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focused on global systematic reviews or meta-analysis to quantify the effects of NEOs on soil animals. Here, we
present a meta-analysis of 2940 observations from 113 field and laboratory studies that investigated the effects of

NEOs (at concentrations of 0.001-78,600.000 mg/kg) on different soil animals across five indicators (i.e., sur-
vival, growth, behavior, reproduction, and biochemical biomarkers). Furthermore, we quantify the effects of
NEOs on different species of soil animals. Results show that NEOs inhibit the survival, growth rate, behavior, and
reproduction of soil animals, and alter biochemical biomarkers. Both the survival rate and longevity of in-
dividuals decreased by 100 % with NEO residues. The mean values of juvenile survival, cocoon number, and egg
hatchability were reduced by 97 %, 100 %, and 84 %, respectively. Both individual and cocoon weights were
reduced by 82 %, while the growth rate decreased by 88 % with NEO residues. Our meta-analysis confirms that
NEOs pose significant negative impacts on soil animals.

1. Introduction

Neonicotinoids (NEOs) are a new class of broad-spectrum in-
secticides that act as agonists on nicotinic acetylcholine receptors
(nAChRs) on the post-synaptic membrane, disrupting neural trans-
missions in the central nervous systems of insects [1]. NEOs have been
on the market for more than 20 years since Bayer developed the first
NEO, imidacloprid, in the mid-1980s Kollmeyer et al. [2]). By 2014, the
NEO market accounted for more than 25 % of the total global insecticide
sales [3,4]. However, the extensive use of NEOs in recent years has led to
their frequent detection in different environmental media, such as soil,
dust, surface water, sediment, and groundwater, globally [5]. Mean-
while, numerous studies have reported severe ecological risks of NEOs to
non-target species such as bees [6,7], birds [8,9], earthworms [10,11],
mammals [12], and aquatic organisms [13-16]. Without a doubt, NEO
pollution has caused significant environmental concern globally.

Soils are complex and biodiverse ecosystems on the earth, that
include organisms representing nearly a quarter of global biodiversity
[17]. Soil animals play important roles in multiple ecosystem services
for agricultural sustainability. According to reports, only a small per-
centage of NEOs is absorbed by crops after use, while more than 90 % of
the active ingredients enter the soil [18,5,4]. Hou et al. [19] showed
recently that the sum concentration of 13 NEOs collected from agri-
cultural soils in China ranged from 0.04 to 702.00 pg/kg, while in
Europe, the maximum sum concentration of NEOs in soils was observed
with 138 pg/kg [20]. Surprisingly, NEOs can be found in soil even 1000
days after application, leading to their accumulation in the environment
with repeated use [4,21,22]. Consequently, organisms in soil systems
are likely to be exposed to high NEO concentrations [4,23]. Overall, the
ecological and environmental problems in soil system caused by NEOs
have aroused widespread concern globally [24].

Numerous studies have confirmed that NEOs are harmful to earth-
worms (a key indicator for soil health) and other non-target soil animals
[25,26]. NEOs can accumulate in the tissues and/or digestive tracts of
many soil animals [27-29]. NEOs can also destroy the physiological
structures of soil animals, causing DNA damage, cell trauma, and
oxidative stress [30,31]. The direct toxic effects of NEOs include
reducing their growth, reproduction, and development [8,32]. In addi-
tion to these direct effects, NEOs can indirectly affect soil animals
through resource changes and biotic interactions with soil microbes,
plants, and ground animals [8,33]. A comprehensive assessment of the
effects of NEOs on soil organisms is required because of their growing
threat to soil organisms.

In recent years, numerous studies have investigated the effects of
NEOs on non-target soil animals’ performance indicators (i.e., survival,
reproduction, behavior, reproduction, and biochemical biomarkers).
However, there have been relatively few quantitative syntheses of this
expanding literature. Meta-analysis is a statistical tool widely used to
compare and integrate the results of multiple studies. Main et al. [34]
conducted a meta-analysis to assess the effects of NEOs on non-target
terrestrial arthropods. Douglas and Tooker [35] studied the negative
effects of natural enemy abundance on arthropods using a
meta-analysis. Beaumelle et al. [36] conducted the first meta-analysis of
pesticide effects on natural soil fauna communities. However, the

coverage of soil animals and related indicators in previous studies has
been limited, and there is a lack of research focusing on NEOs. There-
fore, conducting a comprehensive analysis of the effects of NEOs on soil
animals is necessary.

In this study, we conducted the first meta-analysis of the effects of
NEOs on soil animal communities and divided them into subgroups
according to different species of soil animals. Biochemical biomarkers
were included as indicators for the effects of NEOs on soil animals at the
first time. Our goal is to answer the main question, "What are the effects
of NEOs on non-target soil animals? Our main goal was to quantitatively
assess repeatedly reviewed evidence to determine whether NEO treat-
ments had any effect on the survival, growth, behavior, reproduction,
and biochemical properties of non-target soil animals compared to un-
treated controls. Through this paper, we addressed the following ques-
tions: (1) Do NEOs affect five specific indicators (i.e., survival, growth,
behavior, reproduction, and biochemical biomarkers) of soil animals?
(2) Do various soil animal classes experience different effects from
NEOs?

