017). Effects of organic pesti-

cides on enchytraeids (Oligochaeta) in agroecosystems: Laboratory 
and higher- tier tests. Frontiers in Environmental Science, 5. https://
doi.org/10.3389/fenvs.2017.00020

Römbke, J., Van Gestel, C. A. M., Jones, S. E., Koolhaas, J. E., Rodrigues, J. 
M. L., & Moser, T. (2004). Ring- testing and field- validation of a ter-
restrial model ecosystem (TME)— An instrument for testing poten-
tially harmful substances: Effects of carbendazim on earthworms. 
Ecotoxicology, 13, 105– 118.

Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., Voigt, W., 
Fischer, M., Schulze, E.- D., Roscher, C., Weigelt, A., Allan, E., 
Beßler, H., Bonkowski, M., Buchmann, N., Buscot, F., Clement, L. 
W., Ebeling, A., Engels, C., Halle, S., Kertscher, I., … Tscharntke, T. 
(2010). Bottom- up effects of plant diversity on multitrophic inter-
actions in a biodiversity experiment. Nature, 468, 553– 556.

Scholz- Starke, B., Beylich, A., Moser, T., Nikolakis, A., Rumpler, N., 
Schäffer, A., Theißen, B., Toschki, A., & Roß- Nickoll, M. (2013). The 
response of soil organism communities to the application of the in-
secticide lindane in terrestrial model ecosystems. Ecotoxicology, 22, 
339– 362.

Scholz- Starke, B., Nikolakis, A., Leicher, T., Lechelt- Kunze, C., Heimbach, 
F., Theißen, B., Toschki, A., Ratte, H. T., Schäffer, A., & Roß- Nickoll, 
M. (2011). Outdoor terrestrial model ecosystems are suitable to 
detect pesticide effects on soil fauna: Design and method develop-
ment. Ecotoxicology, 20, 1932– 1948.

Schuldt, A., Assmann, T., Brezzi, M., Buscot, F., Eichenberg, D., 
Gutknecht, J., Härdtle, W., He, J.- S., Klein, A.- M., Kühn, P., Liu, 
X., Ma, K., Niklaus, P. A., Pietsch, K. A., Purahong, W., Scherer- 
Lorenzen, M., Schmid, B., Scholten, T., Staab, M., … Bruelheide, H. 
(2018). Biodiversity across trophic levels drives multifunctionality 
in highly diverse forests. Nature Communications, 9, 2989.

Schulz, R., Bub, S., Petschick, L. L., Stehle, S., & Wolfram, J. (2021). 
Applied pesticide toxicity shifts toward plants and invertebrates, 
even in GM crops. Science, 372, 81– 84.

Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G. P. S., Handa, N., 
Kohli, S. K., Yadav, P., Bali, A. S., Parihar, R. D., Dar, O. I., Singh, K., 
Jasrotia, S., Bakshi, P., Ramakrishnan, M., Kumar, S., Bhardwaj, R., & 
Thukral, A. K. (2019). Worldwide pesticide usage and its impacts on 
ecosystem. SN Applied Sciences, 1, 1446.

Soliveres, S., van der Plas, F., Manning, P., Prati, D., Gossner, M. M., 
Renner, S. C., Alt, F., Arndt, H., Baumgartner, V., Binkenstein, J., 
Birkhofer, K., Blaser, S., Blüthgen, N., Boch, S., Böhm, S., Börschig, 
C., Buscot, F., Diekötter, T., Heinze, J., … Allan, E. (2016). Biodiversity 
at multiple trophic levels is needed for ecosystem multifunctional-
ity. Nature, 536, 456– 459.

Thakur, M. P., Phillips, H. R. P., Brose, U., Vries, F. T. D., Lavelle, P., 
Loreau, M., Mathieu, J., Mulder, C., Van der Putten, W. H., Rillig, 
M. C., Wardle, D. A., Bach, E. M., Bartz, M. L. C., Bennett, J. M., 

 13652664, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.14437 by Inrae - D

ipso, W
iley O

nline L
ibrary on [28/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.3389/fenvs.2017.00020
https://doi.org/10.3389/fenvs.2017.00020


    |  15Journal of Applied EcologyBEAUMELLE et al.

Briones, M. J. I., Brown, G., Decaëns, T., Eisenhauer, N., Ferlian, O., 
… Cameron, E. K. (2020). Towards an integrative understanding of 
soil biodiversity. Biological Reviews, 95, 350– 364.

Tosi, S., & Nieh, J. C. (2019). Lethal and sublethal synergistic effects of a 
new systemic pesticide, flupyradifurone (Sivanto®), on honeybees. 
Proceedings of the Royal Society B: Biological Sciences, 286, 20190433.

van den Bosch, F., Paveley, N., van den Berg, F., Hobbelen, P., & Oliver, 
R. (2014). Mixtures as a fungicide resistance management tactic. 
Phytopathology, 104, 1264– 1273.

