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Abstract

Neonicotinoids (NEOs) are a class of insecticides that have high insecticidal activity and
are extensively used worldwide. However, increasing evidence suggests their long-term
residues in the environment and toxic effects on nontarget organisms. NEO residues are
frequently detected in water and consequently have created increasing levels of pollution and
pose significant risks to humans. Many studies have focused on NEO concentrations in water;
however, few studies have focused on global systematic reviews or meta-analyses of NEO
concentrations in water. The purpose of this review is to conduct a meta-analysis on the
concentration of NEOs in global waters based on published detections from several countries
to extend knowledge on the application of NEOs. In the present study, 43 published papers
from 10 countries were indexed for a meta-analysis of the global NEO distribution in water.
Most of these studies focus on the intensive agricultural area, such as eastern Asia and North
America. The order of mean concentrations is identified as imidacloprid (119.542 £+ 15.656 ng
L") > nitenpyram (88.076 + 27.144 ng L") > thiamethoxam (59.752 + 9.068 ng L) >
dinotefuran (31.086 + 9.275 ng L") > imidaclothiz (24.542 + 2.906 ng L") > acetamiprid
(23.360 £ 4.015 ng L") > thiacloprid (11.493 + 5.095 ng L™"). Moreover, the relationships
between NEO concentrations and some environmental factors is analyzed. NEO
concentrations increase with temperature, oxidation-reduction potential and the percentage of
cultivated crops but decrease with stream discharge, pH, dissolved oxygen, and precipitation.

NEO concentrations show no significant relations to turbidity and conductivity.

Keywords: Neonicotinoids; insecticide; organic pollutant; insecticide contamination; water;

meta-analysis
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1. Introduction

Neonicotinoids (NEOs) are a class of insecticides that act selectively on nicotinic
acetylcholine receptors (nAChRs) to block the action of acetylcholine in the central nervous
systems of insects (Matsuda et al. 2001; Tomizawa and Casida 2003). Compared to traditional
pesticides, they show stronger selectivity for insects on nAChRs than vertebrates and are thus
considered to have reduced toxicity and to exhibit lower resistance in mammals (Jeschke et al.
2013). Since NEOs were first produced in the 1990s beginning with imidacloprid (IMI), other
NEOs, including acetamiprid (ACE), clothianidin (CLO), thiamethoxam (TXM), thiacloprid
(THI), nitenpyram (NIT), and dinotefuran (DIN), have been successively developed for the
market (Godfray et al. 2015). In addition, imidaclothiz (IMZ) is a new NEO with more
systemic activity developed by Nantong Jiangshan Agrochemical and Chemical Co. Ltd.,
China and it was registered in 2006 by the Chinese Ministry of Agriculture (Shao et al. 2013).
NEOs have become best-selling insecticides with annual sales of 1.9 billion dollars,
accounting for 25% of the global insecticide market since 2010 (Jeschke et al. 2011). In 2012,
TXM, CLO, and IMI accounted for almost 85% of total NEO sales and were mainly used for
crop protection (Bass et al. 2015). In particular, IMI has gradually become one of the most
widely applied insecticides and is used for over 140 agricultural crops in approximately 120
countries (Drobne et al. 2008). Approximately 20,000 tons of active substance IMI is
produced annually, and China contributes approximately 70% of IMI production (Drobne et
al. 2008; Simon-Delso et al. 2015; Wang et al. 2018). Because of the highly efficient insect
pest control and favorable safety profiles of NEOs, they have been used in agriculture, animal
husbandry, and residential environments worldwide (Simon-Delso et al. 2015; Morrissey et
al. 2015).

Along with their global use, NEOs have had negative effects on wildlife. Many
organisms, including nontarget species and terrestrial pollinators such as bumble bee (Bombus
terrestris), honey bee (Apis mellifera), and butterfly (Polyommatus icarus), are extremely
sensitive to NEOs (Whitehorn et al. 2012; Rundlof et al. 2015; Basley and Goulson 2018).