2. Materials and methods
2.1. Literature search

We used the literature search database of the Web of Science (WOS)
cross-checked with PubMed to find studies evaluating NEO effects on
non-target soil animals. The keywords used were the following: “neon-
icotinoid” or “imidacloprid” or “acetamiprid” or “nitenpyram” or “imi-
daclothiz” or “thiacloprid” or “thiamethoxam” or “clothianidin” or
“dinotefuran” and “soil” or “terrestrial” and “animal” or “fauna” or
“earthworm” or “enchytraeid” or “springtail” or “mite” to identify pa-
pers published from January 1, 1900 to June 24, 2022. The purpose of
these search terms was to compile information that addresses our pri-
mary inquiries regarding the impact of NEOs on soil ecosystems. All the
keywords associated with NEOs were linked by the Boolean operator
“OR”, and synonyms relevant to edaphic were connected with the
operator “AND”. In addition, the search terms of specific names of
pesticides and animals are common NEOs and soil animals. By searching
these keywords, we obtained 2439 scientific papers. After excluding
duplicate papers and reviews, that did not include data, 2392 papers
were retained. The details of the literature collection process are pre-
sented in Fig. S1 in Supporting Information (SI).

2.2. Criteria and relevance

For inclusion in this review, the following selection criteria were
established [37,34,38]:

(1) The studied animal must be a soil-dwelling terrestrial species.
Aquatic or terrestrial microbial organisms, such as bacteria and
fungi, were not within the scope of our review.

(2) The study must include non-target soil animals, excluding the
target animals or common agricultural pests (e.g., thrips, ter-
mites, or root-feeding beetle larvae).



Y. Cao et al.

(3) The study must evaluate the effects of NEOs on non-target ani-
mals based on observations.

(4) The pesticide studied must be a NEO.

(5) The study must compare experimental treatments against control
treatments with two or more replicates.

Among the obtained scientific articles, the title and abstract of each
identified paper were briefly scanned for relevance, and we identified
526 studies. Finally, after further reviewing all literature by applying
these selection criteria, 113 laboratory and field studies with 2940 ob-
servations were selected in the present study for meta-analysis
(Table S1). It needs to be noted that the proportion of field studies is
small (i.e., 11 out of 113 articles), making it impossible to perform a
separate sensitivity analysis.

2.2.1. Non-target soil animals

Soil animals were defined as organisms inhabiting the soil during
part or all of their lifetimes. The soil animals from relevant studies that
fit our criteria are organized by taxa in the Results section (Table 1).
Additionally, arthropods, Thysanoptera, and ground-nesting bees, as
well as various combinations of these taxa were included in our analysis.
We also conducted a subgroup meta-analysis of soil animals to explore
the effects of NEOs on different types of animals. However, aquatic and
terrestrial microbial organisms, such as bacteria and fungi, were
excluded from this study.

2.2.2. Observation

Observations were defined as unique combinations of the following
variables: NEO, animal, and endpoints. Each observation measured a
specific endpoint following the exposure of a specific animal to a specific
NEO. Observations were identified and extracted from each study. We
classified the observations into five major indicators: survival (523),
growth (393), behavior (126), reproduction (362), and biochemical
biomarkers (1536) (Table S2).

2.2.3. NEOs

We included all NEOs in our study: imidacloprid, acetamiprid,
nitenpyram, imidaclothiz, thiacloprid, thiamethoxam, clothianidin, and
dinotefuran. We included data not only on parent NEO molecules but
also their metabolites (e.g., R-dinotefuran, S-dinotefuran, 1-methyl-3-
(tetrahydro-3-furylmethyl) urea, and 1-methyl-3-(tetrahydro-3-furyl-
methyl) guanidium dihydrogen). However, studies with two or more
NEO active ingredients applied together were categorized as mixtures
and were not included in our analysis. We also did not include studies
that focused on the behavior of NEOs, including sorption, degradation,

Table 1
Soil animals included in the analysis and their functional groups.

Taxa Animal Functional group
Acari Mites; Spider mites Predator
Coleoptera Beetles; Carabidae; Coccinellidae; Predator
Nitidulidae; Red palm weevil;
Staphylinidae
Collembola Springtails Detritivore
Dermaptera Earwig Predator
Diapsida Lizard Predator
Diplura Japygudae Detritivore
Gastropoda Snail Mixed
Hemiptera Bug Predator
Hymenoptera  Ant; Araneae; Chilopada; Formicidae; Pollinator; Mixed;
Honeybee; Wild bee; Parasitoid wasp Parasitoid; Detritivore
Isopoda Woodlice Mixed
Isoptera Termite Mixed
Lepidoptera Monarch butterfly; Pyralidae; Silkworm Pollinator; Predator
Libellulidae Odonatan Predator
Nematoda Roundworms Detritivore
Neuroptera Lacewing Predator
Oligochaeta Earthworms; Enchytraeid Detritivore
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transport, runoff, volatilization, dissipation, persistence, and leaching.
Although these interactions in the soil are necessary to understand the
environmental fate of pesticides, they go beyond the scope of our
analysis.

2.3. Data extraction

After compiling all studies that met our established criteria, non-
target soil animal performance measures were consistently evaluated
in this literature. We extracted data for the five most common indicators:
survival (523), growth (393), behavior (126), reproduction (362), and
biochemical biomarkers (1536).