Velcheva, I., Petrova, S., Mollov, I., Gecheva, G., & Georgiev, D. (2012). 
Herbicides influence the community structure of the soil mezo-
fauna. Bulgarian Journal of Agricultural Science, 18, 742– 748.

Viechtbauer, W. (2010). Conducting meta- analyses in R with the metafor 
package. Journal of Statistical Software, 36, 1– 48.

Viechtbauer, W. (2020). Model checking in meta- analysis. In Handbook of 
meta- analysis. Chapman and Hall/CRC.

Viechtbauer, W. (2022). Documentation multivariate/multilevel meta- 
analysis models, Konstantopoulos (2011) (the metafor package).

Wagg, C., Bender, S. F., Widmer, F., & Heijden, M. G. A. v. d. (2014). Soil 
biodiversity and soil community composition determine ecosystem 
multifunctionality. Proceedings of the National Academy of Sciences 
of the United States of America, 111, 5266– 5270.

Wall, D. H., Nielsen, U. N., & Six, J. (2015). Soil biodiversity and human 
health. Nature, 528, 69– 76.

Wang, Z., Walker, G. W., Muir, D. C. G., & Nagatani- Yoshida, K. (2020). 
Toward a global understanding of chemical pollution: A first com-
prehensive analysis of national and regional chemical inventories. 
Environmental Science & Technology, 54, 2575– 2584.

Wardle, D. A. (2002). Communities and ecosystems: Linking the aboveground 
and belowground components (MPB- 34). Princeton University Press.

Wood, T. J., & Goulson, D. (2017). The environmental risks of neonicoti-
noid pesticides: A review of the evidence post 2013. Environmental 
Science and Pollution Research, 24, 17285– 17325.

Yue, K., Yang, W., Peng, Y., Peng, C., Tan, B., Xu, Z., Zhang, L., Ni, X., 
Zhou, W., & Wu, F. (2018). Individual and combined effects of mul-
tiple global change drivers on terrestrial phosphorus pools: A meta- 
analysis. Science of the Total Environment, 630, 181– 188.

Yvon- Durocher, G., Montoya, J. M., Trimmer, M., & Woodward, G. 
(2011). Warming alters the size spectrum and shifts the distribu-
tion of biomass in freshwater ecosystems. Global Change Biology, 
17, 1681– 1694.

Zaller, J. G., Heigl, F., Ruess, L., & Grabmaier, A. (2014). Glyphosate her-
bicide affects belowground interactions between earthworms 
and symbiotic mycorrhizal fungi in a model ecosystem. Scientific 
Reports, 4, 5634.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Geographic distribution of 54 studies on pesticide 
use impacts on soil fauna communities. Based on sampling or 
experimental locations of the primary studies.

Figure S2. PRISMA plot showing the steps to reach a final set of 54 
studies for the present meta- analysis.
Figure S3. Assessment of publication bias. Funnel plot of the 
residuals from the main meta- analytic model of pesticide effects on 
soil fauna community against their standard errors. Model included 
the effects of pesticide type and community metric (diversity or 
abundance) as moderators.
Figure S4. Effects of multiple pesticides on soil fauna communities. 
(A) Differences between mean effect sizes of multiple pesticides 
of several types (herbicides and fungicides, herbicides and 
insecticides, insecticides and fungicides) and multiple pesticides of 
the same type (broad- spectrum substances, herbicides, fungicides, 
or insecticides) when applied at recommended rates (data subset 
to enable meaningful comparisons, because the category “several 
types” only applied pesticides at recommended rates in contrast 
to the category “same type”). Effects of neonicotinoids (B) and 
glyphosate (C) applied alone or combined with other pesticides. 
Values are mean effect sizes and 95% confidence intervals 
derived from meta- analytic models with a random effect structure 
accounting for non- independence within studies and community 
metrics.
Table S1. List of pesticides types and active ingredients covered 
in this meta- analysis, with the total number of studies (no.stu) and 
observations (no.obs) and CAS number for each. Active ingredient 
names from the Pesticide Properties DataBase (PPDB: http://sitem.
herts.ac.uk/aeru/ppdb/en/atoz.htm).
Table S2. List of (taxonomic) groups and their body size category 
covered in this meta- analysis, with the total number of studies (no.
stu) and observations (no.obs). Taxa groups as categorized from the 
Global Soil Biodiversity Atlas (GSBA), and as reported in the primary 
studies (from studies).
Table S3. Results from Eggers' regression indicating no publication 
bias.
Table S4. Results from meta- analytic models of pesticide effects on 
soil fauna communities.
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