Honey bees, as pollinators, play essential roles in ecological systems and crop productivity, so
3
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their health, productivity and behavior are of greater environmental concern (Henry et al.
2012). An increasing number of studies have revealed that NEOs tend to easily enter
ecosystems through runoff and drainage systems in agricultural areas and pose increasing
ecological threats to organisms (Anderson et al. 2018; Schaafsma et al. 2019). NEOs have the
potential to cause a sudden decline in the adult honeybee population, also known as colony
collapse disorder (Henry et al. 2012). Many studies have reported on the acute toxicity of
NEOs to aquatic invertebrates, birds, and mammals from in vitro and in vivo laboratory
toxicity experiments (Morrissey et al. 2015; Han et al. 2018; Addy-Orduna et al. 2019). The
potential toxic effects of NEOs mainly include reproductive toxicology, neurotoxicity,
hepatotoxicity, immunotoxicity, and genetic toxicity (Han et al. 2018).

Variable levels of NEOs and their metabolites occur in surface environmental media
such as soils (Jones et al. 2014; Bonmatin et al. 2019), drinking water (Sultana, et al. 2018),
crops (Kamel et al. 2010; Chahil et al. 2015; Karthikeyan et al. 2019), pollen (Tosi et al.
2018), and even bovine milk (Adelantado et al. 2018). It is important to develop better
knowledge of the distribution of NEO levels in the environment and the associated
environmental effects, which will help guide conservation efforts to NEOs application and
environment protection. Meta-analysis is a quantitative method to summarize the independent
research results. Hence, the objective of this review is to summarize the global concentration
distribution of NEOs (ACE, CLO, DIN, IMI, IMZ, NIT, THI, and TXM) in water and reveal
the relationship between NEO concentrations and hydrologic parameters such as stream
discharge, turbidity, pH, temperature, dissolved oxygen (DO), oxidation-reduction potential
(ORP), precipitation, and cultivated crops via meta-analysis.

2. Materials and methods
2.1 Data assembly

To study NEO levels in water, target publications included in the PubMed database were
screened on February 2, 2021. A total of 57 papers were obtained using the following search
terms: (((neonicotinoid[Title]) OR (neonicotinoids|Title]) OR (neonicotinoid

insecticide[Title]) OR (neonicotinoid insecticides[Title])) AND ((water[Title]) OR
4
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(lake[Title]) OR (river[Title]) OR (stream[Title]) OR (wetland[Title]))). Among the papers
obtained, 27 were retained in the present study based on the following criteria: (1) papers
written in English were retained; (2) duplicate papers were removed; (3) irrelevant papers
were carefully removed after reading the abstracts; (4) papers excluding NEO concentration
data were removed after reading the full text in detail; and (5) papers were identified as
original research rather than review articles. An additional 16 papers were obtained from the
references of the retained papers, so a total of 43 papers were used in this study. These selected
papers were published from 2012 to 2021 with the impact factor range from 1.755 to 11.236.
Although they might be not comprehensive, the papers that we screened were published in
specialized journals with considerable impact. The following information was extracted:
sampling time, country, sampling location, physical and chemical properties of the studied
water (stream discharge, turbidity, pH, temperature, DO, ORP, and conductivity),
precipitation, percentage of cultivated crops, types of NEOs, concentrations of NEOs
(maximum, median, minimum, and mean), and standard deviation of NEO concentrations.
These studies referring to 10 countries (the United States, Australia, Belize, Canada, China,
Japan, the Philippines, Romania, South Africa, and Vietnam) were selected. NEOs were
detected in tap water, seawater, lakes, rivers, reservoirs, estuaries, creeks, wetlands, or open
ditches and runoft in agricultural regions whether it's spring, summer, fall or winter (Table
S1). Plot Digitizer software was used to extract values from graphs.
2.2 Data analysis

The sampling locations were displaced on a world map based on longitude and latitude
parameters by RStudio (Fig. 1). With no information on longitude and latitude, the sampling
site name was used to extract longitude and latitude information from Google Maps. The
mean concentration of each NEO was used, and the concentrations of NEOs were unified to
ng L' for further analysis. Data analyses and the meta-analysis figures were developed using
the JMP statistical program (version 16.0). JMP is a statistical visualization tool, it can
integrate the graphics into the report. The “Distribution of Y’ platform was used for testing

the mean concentrations of different NEOs. The number of observations and concentration
5
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range for different NEOs (ACE, CLO, DIN, IMI, IMZ, NIT, THI, and TXM) were
summarized. The “Fit Y by X" platform was used for testing the significant differences
between the mean concentrations of NEOs and environmental factors (e.g., stream discharge,
turbidity, pH, temperature, DO, ORP, conductivity, precipitation, and the percentage of

cultivated crops).