For each study included in the meta-analysis, six essential factors
were extracted: number of replicates for the control (CK},), number of
replicates for the NEO treatment (T,), mean of the control group
(CKmean), standard deviation for the control group (CKy4), mean of the
NEO treatment group (Tmeqn), and standard deviation for the NEO
treatment group (T;q). If the articles did not provide standard deviation
(SD) or standard error (SE) values, the missing SDs were approximated
using the average coefficient of variation of the dataset in which the SD
was reported and multiplied by the reported mean (M) [30]. The
equations used are as follows:

SDi =m; * Mi (1)
SD,
n,

where m, refers to the average coefficient of variation, which is derived
from the sum of the ratio of each known SD (SD,) and the mean (M,)
divided by the number of known data points (n,). SD; is calculated from
the data of articles that did not report SDs and is derived from the sum of
m, and the mean of the literature (M;).

If SEs were given in a paper, SD was calculated as follows:

SD = SEVN 3

where N is the sample size, and SD is the standard deviation of the
treated or control group.

All data were extracted from in-text results, tables, or figures using
GetData Graph Digitizer 2.26 (available online; http://getdata-graph-di
gitizer.com). The final database used for the meta-analysis contained
2940 observations from 113 studies (Table S1).

2.4. Statistical analyses

The analysis was conducted in R (version 4.2.2) using the Metafor
package [39]. All data categories, including survival (523), growth
(393), behavior (126), reproduction (362), and biochemical biomarkers
(1536), were analyzed separately. The effects of NEO application on soil
animal performance measures were examined using meta-analysis
models.

The meta-analysis was based on the difference in effect size between
NEO and control treatments. The effect value is the combined statistics
in the quantitative meta-analysis, whose calculation method mainly
depends on the acquisition of data from the original literature. For each
pair of control treatment and NEO treatment observations extracted, we
calculated Hedges’'g as a measure of effect size [39]. Hedges’ g is the
calculated and bias-corrected standardized mean difference (SMD) or
the estimate of the effect size between the treatment and control groups,
an indication of how much one group may differ from another. Effect
sizes were calculated by subtracting the mean of the control from the
treatment mean and dividing it by the pooled and weighted standard
deviation. We used the natural log-transformed response ratio (In RR) as
a metric of the effects of NEO residues on a response variable relative to
the control, where no NEO was used. The effect size (g) was considered
significant if the 95 % confidence intervals (CI) did not overlap with
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one.

X
1ogRR = In (Z) @

where X, denotes the mean of the control treatment, X; denotes the mean
of the NEO treatment. For our analysis, all models were random or
mixed effects models fitted using the method of restricted maximum
likelihood estimator (REML). Compared with other variance estimators,
the REML provides a balance between unbiasedness and efficiency [40].

3. Results

A total of 113 laboratory and field studies fit our criteria, yielding
2940 observations. The concentrations of NEOs in the field experiments
were 0.02-780.00 mg/kg based on 116 observations, while in the lab-
oratory experiments they were 0.001-78,600.000 mg/kg based on 2824
observations. The detailed information of observation data is presented
in an Excel file named Raw Data in SI. The meta-analysis results showed
that NEO residues had different effects on the survival, growth,
behavior, reproduction, and biochemical biomarker responses of soil
animals (Table S2). For the same observations, soil animals were con-
ducted as subgroups, which showed various levels of responses to NEOs.
Soil animals were divided into 16 species (Table 1). Among them, Oli-
gochaeta earthworms and Collembola springtails accounted for a large
proportion.

3.1. Survival

As shown in Fig. 1, NEOs have significant negative effects on the
survival of soil animals. Both the mean survival rate of individuals and
longevity were reduced by 100 % in the pesticide treatment group
compared to those in the control group (p < 0.0001).

Each index was divided into subgroups according to different soil
animal categories, including Oligochaeta, Collembola, Acari, Coleop-
tera, Hymenoptera, Nematode, and Neuroptera. The mean survival rate
decreased by 100 % (Oligochaeta), 100 % (Collembola), 100 % (Acari),
100 % (Coleoptera), 100 % (Hymenoptera), 98 % (Nematode), and
99.5 % (Neuropteran), with the response ratios of 0.00 [0.00, 0.00],
0.00 [0.00, 0.00], 0.00 [0.00, 0.00], 0.00 [0.00, 0.01], 0.00 [0.00, 0.001,
0.20 [0.10, 0.42], and 0.05 [0.01, 0.22], respectively (p < 0.0001).
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Neuroptera longevity decreased by 100 % with response ratios of 0.00
[0.00, 0.02] (p < 0.05). Overall, all types of animals’ survival and
longevity were greatly inhibited by NEOs.

3.2. Growth

As shown in Fig. 2, the growth rate of soil animals was reduced by
88 %, with stimulated reproductive organs response ratios of 0.12 [0.02,
0.62] (p < 0.05), indicating that NEOs significantly inhibit the soil an-
imal growth. The growth inhibition rate was increased by 185 %, with

Subgroup N  Response ratio P
Abundance - 26 0.62 [0.46,0.84] 0.0022

Arthropod - 5 066 [029,152] 0.33
Biomass o 55 0.08 [0.04,0.14] <0.0001

a

Oligochaeta * 55 0.07 [0.04,0.15] <0.0001

Number of taxa e 4

3

0.88 [0.71,1.09] 0.2383

Growth rate

©

0.12 [0.02,0.62] 0.0108

Growth inhibition rate - 56 2.85 [2.13,3.83] <0.0001
Oligochaeta - 56 2.85 [2.13,3.83] <0.0001
Cocoon weight - 58 0.18 [0.13,0.25] < 0.0001
Oligochaeta  i» 54 0.16 [0.11,0.22] <0.0001
Individual weight - 141 0.18 [0.11,0.3] <0.0001
Oligochaeta = 121 0.18 [0.1,0.32] <0.0001
Coleoptera 4 071 [041,1.23] 0.2254

Hymenoptera 8 082[05,135] 04395

15 25
Response ratio

Fig. 2. Effects of NEO treatments on growth performance measures of non-
target soil animals based on 393 observations. The blue square symbols show
the average value of the response ratio for each type of NEO with error bars
representing 95 % confidence interval (CI). A ratio > 1 indicates that the
response from the treatment is higher compared to the control group. N refers
to sample size and p means the p-value of the Q test. A significant effect of NEO
use is indicated when CI does not overlap one and significance codes are as
follows: * ** * p < 0.0001, * ** p < 0.001, * * p < 0.01, and * p < 0.05.

