
Science of the Total Environment 738 (2020) 140248

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Residual concentrations and ecological risks of neonicotinoid insecticides
in the soils of tomato and cucumber greenhouses in Shouguang,
Shandong Province, East China
Rui-Lin Wua, Wei He a,b, Yi-Long Li a, Yu-Yan Li a, Yi-Fan Qin a, Fan-Qiao Meng c, Li-Gang Wangd, Fu-Liu Xu a,⁎
a MOE Laboratory for Earth Surface Processes, College of Urban & Environmental Sciences, Peking University, Beijing 100871, China
b MOE Key Laboratory of Groundwater Circulation and Environmental Evolution, China University of Geosciences (Beijing), Beijing 100083, China
c Beijing Key Laboratory of Farmland Soil Pollution Prevention and Remediation, Beijing Key Laboratory of Biodiversity and Organic Farming, College of Resources and Environmental Sciences,
China Agricultural University, Beijing 100193, China
d Institute of Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Key Laboratory of Agricultural Non-point Source Pollution Control, Ministry of Agriculture,
Beijing 100081, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Neonicotinoid residues in topsoil were
higher in both tomato and cucumber
greenhouses.

• The total amount of neonicotinoids in
soil was significantly positively corre-
lated with TOC.

• The total amount of neonicotinoids in
soil was significantly negatively corre-
lated with pH.

• Acetamiprid was with high ecological
risks based on acute SSD models.

• Greatest neonicotinoid effects in short-
term cucumbers and long-term toma-
toes greenhouse soils
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Neonicotinoid insecticides (NNIs) are themostwidely used insecticides in China andworldwide. Continuous use
of NNIs can lead to their accumulation in soil, causing potential ecological risks due to their relatively long half-
life.Weused liquid chromatography-tandemmass spectrometry (LC-MS/MS) to investigate the residual levels of
nine neonicotinoids in greenhouse soils in Shouguang, East China, at different soil depths andwith different crops
(tomato and cucumber) after varying periods of cultivation. Seven neonicotinoids were detected in the soils of
the tomato greenhouses and six were detected in the soils of the cucumber greenhouses, with total concentra-
tions ranging from 0.731 to 11.383 μg kg−1 and 0.363 to 19.224 μg kg−1, respectively. In all samples, the
neonicotinoid residues in the soils cultivated for 8–9 years were lower than in those cultivated for 2 years and
14–17 years. In the tomato greenhouse soils, the residual levels of NNIs were highest in the topsoil, with progres-
sively lower concentrations found with depth. Under cucumber cultivation, the NNI residue levels were also
highest in the topsoil but there was little difference between the middle and lower soil layers. Total organic car-
bon (TOC) decreased with soil depth while pH showed the opposite trend, showing a significant negative corre-
lation in both types of soils (tomato soils ρ = −0.900, p = .001; cucumber soils ρ = −0.883, p = .002).
Furthermore, TOC was significantly positively correlated, and pH was negatively correlated, with total NNI con-
centrations in both types of soils (TOC: tomato soils ρ=0.800, p= .010; cucumber soils ρ=0.881, p= .004; pH:
tomato soils ρ = −0.850, p = .004; cucumber soils ρ = −0.643, p = .086). The results of an ecological risk
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analysis showed that acetamiprid represents a particularly high toxicity risk in these soils. Based on our analysis,
NNI residues in the soils of tomato greenhouses and their associated ecological risks deservemore attention than
those of cucumber greenhouse soils.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Neonicotinoid insecticides (NNIs) were developed in the last cen-
tury and have become the most widely used class of pesticides in the
world. Common neonicotinoids include imidacloprid (IMI), nitenpyram
(NTP), acetamiprid (ACE), imidaclothiz (IMIT), thiamethoxam (THM),
thiacloprid (THA), flonicamid (FLO), clothianidin (CLO), and
dinotefuran (DNT). Among these NNIs, IMI was the first to be put into
commercial use after being developed and sold by Bayer CropScience
in 1991 (Iturburu et al., 2018; Nasr-Esfahani et al., 2019). NNIs act on
the nicotinic acetylcholine receptors (nAChRs) in the nervous systems
of insects, causing nerve excitement at low concentrations and receptor
blocking, paralysis, and even death at higher concentrations (Ewere
et al., 2019). Indeed, NNIs have a particularly high affinity to insect nic-
otinic receptors (Tomizawa and Casida, 2005). Due to their high selec-
tivity and broad spectrum of efficacy, NNIs have been widely used for
insect control in agriculture, horticulture, and the treatment of house-
hold pets like dogs and cats. However, environmental problems caused
by the frequent use of NNIs have become increasingly prominent. Sev-
eral studies have shown that NNIs have become systemically distrib-
uted in many environmental and biological media around the world,
including water (Hano et al., 2019; Kuechle et al., 2019; Yi et al.,
2019), soil (Bonmatin et al., 2003; Donnarumma et al., 2011; Gui et al.,
2019; Li et al., 2018; Radolinski et al., 2019), sediments (Kuechle et al.,
2019; Yi et al., 2019), dust (Wang et al., 2019a), pollen (Bonmatin
et al., 2003; Stoner and Eitzer, 2012), nectar (Stoner and Eitzer, 2012),
honey (Bommuraj et al., 2019), fruits (Gui et al., 2019; Li et al., 2019;
Mohapatra et al., 2019; Omirou et al., 2009), and fruit juice
(Vichapong et al., 2013). In the past fewdecades, the environmental im-
pacts of NNIs have received widespread attention. NNIs can cause hon-
eybee colony collapse disorder (Zhou et al., 2018), reduce insect
populations (Alaux et al., 2010; Sánchez-Bayo, 2014), decrease foraging
success (Henry et al., 2012), reduce bumblebee colony growth and
queen production (Whitehorn et al., 2012), and affect the weight,
growth rate, and adult lifespan of bees (Anderson and Harmon-
Threatt, 2019). In addition, it has been shown that IMI and ACEmay ad-
versely affect the development of the mammalian nervous system
(Kimura-Kuroda et al., 2012). IMI can also cause DNA damage in fish
(Iturburu et al., 2018) and alter the social behaviors of ants
(Sappington, 2018). THM and CLO may accumulate in the testis and
ovaries of Eremias argus, possibly disrupting the endocrine system
(Wang et al., 2019b).