3. Results and discussion
3.1 Database availability

The main regions exhibiting NEO use in agriculture are 29.4% of total global use in
Latin America, followed by 23% in Asia, North 22% in America, and 11% in Europe (Bass et
al. 2015; Simon-Delso et al. 2015). Most of our selected studies focus on eastern Asia and
North America, which include countries heavily focused on agricultural production (Fig. 1).
However, no study about Latin America was obtained in the present study. The mean
concentrations of eight widely used NEOs (ACE, CLO, DIN, IMI, IMZ, NIT, THI, and TXM)
were collected, and the information on each form of NEO detected is shown in Fig. 2. IMI is
the most frequently reported (39/43, 91%), followed by CLO (36/43, 84%), TXM (32/43,
74%), ACE (31/43, 72%), THI (27/43, 63%), DIN (16/43, 37%), NIT (11/43, 26%), and IMZ
(4/43, 9%). IMI, the first NEO developed, is the most frequently reported, possibly due to its
broad application and usage (Kollmeyer et al. 1999). IMZ was the latest to enter the market,
thus there only a few studies include IMZ detection. Continuous detection of IMZ in the
environment is necessary, because it has great potential in China's market.
3.2 NEO concentrations in water

Table 1 shows the concentrations and numbers of observations for different NEOs. CLO
was the most frequently detected in 1056 out of 1645 water samples, followed by IMI (879),
TXM (863), ACE (428), THI (295), DIN (122), IMZ (37), and NIT (29). CLO has the highest

mean concentrations at 222.320 + 46.692 ng L. The mean concentrations of other NEOs are

ordered as follows: IMI (119.542 + 15.656 ng L") > NIT (88.076 + 27.144 ng L") > TXM
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(59.752 £9.068 ng L") > DIN (31.086 + 9.275 ng L") > IMZ (24.542 £ 2.906 ng L") > ACE
(23.360 £ 4.015 ng L") > THI (11.493 + 5.095 ng L™"). Moreover, concentrations were found
to range from 0.001 to 45100 ng L™ for CLO, from 0.004 to 9140 ng L™ for IMI, from 0.002
to 4315 ng L™ for TXM, from 0.002 to 3820 ng L' for ACE, from 0.003 to 1370 ng L™ for
THI, from 0.11 to 1022.2 ng L' for DIN, from 2 to 672.9 ng L' for NIT, and from 0.002 to
81.92 ng L' for IMZ (Table 1).

Fig. 3 displays the distributions of the mean concentrations of each NEO type. The
concentrations of CLO and IMI were found to be concentrated at 0~1500 ng L™ and 0~500 ng
L1, respectively. The concentrations of ACE, DIN, IMZ, NIT, THI, and TXM were mainly
measured at below 250 ng L™'. NEOs can be used in pest control to protect crops and are
mainly applied for seed treatment, chemigation, and soil treatment (Simon-Delso et al. 2015).
NEOs may enter through various media into aquatic systems from agricultural fields through
processes such as spray drift, atmospheric deposition, soil erosion, and runoff. Some
governments and organizations have established water quality guidelines for protecting
aquatic ecosystems. For example, the United States Environmental Protection Agency
(USEPA) has estimated that chronic benchmarks of 970, 2100, 10, 740, 95300, and 50 ng L!
for THI, ACE, IMI, TXM, DIN, and CLO, respectively (USEPA, 2016). In this review, some
potentially threatening concentrations of certain NEOs are especially found in agricultural
regions. THI monitored at the outlet of the Yarramundi Lagoon in a turf farm was found the
highest concentration of 1370 ng L' (Sanchez-Bayo et al. 2014). The highest IMI
concentration found in Solomon Creek in the Californian agricultural region was recorded as
9140 ng L' (Anderson et al. 2018). Although the province of Ontario of Canada bans the
cosmetic use of some pesticides on lawns and gardens, NEOs are used for seed treatment on
row crops such as corn, soybeans, cereal grains, and canola, which has led to widespread use
in Ontario (Octario 2016). CLO, TXM, and ACE levels in drain water around maize fields in
Canada have reached 45100 and 7200, 4315, and 1527.6 ng L™, respectively (Schaafsma et al.