Subgroup N Response ratio P
Survival rate of individual 491 0([0,0] <0.0001
Oligochaeta 192 0[0,0] <0.0001
Collembola 136 0[0,0] < 0.0001
Acari 20 0[0,0] < 0.0001
Coleoptera 51 0[0,0] < 0.0001
Hymenoptera * 30 0[0,0.01] < 0.0001
Nematode 38 0.2 [0.1,042] <0.0001
Neuroptera - 2 0.05 [0.01,0.22] <0.0001
Longevity . 32  0[0,002] <0.0001
Neuroptera 6 0[0,0.02] 0.0176

T T T

T T
01 0 01 02 03

T T T T T 1
05 06 07 08 09 1

Response ratio

Fig. 1. Effects of NEO treatments on survival performance measures of non-target soil animals based on 523 observations. The blue square symbols show the average
value of the response ratio for each type of NEO with error bars representing 95 % confidence interval (CI). A ratio > 1 indicates that the response from the treatment
is higher compared to the control group. N refers to sample size and p means the p-value of the Q test. A significant effect of NEO use is indicated when CI does not

overlap one and significance codes are as follows: * ** * p < 0.0001, * ** p < 0.001, * * p < 0.01, and * p < 0.05. Response ratio: the reason for the zeros is due

to rounding.
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response ratios of 2.85 [2.13, 3.83] (p < 0.0001). Abundance and
biomass were reduced by 38 % and 92 %, with response ratios of 0.62
[0.46, 0.84] and 0.08 [0.04, 0.14] (p < 0.01). Moreover, individual
weight and cocoon weight were both reduced by 82 %, with response
ratios of 0.18 [0.13, 0.25] and 0.18 [0.11, 0.03], respectively
(p < 0.0001).

The individual weight of Oligochaeta earthworms was reduced by
82 %, with response ratios of 0.18 [0.1, 0.32] (p < 0.0001), while
Coleoptera and Hymenoptera had no distinct effect. The biomass and
cocoon weight of Oligochaeta earthworms were reduced by 93 % and
84 %, with response ratios of 0.07 [0.04, 0.15] and 0.16 [0.11, 0.22],
respectively (p < 0.0001). Similar to all soil animals, the growth inhi-
bition rate of Oligochaeta earthworms were increased by 185 %.

3.3. Behavior

Soil animal behavior was also affected by NEO residues (Fig. 3). The
avoidance response of soil animals was 27.14 times higher than the
control group in all categories of Oligochaeta, with response ratios of
28.14 [11.8, 67.07] (p < 0.0001). Food consumption was reduced by
100 %, with response ratios of 0 [0, 0.12] (p < 0.01). Average burrow
depth was 99 % lower in the treatment group compared to the control
group, with response ratios of 0.01 [0, 0.05] (p < 0.0001), earthworms
were reduced by 69 % (p < 0.01), and Isoptera termites were reduced by
100 % (p < 0.0001). Predation by soil animals was reduced by 69 %,
with response ratios of 0.31 [0.2, 0.48] (p < 0.0001). However, there
was no significant change in nest activity response to NEO exposure
(p = 0.1665), although it was reduced by 71 % compared to that in the
control group.

3.4. Reproduction

As shown in Fig. 4, NEOs have a significant negative effect on the
reproduction of soil animals. The mean survival of juveniles, mean
number of cocoons, mean cocoons/eggs/cells per animal, mean hatch-
lings per cocoon, and egg hatchability were reduced by 97 %, 100 %,
89 %, 96 %, and 84 %, with response ratios of 0.03 [0.02, 0.04], 0 [0,
0.04], 0.11 [0.07, 0.19], 0.04 [0.02, 0.1], and 0.16 [0.08, 0.3],
respectively (p < 0.0001).

Each observation was divided into subgroups according to different
soil animal categories. The mean survival of Oligochaeta and

Subgroup
Nesting activity M
Food consumption [
Mean burrow length I}

Oligochaeta ¥

Isoptera ¢
Predation i
Avoidance response

Oligochaeta
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Subgroup N Responserato P

Survival of juveniles 243 0.03 [0.02,0.04] <0.0001

Oligochaeta i= 86 0.05 [0.03,0.09] <0.0001
Collembola » 109 0.03 [0.02,0.05] <0.0001
Number of cocoons . 15 0[0,004] <0.0001
Oligochaeta ¢ 15 0[0,004] <0.0001
Cocoons/eggs/cells per animal 96 0.11 [0.07,0.19] <0.0001
Oligochaeta 73 0.08 [0.04,0.14] <0.0001
Coleoptera 6 045 [0.25,0.81] 0.0078
Hemiptera + 10 0[0,024]  0.0206
Hatchlings per cocoon 61 0.04 [0.02,0.1] <0.0001
Oligochaeta = 60 0.04 [0.02,0.09] <0.0001
Egg hatchability 37 0.16 [0.08,0.3] <0.0001
Oligochaeta 11 017 [0.05,053] 0.0023