The half-life of NNIs in soil ranges between 50 and 545 days
(Kuechle et al., 2019; Li et al., 2018; Yi et al., 2019). It has been shown
that the residual concentrations of NNIs in soil are two to sixty times
greater than residual concentrations in food resources (Anderson and
Harmon-Threatt, 2019). When IMI was applied by seed dressing, resi-
dues in the soils of maize remained high throughout the growth period
and up to maturation (Donnarumma et al., 2011). Less than 20% of the
NNIs applied through seed dressing were absorbed by the crop plant,
with themajority remaining in the soil (Wood and Goulson, 2017). Sev-
eral studies have summarized the residual concentrations of NNIs in
soils; total concentrations of CLO, THM, and IMI in arable soils after
seed dressing in the United Kingdom range from below detectable
levels to 18.3 μg kg−1 (Jones et al., 2014). The average concentrations
of eight NNIs (ACE, IMI, NTP, THM, FLO, CLO, DNT, and THA) detected
in open field soils in Country Egypt were 276.63, 847.52, 282.90,
935.18, 334.58, 274.00, 155.38, 386.74 μg kg−1 21 days after application
(Abdel-Ghany et al., 2016). NNIs can, therefore, accumulate and persist
in the soil environment during their continuous use over successive
years.

In addition, the use of greenhouses for vegetable production has rap-
idly increasedworldwide,with production in China being highly depen-
dent on plastic greenhouse vegetable cultivation (PGVC) (Song et al.,
2018). Many studies have indicated that this cultivation model causes
acidification, salinization, and nutritional imbalance in greenhouse
soils (Han et al., 2014; Hu et al., 2017; Song et al., 2018; Yao et al.,
2006; Yao et al., 2016). The levels of organochlorine pesticides, phthal-
ate esters (PAEs) and polycyclic aromatic hydrocarbons (PAHs) in
greenhouse soils were higher than those in open field soils in Weifang,
Shandong Province, China (Sun et al., 2018). At the same time, tomatoes
from Colombia grown in greenhouses contain more pesticide residues
than those grown in open fields (Bojacá et al., 2013). In the soils of to-
mato and cucumber greenhouses in Jiyang, Shandong Province of
China, the average concentrations of three NNIs (THM, CLO, and IMI)
were 388 μg kg−1 and 37 μg kg−1 after three months of cultivation, re-
spectively (Jiang et al., 2019). Therefore, it is particularly important to
ascertain the residual levels of NNIs in the soils of vegetable green-
houses, to identify the level of ecological risks posed by residual NNIs,
and so that appropriate management interventions can be made.