2019).
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In recent years, the European Union has banned some NEOs because of their
improvement in the decline of bees and other pollinators (Naumann et al. 2022). However,
NEOs are still widely used in developing countries with poorly controlled. China has the
highest production of NEOs, which are frequently detected in rivers flowing through urban
environments. In addition to those found in agricultural regions, the highest concentrations of
DIN, NIT, and IMZ have been detected in the Yangtze River in China, reaching levels of
1022.3, 672.9, and 81.92 ng L', respectively (Chen et al. 2019). The Yangtze River is the
longest river in China, playing a considerable role in agricultural and industrial activities
(Mahai et al. 2019). NEOs in the Yangtze River have become a source of NEOs in seawater
(Chen et al. 2019). Although NEO concentrations decrease rapidly by dilution, NEOs are
detected near shorelines (Pan et al. 2020). IMZ is a novel NEO that has been gradually
applied to vegetables, fruits, and crops on a large scale in China because of its excellent
insecticidal activity (Tao et al. 2021). Due to IMZ’s increasing use, more attention should be
dedicated to its adverse effects (e.g., DNA damage in earthworms; Zhang et al. 2017).
Moreover, different NEO concentrations have been detected in different crop planting periods.
Concentrations of IMI and TXM increase markedly in the rice planting month. DIN was
detected at a concentration of 220 ng L' during rice earwig emergence (Yamamoto et al.
2012). A large proportion of pesticides enter environmental media via runoff, leaching, and
drifting. These pesticides are absorbed by nontarget plants or organisms and present a
potential threat to food safety (Li et al. 2018; Tao et al. 2021). Thus, scientists around the
world have gradually recognized NEO risks and increased efforts to monitor NEOs in the
environment (Morrissey et al. 2015).

3.3 Effect of physicochemical properties on NEO concentration

Fig. 4 and Table 2 present the relationship between NEO concentrations and nine
physical and chemical properties. Different properties show different responses to NEO
concentrations in water. NEO concentrations increase with temperature, ORP, and the
percentage of cultivated crops (Line regression, Temperature: adjusted R? = 0.0811, p <

0.0001; ORP: adjusted R* = 0.0931, p < 0.01; Cultivated crop: adjusted R = 0.0307, p <
8



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

0.001) (Fig. 44, f, i). When summer arrives, pest damage increases with increasing
temperature, and insecticide use is increased to decrease crop losses. Rainfall is a key factor
in increasing NEO residues in water. NEOs can enter water via surface and underground
runoff, creating higher insecticide concentrations in water. For instance, in the province of
Guangdong located in the subtropical zone of South China, the climate is warm and humid for
most of the year. Thus, large quantities of pesticides are used for pest control, and Guangdong
Province has the highest pesticide application dosage (Li et al. 2014). Only one paper presents
the value of ORP, and the representativeness of the relation needs to be further confirmed (Yi
et al. 2019). Concentrations of NEOs generally increase as the percentage of cultivated crops
increases. High NEO concentrations are detected in surface water around areas of agricultural
activity when the planting season arrives. According to a study conducted in the USA, streams
show higher NEO concentrations in the planting season than in other seasons (Hladik and
Kolpin 2016). Another study from Canada shows that one side of the Two Mile Creek
watershed includes over 50% orchards, and an IMI concentration of 816 ng L' was detected
in this creek (Struger et al. 2017). A positive relationship between cultivated crops and NEO
concentrations have been observed in other studies (Hladik et al. 2014; Iancu et al. 2019).
NEO concentrations decrease with stream discharge, pH, DO, and precipitation (Line
regression, Stream discharge: adjusted R?=0.0433, p > 0.05; pH: adjusted R? = 0.0225, p <
0.01; DO: adjusted R* = 0.0794, p < 0.01; Precipitation: adjusted R? = 0.0223, p < 0.0001)
(Fig. 4a, c, e, g). The negative relation between NEO concentrations and stream discharge or
precipitation may be caused by the dilution of NEOs when strong precipitation occurs
(Struger et al. 2017). Higher DO value of water might affect the degradation of NEOs (Yi et
al. 2019). The pH value is an important factor that affects NEO solubility in water. NEOs
have longer term residuals under acidic, or neutral conditions than under less alkaline
conditions (Yi et al. 2019). It was reported that NEOs hardly degrade at pH 4.0 ~ 7.0, while
NEOs hydrolyze readily with a high pH value (pH = 10). (Todey et al. 2018). In this review,
pH values of water samples were ranged from 6.31 to 8.67, suggesting that NEOs might be

presented in waters for a long time.
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The NEO concentrations show no significant correlations with turbidity, and
conductivity (p > 0.05) (turbidity: adjusted R? =-0.00781, p = 0.879; conductivity: adjusted
R? =0.00456, p = 0.184) (Fig. 4b, h). NEOs are more likely to dissolve than combine with
particulate, or colloidal matter (Sanchez-Bayo and Hyne 2014). However, these relationships

need further confirmation.