Coleoptera 11 0.08 [0.02,04] 0.002

r T T |
0s 15
Response ratio

Fig. 4. Effects of NEO treatments on reproduction performance measures of
non-target soil animals based on 362 observations. The blue square symbols
show the average value of the response ratio for each type of NEO with error
bars representing 95 % confidence interval (CI). A ratio > 1 indicates that the
response from the treatment is higher compared to the control group. N refers
to sample size and p means the p-value of the Q test. A significant effect of NEO
use is indicated when CI does not overlap one and significance codes are as
follows: * *p < 0.0001, ***p<0.001, **p<0.01, and *p < 0.05.
Response ratio: the reason for the zeros is due to rounding.

Collembola juveniles decreased by 95 % and 97 %, with response ratios
of 0.05 [0.03, 0.09] and 0.03 [0.02, 0.05], respectively (p < 0.0001).
The mean number of Oligochaeta cocoons decreased by 100 %, with
response ratios of 0 [0, 0.04] (p < 0.0001). The mean cocoons/eggs/
cells per Oligochaeta, Coleoptera, and Hemiptera decreased by 92 %,
55 %, and 100 %, with response ratios of 0.08 [0.04, 0.14], 0.45 [0.25,
0.81], and 0 [0, 0.24], respectively (p < 0.05). The egg hatchability of
Oligochaeta and Coleoptera decreased by 83 % and 92 %, with response
ratios of 0.17 [0.05, 0.53] and 0.08 [0.02, 0.4], respectively (p < 0.005).

N Response ratio P

7 029 [0.05,167] 0.1665
4 01[0,0.12] 0.0043
38 001 [0,005] <0.0001
12 0.31 [0.17,059] 0.0003
26 0[0,001]  <0.0001

9 031[02,048] <0.0001

68 28.14 [11.8,67.07] < 0.0001

68 28.14 [11.8,67.07] < 0.0001

T T T
0 15 30

T T 1
45 60 75

Response ratio

Fig. 3. Effects of NEO treatments on behavior performance measures of non-target soil animals based on 126 observations. The blue square symbols show the
average value of the response ratio for each type of NEO with error bars representing 95 % confidence interval (CI). A ratio > 1 indicates that the response from the
treatment is higher compared to the control group. N refers to sample size and p means the p-value of the Q test. A significant effect of NEO use is indicated when CI

does not overlap one and significance codes are as follows: * ** * p < 0.0001, * ** p < 0.001, * * p < 0.01, and * p < 0.05. Response ratio: the reason for the zeros is

due to rounding.
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3.5. Biochemical biomarker

As shown in Fig. 5, NEOs have different effects on various physio-
logical and biochemical characteristics of soil animals. The activities of
superoxide dismutase activity (SOD), protein carbonyl activity (PCO),
catalase activity (CAT), and glutathione reductase activity (GR) were
increased by 2.18, 3.49, 1.87, and 2.25 times compared with control
treatment, with response ratios of 3.18 [2.24, 4.51], 4.49 [2.98, 6.75],
2.87 [1.81, 4.55], and 3.25 [1.87, 5.66], respectively (p < 0.0001).
Peroxidase activity (POD) increased by 1.05 times with response ratios
of 2.05 [1.07, 3.95] (p < 0.05). Correspondingly, cellulase activity was
inhibited by 67 %, with response ratios of 0.33 [0.19, 0.55]
(p < 0.0001). However, the changes in the activities of acetylcholine
esterase (AChE), glutathione S-transferase (GST), and carboxylesterases
(CarE) were not significant (p > 0.05).

NEOs increased the contents of OH ™, 8-OHdG, reactive oxygen spe-
cies (ROS), and malondialdehyde (MDA) by 6.76, 23.73, 12.95, and 2.66
times, with response ratios of 7.76 [3.87, 15.58], 24.73 [8.24, 74.16],
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13.95 [8.36, 23.27], and 3.66 [2.54, 5.27], respectively (p < 0.0001).
NEOs also induced DNA damage. Compared with the control treatment,
olive tail moment (OTM), tail moment, and tail DNA in soil animals were
increased by 58.83, 18.45, and 32.67 times, with response ratios of
59.83 [30.26, 118.3], 19.45 [2.17, 174.2], and 33.67 [12.17, 93.16],
respectively (p < 0.05). Different expressions of genes caused different
reactions: expression of the Hsp70 gene increased by 21.6 times
(p < 0.0001), the expression of Ann gene decreased by 92 %
(p < 0.001), while relative the expression of Tctp gene was not signifi-
cantly affected (p > 0.05).