Pesticide residues in soil, water, and other environmental media
threaten the survival of soil and aquatic organisms. Calculating the eco-
logical risks posed by pesticide residues is, therefore, crucial for the
maintenance of healthy ecosystems. To assess relative ecological risks,
previous studies have measured NNI concentrations relative to pub-
lished benchmarks (Chen et al., 2019a, 2019b; Hano et al., 2019;
Xiong et al., 2019; Yi et al., 2019; Zhang et al., 2019), regulatory thresh-
olds levels (Wolfram et al., 2018), and regulatory acceptable concentra-
tions (Munze et al., 2017). Whiting and Lydy (2015) used the 10th
percentile to estimate site-specific ecological risk assessment for CLO
in Central Illinois, United States. Hazard quotients and potentially af-
fected fractions (PAF) calculated based on species sensitivity distribu-
tions (SSD) have also been used (Humann-Guilleminot et al., 2019).
The SSDmethodwas first proposed by the United States Environmental
Protection Agency (USEPA) in 1978 for establishing water quality
benchmarks, which can assess the risks of various pollutants in aquatic
ecosystems including pesticides (Chen et al., 2019a; Liu et al., 2012;
Morrissey et al., 2015), PAHs (Qin et al., 2013), PAEs (He et al., 2013),
and personal care products (Xu et al., 2019b). This approach has not,
however, been widely studied in soil systems (Gainer et al., 2019;
Humann-Guilleminot et al., 2019; Oorts et al., 2016; Terekhova et al.,
2017). Based on SSD models and Bayesian inference, He et al., 2014a,
2014b, 2019a) developed the BMC-SSD software platform to assess
the ecological risks of various chemicals in aquatic ecosystems (Liu
et al., 2015; Xu et al. 2015), which also has the potential to build SSD
models for soil-based systems.

Several studies have summarizedNNI residues in soil bodies (Abdel-
Ghany et al. 2016; Jiang et al. 2019; Jones et al. 2014), yet most have fo-
cused on open field conditions. In addition, greenhouse-based studies
have only focused on one to three NNIs and very few studies have con-
sidered ecological risks using SSD models (Chen et al. 2019a; Morrissey
et al. 2015). Therefore, based on these knowledge gaps, the primary ob-
jectives of this study are: (1) to determine the residual levels and distri-
butions of NNIs in the soils of tomato and cucumber greenhouses in
China at different depths after different periods of cultivation; (2) to an-
alyze the correlations between the environmental factors (TOC and pH)
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and NNI residues; and (3) to assess the toxicity and ecological risks
posed by NNIs residues to soil organisms.

2. Materials and methods

2.1. Chemicals and reagents

Standard 100mg L−1 solutions (IMI, NTP, ACE, IMIT, THM, THA, FLO,
CLO, and DNT) and 10mg L−1 isotope internal standards (imidacloprid-
d4, clothianidin-d3, and thiamethoxam-d3) were used following the
methods of Zhou et al. (2018). All solutions were stored at −18 °C.
The acetonitrile used for extraction and in the mobile phase was of liq-
uid chromatography–mass spectrometry grade (Fisher Chemical, USA);
the dichloromethane used for extraction was analytical grade (Beijing
Chemical Industry, China); the formic acid (high performance liquid
chromatography grade), ammonium formate (high performance liquid
chromatography grade), and primary secondary amine (PSA)were pur-
chased from CNW ANPEL, Shanghai, China. C18 was purchased from
H&E Co., Ltd., China.

2.2. Study sites and sample collection

Shouguang City was the study site, located in the north-central por-
tion of Shandong Province, having a warm temperate continental mon-
soon climate. According to the State Council of China, Shouguang City is
the “Hometown of Vegetables”, being the largest producer of vegetables
in the country. Vegetable greenhouses account for 65% of the cultivated
area in Shouguang City, with tomatoes and cucumbers being the most
widely grown crops. The city is also an important hub of agricultural
technology research and development. For this study, tomato and cu-
cumber greenhouses that had been cultivated for a varying number of
years were selected on Luocheng Street. The registration details (pre-
November 2017) of sevenNNIs in China are shown in Table S8, showing
application is typically made four to five times a year at a rate of
0.126–0.375 and 0.120–0.750 g hm−2 yr−1 in the tomato and cucumber
greenhouses, respectively. NNIs are mainly used to control whitefly in
these greenhouses, being applied via spraying (Mohammadali et al.
2019). A total of 18 soil samples were collected from three tomato and
three cucumber greenhouses in January 2018. Detailed information for
the sampling sites is shown in Table S1. Briefly, in each greenhouse,
30-cm soil cores were evenly collected from five different locations
Fig. 1. Schematic of the proce
using an undisturbed soil auger (drill length = 25 cm, diameter =
38 mm, total length = 1 m), and each core was subsequently divided
into three soil depths (0–10 cm, 10–20 cm, and 20–30 cm).
2.3. Sample treatment and LC-MS/MS analysis of neonicotinoids

The collected soil sampleswere filtered for impurities (stones, roots,
leaves, and litter), mixed well, freeze-dried for 3–4 d, and sieved
through a 0.212-mm mesh. The extraction and purification of NNIs
followed previously published methods (Zhou et al. 2018) as outlined
in the Supplementary Materials.

The extracted NNIs were measured using a liquid chromatography
system (UFLC-20ADXR, Shimadzu, Japan) with a Shim-pack XR-ODS
C18 column (50 mm × 2.0 mm inside diameter, 2.2 μm, Shimadzu,
Japan) protectedwith a Guard Column (30mm×0.18mm inside diam-
eter, GL Science, Japan). The analysis (Table S2) was performed follow-
ing the protocols reported by Zhou et al. (2018); detailed information of
the qualitative and quantitative methods applied in the NNI analysis is
included in the Supplementary Materials. A methanol/water (1:1, v:v)
solution was used as the needle-washing solution.

Total organic carbon (TOC) was measured using a TOC-5000A de-
vice. For each sample, two parallel analyses were performed. Soil pH
was determined following standard methods for the agricultural
industry of the People's Republic of China; 5 g of soil and 10 mL of
CO2-removed water were added to a 15-mL polytetrafluoroethylene
centrifuge tube, which was vortexed for 1 min to fully disperse the
soil, and then left to stand for 30 min before the pH of the supernatant
was measured with a pH meter.
2.4. Quality assurance and quality control

An NNI-free soil sample was used as a blankmatrix.With the excep-
tion of NTP, themethod was accurate for all NNIs, with recoveries vary-
ing between 79.41 and 100.20% (relative standard deviations were
b10%) at three spiked levels (5 ng mL−1, 100 ng mL−1, and
500 ngmL−1). The limits of detection (LOD) and limits of quantification
(LOQ) were 0.013–1.092 ng g−1 and 0.065–3.627 ng g−1, respectively
(Table S3). Three replicates of each sample were measured, and a sol-
vent blank was measured after every 10 samples.
dure for SSD modeling.
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2.5. Ecological risk assessment using species sensitivity distribution (SSD)
modeling

The SSDmodelingwas applied to estimate the ecological risks of the
detected NNIs. The procedure for SSD modeling is presented in Fig. 1;
detailed descriptions of the development and application of the SSD
model for assessing ecological risk are presented in our previous study
(Xu et al. 2015).

Chronic toxicity data (no observed effect concentration and no ob-
served effect level) and acute toxicity data (LC50 and EC50) can be
used to construct an SSD curve; due to a lack of chronic toxicity data,
LC50 data were used as the research endpoint in this study. As toxicity
data for DNT are limited, we focused on the toxicity of six NNIs (IMI,
THM, ACE, NTP, CLO, and IMIT) using toxicity data obtained from the
ECOTOX database (http://www.epa.gov/ecotox/; Table S4). The target
species groups for the risk assessment were insects/spiders, worms,
birds, and invertebrates. The media types were natural, artificial, and
other soils, and all specieswere considered. As a pollutant can havemul-
tiple toxicity data for single species, the geometric mean of the available
toxicity datawasprocessed in each case (Hose andVan den Brink2004).

SSDmodelingmakes thebasic assumption that the toxicity data con-
form to a certain mathematical distribution (i.e., the normal distribu-
tion). The toxicity data for each species in the database are drawn
from this specific mathematical distribution of samples, which can be
applied in the estimation of the parameters of the mathematical distri-
bution (Liu et al. 2012). The processedNNI toxicity datawere ranked ac-
cording to concentration (mg kg−1) and the cumulative probability
formula for a certain toxicity data point was determined as follows:

Cumulative Probability ¼ i
nþ 1

where ‘i’ is the rank of species sorting and ‘n’ is the total number of tox-
icity data points. The toxicity data points are marked according to the
exposure concentrations (X-axis) and the cumulative probabilities (Y-
axis) of different organisms, and the distribution is matched to obtain
the SSD curve. Five common mathematical distribution models were
used, namely the log-normal, log-logistic, BurrIII, Reweibull, and
Weibull distributions. Finally, the BMC platform was used to evaluate
the data distributions and select the best SSD model in each case (He
et al. 2014a).

2.6. Statistical analysis

Concentration values below the LOD were assigned as LOD/3. The
skewness and kurtosis coefficients were used to describe the distribu-
tion of the data, and Shapiro–Wilk tests were used to test for data nor-
mality with a significance level (p) of 0.05. These descriptive statistics
(skewness, kurtosis, and Shapiro–Wilk W) are shown in Tables S5 and
S6. As data did not conform to a normal or lognormal distribution,
non-parametric Spearman's rank (ρ) correlation coefficients were cal-
culated. All statistical analyses were performed in SPSS 20 and data
were visualized in Origin 2018.

3. Results and discussion

3.1. Distribution of neonicotinoid residues in greenhouse soils in
Shouguang City

The statistical characteristics of the neonicotinoid residues found in
two types of vegetable greenhouses are shown in Table 1. Seven NNIs
were detected in the tomato soils (DNT, ACE, CLO, IMI, THM, NTP, and
IMIT) with concentrations ranging from 0.731 to 11.383 μg kg−1. ACE,
CLO, and IMIT were detected in all samples, while THM was only de-
tected in the middle and sub-layer soils. Levels of ACE were highest,
with a median value of 0.463 μg kg−1. In the cucumber soils, six NNIs
were detected (DNT, ACE, CLO, IMI, THM, and IMIT). ACE, IMI, and
IMIT were detected in all samples, while THM was only detected in
the top andmiddle soil layers. The levels of IMIwere highest, with ame-
dian value of 0.460 μg kg−1. Histograms of NNI concentrations before
and after logarithmic transformation are shown in Fig. S1.