4. Discussion

This is the first meta-analysis to investigate the effect of NEOs on
non-target soil animals. Among the five major indicators, survival,
growth, behavior, and reproduction were significantly negatively
affected, while observations of biochemical biomarkers showed
different effects. Among the investigated response ratios, those with the

N Response ratio P

SOD activity g 228 3.18 [2.24,451] <0.0001
POD activity 70 2.05[1.07,395] 0.0313
OH- content 50 7.76 [3.87,15.58] <0.0001
CAT activity H 276 287 [1.81,455] <0.0001
AChE activity 1 72 064 [0.38,1.09] 0.1012
GR activity b 20 3.25[1.87,566] <0.0001
GST activity 183 173 [1,3.01]  0.0512
8-OHdG content 50 24.73 [8.24,74.16] <0.0001
Cellulase activity { 19 033 [0.19,055] <0.0001
PCO activity b 46 449 [298,6.75] <0.0001
ROS content 85 13.95 [8.36,23.27] <0.0001
CarE activity ¥ 52 0.8 [0.36,1.79] 0.5877
GSH amount 30 276 [067,114] 0.1615
MDA content 136 3.66 [2.54,5.27] <0.0001
OTM - 104 59.83 [30.26 , 118.3] < 0.0001
Tail moment 7 1945 [2.17,174.2] 0.008

Tail DNA 19 33.67 [12.17,93.16] < 0.0001
Total protein content 15 0[0,10.18] 0.0989
Hsp70 gene expression 99 226 [10.24,49.91] <0.0001
Ann gene expression L 27 0.08 [0.02,0.3] 0.0003
Tctp gene expression K 27 129 [0.81,2.05] 0.286

Phagocytic activity 27 7.18 [1.31,39.42] 0.0233

r T T T T T
-19 1 21 41 61 81

T
101

Response ratio

T T 1
121 141 161

Fig. 5. Effects of NEO treatments on biochemical biomarker performance measures of non-target soil animals based on 1536 observations. The blue square symbols
show the average value of the response ratio for each type of NEO with error bars representing 95 % confidence interval (CI). A ratio > 1 indicates that the response
from the treatment is higher compared to the control group. N refers to sample size and p means the p-value of the Q test. A significant effect of NEO use is indicated

when CI does not overlap one and significance codes are as follows: * ** * p < 0.0001, * ** p < 0.001, * * p < 0.01, and * p < 0.05. Full name of observations are as
follows: SOD, superoxide dismutase activity; POD, peroxidase activity; CAT, catalase activity; AChE, acetylcholine esterase activity; GR, glutathione reductase ac-
tivity; GST, glutathione S-transferase activity; PCO, protein carbonyl activity; ROS, reactive oxygen species content; CarE, carboxylesterase activity; GSH, glutathione
peroxidase amount; MDA, malondialdehyde content; OTM, olive tail moments. Response ratio: the reason for the zeros is due to rounding.
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greatest impact are the survival rate of individuals, longevity, and food
consumption. Main et al. [34] assessed that NEOs significantly reduce
terrestrial arthropods performance across broad ecological metrics,
including abundance, behavior, condition, reproductive success, and
survival, based on 44 studies with 372 observations. Compared with
those in Main et al. [34], our study included more soil animals and more
comprehensive test metrics, which also examined different effects of
NEOs on different species of soil animals. According to subgroup ana-
lyses, we revealed different levels of sensitivity to NEO exposure at the
species level. Soil animals belonging to different species have physio-
logical, behavioral, and other characteristics that make them suitable for
living in their respective environments, where they respond differently
to pesticide pollution. This could explain the different responses of
species to NEOs. However, these differences in our meta-analysis may
help us distinguish between the various sensitivities of soil fauna and
conduct more in-depth studies. Because the individual observations in
each category had distinct interpretations, the five indicators were not
combined and analyzed as a whole. In addition, NEO concentration in
the field can be affected by various environmental factors (e.g., signif-
icant exposure, soil humidity, pH, climatic factors, and temperature),
which can further impact soil animals [41]. Generally, sunlight induces
NEO photodegradation. Using a photocatalyst under ultraviolet irradi-
ation can promote the degradation of imidacloprid in soil [42]. The
adsorption of pesticides in soil is negatively correlated with soil mois-
ture content [43]. NEO concentrations increase with water temperature
[41]. In this study, we examined the effects of NEOs on soil animals for
each individual observation, which enabled us to understand their
specific effects. Overall, the use of realistic NEOs poses harm to soil
animal communities, as shown by these findings, which has significant
implications for future pesticide regulation and risk assessment.

4.1. Survival

Among the investigated observations, the most important impacts on
soil animals are survival rate and longevity. The effects of NEOs on soil
animals can be best visualized through their survival. Since NEOs are
designed to kill insects, it is not surprising that they can affect the sur-
vival of many non-target soil animals [21]. NEOs primarily act as ago-
nists of nicotinic acetylcholine receptors (nAChRs) in the nervous system
of insects [1]. By binding to these receptors, they disrupt the normal
functioning of the nervous system, leading to the paralysis and death of
target pests; however, they also hit the non-target animal as a side effect.
As of 2011, 60 % of NEO use occurred through seed treatments and soil
application [44], and 92 % of the increase in invertebrate toxicity
loading was caused by NEOs [45]. In our result, although significant
negative effects were observed for all species of soil animals, nematodes
were less affected than other species of animals. That’s because
compared to arthropods, nematodes tend to be less sensitive to NEOs
[46]. Literature indicates that arthropod survival is negatively affected
by NEOs at all life history stages [34]. Meanwhile, early life stages
and/or animals with more life stages are generally the most sensitive to
pesticides [47]. Our results indicate that survival rate and longevity are
negatively affected by NEOs. The effect on survival is severe for soil
animals, which could potentially lead to greater reductions in ecosystem
services [22].