Fig. 2 compares the total residual amounts of NNIs in the tomato and
cucumber greenhouse soils with different years of cultivation. Irrespec-
tive of crop type, the average residual levels of NNIs in the greenhouses
cultivated for 8–9 years were lower than those cultivated for
14–17 years and 2 years. This could be related to the soil microorganism
communities in these soils. For example, previous studies have shown
that soil microorganisms play a vital role in many ecological processes
and are an important indicator of soil quality (Tian et al. 2017). Long-
term PGVC has been shown to alter soil fungal and bacterial community
structure (Song et al. 2018), and these communities are known to affect
the degradation of pesticides including IMI, ACE, and THM (Song et al.
2016). In addition, the abundance of soil microorganisms in these
cropping systems was found to increase initially and then decrease
over time, with the highest abundances recorded in the tenth year of
cultivation (Zhu et al. 2017). Similarly, the total phospholipid fatty
acids and specific microbial populations were found to increase first
and then decline, reaching a maximum in the seventh year of cropping
(Yao et al. 2016). Continuous cultivation leads to soil leaching and the
accumulation of NNIs, which explains why NNIs in the tomato green-
house soils were found at lower concentrations after 8–9 years of culti-
vation relative to those cropped for a longer period. After 8–9 years of
cultivation, soil microbial communities are likely well established and
their role in the degradation of pesticides is likely efficient. Therefore,
in the cucumber greenhouse soils, the residual neonicotinoid amounts
were lower when cultivated for a longer period of time. In addition,
the operating temperature of the cucumber greenhouses (30–35 °C) is
higher than that of the tomato greenhouses (18–26 °C), which may af-
fect degradation rates. For example, during the winter period in Shan-
dong province, the temperature in the top 15 cm of soil is maintained
at 17–20 °C during the day and 15–18 °C during the night (Gao et al.
2010). In cucumber greenhouses in Changping County, Beijing, the
mean annual air temperaturewas approximately 32 °C during the sum-
mer fallow season between 2005 and 2008 (Tian et al. 2010). In com-
parison, in a 2-year tomato greenhouse experiment in Shouguang,
Shandong Province, the average soil and air temperatures were
26.37 °C and 31.09 °C in July 2018. Therefore, the operating temperature
of cucumber greenhouses is higher than that of tomato greenhouses,
with temperature being an important control on the rates of NNI degra-
dation (Jiang et al. 2020; Kuechle et al. 2019). Therefore, the long-term
cultivation of tomatoes (at cooler temperatures)may be associatedwith
more serious soil pollution than cucumber cultivation.

The residual levels of NNIs after different planting durations and at
different soil depths are shown in Fig. 3. In the tomato greenhouse
soils, with the exception of those cultivated for the longest period of
time, the residual concentrations of NNIs showed a general trend of top-
soil Nmid-soil N subsoil. In the cucumber greenhouse soils, the residual
levels of NNIs were higher in the topsoil than at the middle and lower
depths, whichwere themselves no different. This indicates that residual
NNIs that are not absorbed by the plants become thoroughly distributed
within the topsoil and only small amounts leach to lower layers within
the soil profile. The levels of NNIs in the upper layers of the soil culti-
vated for 8–9 years were lower than in the upper layers of the soils cul-
tivated for a shorter and longer period, possibly due to the influence of
microorganisms as previously described in this section. The NNIs in the
middle soil layers presumably accumulate through leaching and, there-
fore, increase over time. However, most of the NNIs are likely degraded
before reaching the lower soil layers, in which their concentrations re-
main low. As shown in Table S7, in the tomato soils cultivated for the
shortest amount of time (2 years), the main NNI detected at all soil
layers was THM, which also dominated the lower soil layers of the
medium-term (8–9 years) cultivated greenhouse. In the tomato

http://www.epa.gov/ecotox/


Table 1
Occurrence of NNIs (μg kg−1) in the soils of tomato and cucumber greenhouses.

Media Statistics DNT ACE CLO IMI NTP THM IMIT Total NNIs

Tomato soil 1/4 quantileb 0.174 0.228 0.109 0.242 0.153 0.446 0.093 1.510
Medianb 0.274 0.463 0.181 1.897 0.268 0.667 0.111 3.981
3/4 quantileb 0.512 2.580 0.326 3.159 0.475 1.498 0.117 9.496
Range N.D.a–1.223 0.102–7.127 0.076–1.361 N.D.a–6.018 N.D.a–0.582 N.D.a–4.865 0.066–0.271 0.731–11.383
Total FODc 66.67% 100.00% 100.00% 85.19% 22.22% 96.30% 100.00%
0–10 cm FODc 66.67% 100.00% 100.00% 100.00% 33.33% 100.00% 100.00%
10–20 cm FODc 66.67% 100.00% 100.00% 88.89% 33.33% 100.00% 100.00%
20–30 cm FODc 66.67% 100.00% 100.00% 66.67% 0.00% 88.89% 100.00%

Cucumber soil 1/4 quantileb 0.297 0.048 0.059 0.229 N.D.a 0.113 0.070 0.566
Medianb 0.300 0.083 0.071 0.460 N.D.a 0.124 0.084 0.849
3/4 quantileb 0.305 0.132 0.125 1.366 N.D.a 0.464 0.094 1.697
Range N.D.a–0.310 0.035–2.134 N.D.a–1.276 0.151–8.510 N.D.a N.D.a–7.472 0.045–0.501 0.363–19.224
Total FODc 11.11% 100.00% 96.30% 100.00% 0.00% 55.56% 100.00%
0–10 cm FODc 0.00% 100.00% 100.00% 100.00% 0.00% 66.67% 100.00%
10–20 cm FODc 0.00% 100.00% 100.00% 100.00% 0.00% 33.33% 100.00%
20–30 cm FOD c 33.33% 100.00% 88.89% 100.00% 0.00% 66.67% 100.00%

a N.D.: not detected.
b Reported 1/4 and 3/4 quartiles, medians and max values were calculated by removing N.D.
c FOD: frequency of detection.
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greenhouse cultivated for the longest period (14–17 years), the main
NNI in the topsoil was IMI, while ACE dominated the middle and
lower layers.

In cucumber greenhouse soils, IMIwas dominantwith the exception
of themiddle soil layer in the greenhouse cultivated for the shortest pe-
riod (2 years). According to Table S8, the NNIs with the largest number
Fig. 2. Residual levels of NNIs in soil samples from gree

Fig. 3. Residual levels of NNIs in three layers of
of registered products in China are IMI (1314), ACE (700), and THM
(391) (Tan et al. 2019). Therefore, farmers are more likely to apply
products containing these three NNIs, which were found to have the
highest residual concentrations in studied soils. In addition, ACEwas de-
tected at the second-highest concentrations of all the NNIs in the subsoil
of 8–9-year and topsoil of 14–17-year cultivated tomato greenhouses.
nhouses cultivated for a different number of years.

soil in tomato and cucumber greenhouses.
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As previously reported in the literature, ACEwas approved for commer-
cial use in the 1990s (Zhou et al. 2018), which coincides with its higher
detection levels in the soils cultivated for a longer period of time. While
newer insecticides such as CLO, which was approved for commercial
use in the 2000s century, were more detected in the soils cultivated
for 2 years.

The variation in residual concentrations of different NNIs with soil
depth is not only a result of different application rates but also their
physicochemical properties. Table S9 shows the molecular formulae
and physicochemical properties of the seven studied NNIs. The
octanol-water partition coefficient (Kow) is also shown as a useful pa-
rameter for explaining the distribution of organic pollutants in environ-
mental media (Cloyd and Bethke, 2011; He et al., 2019b). IMI has a
relatively low water solubility and relatively high log Kow value,
which limits its transport in soil relative to other NNIs. As a result, IMI
is more likely to accumulate in soil layers containing a higher organic
matter content, such as in topsoil.

Overall, the concentrations of NNIs in the study soil were lower
than those reported elsewhere. For example, the concentrations of
DNT (Chen et al. 2015) and ACE (Ding et al. 2014) in the soils of cu-
cumber greenhouses were approximately 0.2 mg kg−1 on 30 and
45 days after application in Hebei and Jiangsu Province, respectively.
The residues of CLO in soils of Shandong Province during the harvest
season ranged between 0.182 and 2.06 mg kg−1 (Zhang et al. 2016).
The average concentrations of THM, CLO, and IMI were 0.09, 0.19,
and 0.108 mg kg−1 in the soils of tomato greenhouses in Shandong
Province after cropping, while in cucumber greenhouses, the average
concentrations were 0.012, 0.010, and 0.015 mg kg−1, respectively
(Jiang et al. 2019). Such differences likely reflect variable application
rates and sampling durations. In this study, soil samples were col-
lected approximately 150 days into the growing period, which is typ-
ically longer than in other studies. Furthermore, chemical
application rates reported in other studies are typically 1.5 to 2
times the recommended rate. Thus, while the detected concentra-
tions were low in the greenhouse soils in Shouguang City, these
values represent levels of NNIs during the harvest season.