4.2. Growth

Observations of abundance, biomass, growth rate, individual weight,
and cocoon weight are markedly reduced, indicating NEO residues
inhibit animal growth. Our meta-analysis confirms that NEOs have
significant negative effects on the individual weight of soil animals,
which is different from the conclusion of Main et al. [34], who found
that NEOs have no significant effect on the weight of soil animals. In-
dividual weight loss of soil animals is affected by NEOs, probably
because NEOs inhibit the predation of soil animals [48]. We also found
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that the individual weight of the earthworms was significantly nega-
tively affected. However, the individual weight of Coleoptera and Hy-
menoptera were not significantly affected. Coleoptera, represented by
beetles, are not significantly affected by pesticides [37]. Previous studies
have suggested that this is due to the different forms and rates of NEOs
[49,50]. There is another assumption about the different toxicities of
NEOs to insects. Insect nAChR subunits have different sensitivities to
different NEOs; therefore, it is likely that different subunits may be
activated with distinctive effects on their toxicity [51]. The mean cocoon
and adult weight of the earthworms were affected remarkably in the
presence of NEO residues. Earthworm (Eisenia fetida) cocoons were
observed to be smaller and thinner with increased concentrations of the
tested NEOs (imidacloprid, clothianidin, nitenpyram, acetamiprid,
dinotefuran, and thiacloprid), which further verifies our conclusion
[501.

Main et al. [34] verified significant negative effects on arthropod
abundance, while our meta-analysis revealed no significant negative
effects. This may be because the sample size (five observations) in this
study is too small, which needs further verification to make a more solid
assessment. Animal abundance responses may occur via direct toxic
effects or predation release depending on the different functional groups
[52]. The lower mean effect of NEOs on the abundance of soil animals
could arise from the variable responses and compensation processes
among species [53].

4.3. Behavior

NEOs impair the central nervous system function, leading to a vari-
ety of observable behavioral effects in soil animals [1], such as changes
in nesting activity [54], predation [55], and burrow behavior [56]. The
predation behavior of soil animals was greatly reduced when they were
exposed to NEOs, which is consistent with the results of Main et al. [34].
NEOs may reduce the ability of soil animals to locate prey by interfering
with their olfactory capacity, leading to decreased predation [57]. This
inability to capture prey may explain the severe decline in predator
survival rates. Our meta-analysis revealed NEOs had no significant effect
on nesting activity, which may be related to NEO concentration and
exposure time. A study of low-level (< 5 ppb) chronic dietary exposure
revealed no effects on nesting activity of Osmia bicornis [58]. Conversely,
the nesting activity of Osmia lignaria was reduced as a result of soil
exposure to imidacloprid at a high level (> 50 ppb) [54]. Chronic dietary
exposure to imidacloprid in bumble bees has also been associated with
decreased nesting activity [59]. Among the behavioral effects on soil
animals, burrowing and avoidance responses have been ranked as very
sensitive parameters [21]. Changes in burrow depth may have an impact
on the soil’s ability to transmit gas and water, which might consequently
have an impact on the ecosystem [60]. In this study, decreased burrow
length and increased avoidance responses revealed behavior distur-
bances induced by NEOs. Imidacloprid has significant negative effects
on the burrowing behavior of two earthworm species [56]. Most studied
endpoints for soil animals provide clear evidence of damage, while
avoidance informs us of an animal’s response, which could indicate
other negative impacts on the animal [61]. There can also be false
negatives in avoidance tests. For example, dimethoate did not cause
avoidance behavior in springtails but did cause stress or paralysis that
prevented movement [62]. Furthermore, the effects of avoidance re-
sponses may alter depending on the soil type [63]. Alves et al. [64]
suggested that avoidance responses vary across species. Compared with
collembolans, earthworms may be more sensitive to detecting contam-
inants in avoidance tests.

4.4. Reproduction
Declines of the mean survival of juveniles, mean number of cocoons,

mean cocoons/eggs/cells per animal, mean hatchlings per cocoon, and
egg hatchability suggest that NEOs are harmful to animal reproduction.
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NEOs can interfere with the development of nervous system of insects,
which may affect their regeneration processes. In addition, NEOs may
affect the ability of insects to regenerate by altering their endocrine
systems [65]. The mean survival of juveniles is the most sensitive indi-
cator of imidacloprid and clothianidin [50]. Both individual and juve-
nile survival rates are significantly affected by NEOs. The reproduction
of E. fetida, which belongs to Oligochaeta earthworms, exposed to soil
with low NEO concentrations was significantly inhibited [66]. Accord-
ing to the published research, imidacloprid can cause sperm abnor-
malities in earthworms and affect reproduction at doses as low as
0.5 mg/kg, leading to a serious decline in the number of earthworm
cocoons and cocoons per earthworm [67]. The results of our study are
different from the previous studies, in which cocoon weight is more
sensitive than cocoon production and hatchability, and the hatchlings
per cocoon is more sensitive than the number of cocoons [31,68]. The
specific reasons for the slight difference require further investigation,
though it is clear that NEOs have a large negative impact on these in-
dicators. Earthworms showed significant negative effects in all repro-
duction observations, which was confirmed in our study. Compared with
Oligochaeta and Hemiptera, the cocoons per animal of Coleoptera are
less affected by NEOs.