3.2. Effects of TOC and pH on soil neonicotinoid residues

The changes in TOC and pH with soil depth and cultivation years
are shown in Fig. 4. Irrespective of crop type, TOC content followed
the pattern top N middle N lower soil layers. Furthermore, the TOC
content of the topsoil increased with the number of years in cultiva-
tion, which is consistent with the findings of Song et al. (2018). In the
tomato greenhouses, the TOC content of the middle soil layers first
decreased and then increased with cultivation time, while TOC in
the subsoil steadily decreased over time. There was little difference
in the TOC content of the medium- and long-term cultivated
Fig. 4. Changes in TOC and pH in the soils o
subsoils. Under cucumber cultivation, the TOC content of the middle
soil layers increased with cultivation time, while the TOC content of
the subsoil first decreased and then increased. Previous studies have
shown decreases with soil depth in vegetable greenhouses (Chai
et al. 2014) and in calcareous agricultural soils (Gelsomlno and
Azzelllno 2011). Two reasons might account for this. First, while car-
bon fertilizer is applied during the vegetable-growing period, this is
incorporated into the soil using handheld tillers, so that TOC remains
relatively low below a soil depth of 20 cm. Second, TOC is also de-
rived from the aboveground plant (and animals) material as well as
root biomass (root exudates and fine debris) from below the ground
(Jia et al. 2017; Peoples et al. 2019). Themain root systems of cucum-
ber (Fan et al. 2013) and tomato (Shi et al. 2013) plants occur at
depths of 0–25 cm and 0–40 cm, respectively; as the tomato plant
root length density (0–20 cm) is N20–40 cm (Li et al. 2007), upper
soil layers have higher root biomass, which may be associated with
greater organic carbon inputs via root decomposition. This may ex-
plain the observed decreases in TOC content with depth.

Irrespective of crop type, soil pH followed the trend top b mid-
dle b lower layers, which is consistent with previous work showing
that in the greenhouses soils of Shouguang, Shandong Province, the
pH of 0–20 cm layer soils was significantly lower than at depths of
20–40 cm(Han et al. 2014). For the tomato greenhouse soils, pHfirst in-
creased and then decreasedwith cultivation time. Thiswas also the gen-
eral trend for the subsoil in the cucumber greenhouses, while in the top
and middle layers, pH first decreased and then increased with cultiva-
tion time. Overall, both the tomato and cucumber greenhouse soils
showed an acidifying trend with cultivation time, which has also been
observed in several other studies of greenhouse soils (Han et al. 2014;
Hu et al. 2017; Song et al. 2018; Yao et al. 2016).

The Spearman's correlation analysis of TOC and pH values of soil
from vegetable greenhouses is shown in Fig. 5. These results showed
a high negative correlation between TOC and pH values in both to-
mato and cucumber cultivation (tomato soils ρ = −0.900, p =
.001; cucumber soils ρ=−0.883, p= .002). As previously reported,
soils with high TOC content contain more organic matter and organic
acids, resulting in lower pH values (Xu et al., 2019a). Some studies
suggest that the decomposition of soil organic carbon can produce
carbonic acid, which could inhibit the degradation of organic matter
by soil microorganisms (McGratha and Zhang 2003). The gradual in-
crease in TOC caused by long-term cultivation, therefore, likely con-
tributed to the observed decrease in pH with over time. Fig. 6 shows
the correlations between the TOC, pH, and the total concentrations of
NNIs. These results show that the concentration of NNIs are posi-
tively correlated with TOC (tomato soils ρ=0.800, p= .010; cucum-
ber soils ρ = 0.881, p = .004) and negatively correlated with pH
(tomato soils ρ = −0.850, p = .004; cucumber soils ρ = −0.643,
p = .086). As soil organic matter increases, the capacity to
f tomato and cucumber greenhouses.



Fig. 5. Spearman's rank correlations between TOC and pH.
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accumulate pollutants also increases. NNIs such as ACE are primarily
neutral meta-acidic substances and are resistant to hydrolysis under
neutral, acidic, and anaerobic conditions (Morrissey et al. 2015).
Therefore, the more acidic a soil, the more stable these
compounds are and the more likely they are to accumulate. Indeed,
Fig. 6. Spearman's rank correlations between environmental variables (TO
soil acidification is noted as a common problem in greenhouse culti-
vation (Han et al. 2014; Song et al. 2018; Yao et al. 2006; Yao et al.
2016) and likely explains the higher NNI concentrations measured
in the studied topsoil. The correlation analysis performed on the con-
centrations of NNIs (Table S10) showed significant positive correla-
C and pH) and the total concentrations of NNIs in greenhouse soils.



Fig. 7. Acute SSD curves of six NNIs and a comparison of acute SSD curves for all species.
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tions between NTP and CLO, NTP and THM, and THM and DNT in the
tomato greenhouse soils, and that THM was positively correlated
with DNT in the tomato soils and with CLO in both types of soil.
These relationships are likely explained by pesticides containing
multiple types of NNIs, and because THM can be metabolized by
plants to produce CLO (Gui et al. 2019; Wang et al. 2019b).

3.3. Toxicity and ecological risks of neonicotinoid residues for soil organisms

The acute SSD curves of six NNIs are shown in Fig. 7. The best fit
model of SSD curve is summarized in Table S11. The units for terrestrial
toxicity datawere uniformly converted tomgkg−1 and the 95% credible
interval (CI) was calculated in each case. The curve for IMI has the best
fit followed by the THM and ACE curves. Because there were 63 toxicity
data points for IMI, the uncertainty of the fitting curve was low; NTP,
CLO, and IMIT had fewer than eight data points resulting in a low fitting
accuracy, and the curve for SSD is steeper than that of IMI. The hazard
concentration (HCp) when p% species were affected can be calculated
from the SSD curve, the results of which are shown in Table S12. HC5
is generally used as thehazard threshold, and environmental concentra-
tions above this value are considered potentially dangerous. The lower
the HC5 value, the greater the toxicity of the pollutant. The ranking re-
sults of the overall toxicity of the six NNIs were as follows: ACE
(0.008mg kg−1) = CLO (0.008mg kg−1) N THM (0.057mg kg−1) N IMI
(0.066 mg kg−1) N NTP (0.357 mg kg−1) N IMIT (3.881 mg kg−1). By
comparing the acute SSD curves of the NNIs in the same category, it
was possible to compare the toxicity of the different NNIs to all species
as well as the increasing degree of toxicity with increasing residual
values. As shown in Fig. 7, in the acute SSD curves of the six NNIs, the
slopes of IMI, THM, and CLO were not significantly different, whereas
the slope of ACE was slightly higher and the slopes of NTP and IMIT
were steeper. At low concentrations (b0.01 mg kg−1), the toxic effects
of the pesticides were not significantly different but that of ACE was
the highest overall; as the concentration increased, the toxicity of CLO
increased, and at intermediate concentrations (b100mg kg−1), the tox-
icity of NTP increased significantly to amuch higher level than the other
five NNIs.

Combinedwith themeasured neonicotinoid residual values, the tox-
icity effects of NNIs in the two types of vegetable greenhouses were cal-
culated (Table S13 and Fig. 8). The toxicities of ACE and THM are higher
in the tomato greenhouse soils, and that of ACE is higher in the cucum-
ber greenhouse soils. For the tomato soils cultivated for a short (2 years)
and medium (8–9 years) amount of time, the toxicity effects with soil
depthwere ranked top Nmiddle N lower layers; for the long-term culti-
vated soils (14–17 years), the risks were ranked middle N top N subsoil.
This indicates that with increasing cultivation time, the level of ecolog-
ical risk in the top and middle soil layers gradually increases while the
Fig. 8. Ecological risks of NNIs in the soils o
risk in the subsoil remains largely unchanged. For short-term cultivated
cucumber greenhouses, the toxicity effects with soil depth were ranked
top Nmiddle N lower layers; formedium-term and long-term cultivated
soils, the risk levels of themiddle soil layerswere lower than the top and
lower soil layers. The toxicities of IMIT and NTP were 3 to 5 orders of
magnitude lower than for other pesticides. In general, the ecological
risk values were higher in cucumber soils cultivated for a short period
of time and in tomato greenhouse soils cultivated for a long period
of time.

NNIs are the most widely utilized class of synthetic insecticides.
China is a traditional agricultural economy in the widespread applica-
tion of pesticides to manage pests and diseases. However, airborne
dust and water droplets can be produced during the seed-sowing pro-
cess (Humann-Guilleminot et al. 2019). As such, given the high solubil-
ity of NNIs in water and their stability in soil, NNIs can easily migrate
into adjacent soils and vegetation (Radolinski et al. 2019) and move to
surface water and groundwater through runoff and drainage from agri-
cultural areas (Morrissey et al. 2015). It should be emphasized that the
ecological risks associated with the six studied NNIs may be
underestimated due to the synergistic and additive effects of NNIs,
which may exacerbate their toxic effects (Yu et al. 2016). Nonetheless,
the acute toxicity levels documented here are of great significance for
the safe use of pesticides and provide a useful reference for future
long-term studies.

4. Conclusions

Seven NNIs were detected in the soils of tomato and cucumber
greenhouses in Shouguang, Shandong Province. Irrespective of crop
type, neonicotinoid residues were higher in soils cultivated for short
(2 years) and long (14–17 years) periods of time compared to those cul-
tivated for a medium period (8–9 years). At the same level of planting
years, the residual concentrations of NNIs followed the general trend
top N middle N lower soil layers. The TOC content of the surface soils
was higher than in the lower layers and increased with cultivation
time. Soil pH decreased with cultivation time, demonstrating a gradual
acidification trend. Among the six detected NNIs, the ecological risks
of ACE and THM were found to be highest. These findings indicate
that tomato greenhouses with a long history of cultivation represent
the greatest NNI risks.
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