4.5. Biochemical biomarker

NEO stimulation enhances the oxidative stress in animals [69]. Soil
animals exposed to NEOs show higher levels of ROS, prompting cellular
antioxidant defenses to become more active [69]. Antioxidant enzymes,
including SOD, CAT, POD, and GST, play important roles in the removal
of excess ROS from cells [70]. When ROS levels exceed the scavenging
capacity of the antioxidant defense system, they can induce lipid per-
oxidation and cause oxidative damage to proteins and nucleic acids. This
interferes with the regular function of cells, including reproductive cells
[71]. When cells are subjected to oxidative stress, unsaturated fatty
acids undergo oxidation under the action of ROS, leading to MDA for-
mation [72]. MDA is the toxic end product of lipid peroxidation, and its
elevated levels may lead to a decrease in the reproductive capacity of
soil animals [29]. Therefore, studies on the effects of NEOs on animal
reproduction should consider the responses of the entire reproductive
system, including changes in the number and morphology of germ cells
and disturbances in energy metabolism. Meanwhile, the increases in the
content of antioxidant enzymes such as SOD, CAT, POD, and GR activity
was shown to be used to eliminate oxidative damage because of their
important role in scavenging excess ROS from cells [73,69,74]. CAT and
POD activity in all treatments showed upward trends after exposure to
clothianidin [32]. However, GST and AChE activity did not change
significantly, which may be related to the NEO exposure time and
concentration. GST can inactivate various xenobiotic compounds,
including pesticides, and detoxify ROS in cells [75]. GST activity
decreased after earthworms were exposed to clothianidin. For the
0.1 mg/kg treatment of clothianidin, the GST activity did not change
significantly, while for the 0.5 and 1.0 mg/kg treatments of clothianidin,
it decreased significantly [32]. NEOs cause DNA damage in soil animals,
according to the increases in OTM, tail moment, and tail DNA. NEOs
have been proven to increase ROS generation and damage the DNA of
soil animals [31,32]. Furthermore, ROS accumulation can potentially
damage cellular components, including DNA, proteins, and lipids [29,
76]. In this study, NEOs had no significant effect on the protein content
of soil animals. This is probably because different body parts have
different protein contents. NEOs stimulate the reproductive organs,
leading to increased protein production, while in the head region, they
inhibited certain proteins, causing a decrease in their content [77]. The
Hsp70 gene has the ability to protect cells from damage induced by
stress conditions, and its relative expression levels changed obviously as
NEO concentration and exposure time increased [78]. The over-
expression of the Hsp70 gene indicated that NEOs had induced stress in
soil animals. The Ann gene, an oxytocin-related neuropeptide hormone
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can control the egg-laying behavior of earthworms [79]. In Liu et al.
[32], the downregulation of the Ann gene indicated that clothianidin
may have affected the reproduction of earthworms. The Tctp gene is an
important growth-related protein for cell growth and division that af-
fects individual growth and reproduction. In our analysis, the Tctp gene
had no significant effect on NEOs, which may also be due to the different
NEO exposure times and concentrations.

4.6. Limitation

Our meta-analysis quantified the effects of NEOs on different soil
animals across five indicators (i.e., survival, growth, behavior, repro-
duction, and biochemical biomarkers). However, our research mostly
focused on laboratory studies of single pesticides on soil animals. In
reality, multiple mixtures of NEOs always exist in realistic soils. Mean-
while, the NEO concentrations (0.001—78,600.000 mg/kg) in the lab-
oratory studies are higher than those in the field soils
(0.02—780.00 mg/kg), which could overestimate the effects of NEOs on
soil animals in the real environment. In addition, the exposure time to
NEOs was not assessed in our study because of the difficulty in inte-
grating exposure times for different soil animals and the lack of suffi-
cient data for certain soil animals, which requires further investigation.

5. Conclusion

Our quantitative synthesis is a significant step toward improving the
predictions of the ecological effects of pesticide usage by concentrating
on natural soil animal communities, which are essential elements of
global biodiversity and ecosystem functioning. Our meta-analysis
demonstrated significantly negative effects of NEOs on soil animal
performance across five performance measures, including survival,
growth, behavior, reproduction, and biochemical biomarkers, based on
2940 observations. NEOs changed two soil animal survival indicators
with summary effect sizes of 0.00—0.20, seven soil animal growth in-
dicators with summary effect sizes of 0.07—2.85, five soil animal
behavior indicators with summary effect sizes of 0.00—28.14, five soil
animal reproduction indicators with summary effect sizes of 0.00—0.45,
and twenty-two soil animal biochemical biomarkers indicators with
summary effect sizes of 0.00—59.83. Here, we validated the widely held
belief and worrisome conclusion that NEOs can cause serious damage to
soil biodiversity.

This review presents many pieces of evidence that NEOs pose a
serious threat to soil animals as well as the basic ecosystem services they
provide. With the growing use of NEOs, more NEOs may remain in soils
as residues, posing risks to soil animals. To provide a more accurate
picture of the effects of NEOs on soil ecosystems, we urge further long-
term field experiments to be carried out by adding realistic concentra-
tions of NEOs to soils in future studies. We also strongly support the
inclusion of soil health analysis in the NEO risk assessment process to
preserve biodiversity and achieve sustainable agriculture. These can
advance our knowledge of the possible impacts of NEO pollution on
ecosystem functioning in agricultural soils.

Environmental implication

Neonicotinoids (NEOs) have potential adverse effects on soil eco-
systems. In this meta-analysis, we quantify the effects of NEOs on key
indicators of soil animals (i.e., survival, growth, behavior, reproduction,
and biochemical biomarkers) based on the 2940 observations from 113
studies. These quantitative results present many pieces of evidence that
NEOs pose a serious threat to soil animals, thereby enhancing our
comprehension of the impact of NEO residues on agricultural soil
ecosystems.
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