4. Conclusions and avenues for future research

In the present work, we summarize a total of 43 publications on NEOs detected in tap
water, seawater, lakes, rivers, reservoirs, estuaries, creeks, wetlands, open ditches, and runoff
in agricultural regions worldwide. Most studies have focused on eastern Asia and North
America, which are major areas of agricultural production. The order of reporting frequency
is IMI > CLO > TXM > ACE> THI > DIN > NIT > IMZ. Underdeveloped areas such as
Africa should be considered due to an increasing use of NEOs in these areas. In addition, the
order of mean concentrations is IMI > NIT > TXM > DIN > IMZ > ACE > THI. The highest
IMI concentration (9140 ng L") was detected in Solomon Creek in the Californian
agricultural region of the USA, while THI (1370 ng L") was monitored at the outlet of the
Yarramundi Lagoon in Australia. The highest concentrations of CLO (45100 ng L™, 7200 ng
L"), TXM (4315 ng L") and ACE (1527.6 ng L") were found in drain water around maize
fields in Canada, and DIN (1022.3 ng L"), NIT (672.9 ng L"), and IMZ (81.92 ng L") were
detected in the Yangtze River in China. Moreover, the relationships between mean
concentrations of NEOs and environmental factors (e.g., stream discharge, turbidity, pH,
temperature, DO, ORP, conductivity, precipitation, and the percentage of cultivated crops)
show that NEO concentrations increase with temperature, oxidation-reduction potential, and
the percentage of cultivated crops but decrease with stream discharge, pH, DO and
precipitation. NEO concentrations have no significant relationship to turbidity, and
conductivity. To prevent NEO pollution, NEO levels in the environment should be constantly

monitored and evaluated.

10



236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

Abbreviations

NEOs, Neonicotinoids; ACE, acetamiprid; CLO, clothianidin; DIN, dinotefuran; IMI,
imidacloprid; IMZ, imidaclothiz; NIT, nitenpyram; THI, thiacloprid; TXM, thiamethoxam;
DO, dissolved oxygen, ORP, oxidation-reduction potential; ND, not detected; NA, not

analyzed; MDL, method detection limit.

Statements and Declarations

Funding: This study was funded by the National Natural Science Foundation of China (grant

number 42007311), Natural Science Foundation of Guangdong Province (grant number

2020A1515110189) and the Basic Research Program of Guangzhou, China (grant number

202102010493).

Competing Interests: The authors have no relevant financial or non-financial interests to
disclose.

Author Contributions: Jianqiao Wang and Ru Yin contributed to the study conceptualization
and design. Investigation, data curation, and formal analysis were performed by Jiangiao
Wang, Ru Yin, Yilin Liu and Beijia Wang. The original draft of the manuscript was written
by Jiangiao Wang and Ru Yin and the revision and editing of the manuscript was commented
by Nana Wang, Pengfei Xiao, Tangfu Xiao, Hirofumi Hirai. All authors read and approved
the final manuscript.

Availability of data and materials: All data generated or analyzed during this study are
included in this article and its supplementary information Table S1.

Ethical Approval: There are no ethical issues in this article.

Consent to Participate: All the authors agree to participate in this paper.

Consent to publish: All the authors agree to publish this paper.

References
Addy-Orduna L, Brodeur J, Mateo R (2019) Oral acute toxicity of imidacloprid,

thiamethoxam and clothianidin in eared doves: A contribution for the risk assessment of
11



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

neonicotinoids in birds. Sci Total Environ 650:1216-1223.
https://doi.org/10.1016/j.scitotenv.2018.09.112

Adelantado C, Rios A, Zougagh M (2018) Magnetic nanocellulose hybrid nanoparticles and
ionic liquid for extraction of neonicotinoid insecticides from milk samples prior to
determination by liquid chromatography-mass spectrometry. Food Addit Contam, Part A
35(9):1755-1766. https://doi.org/10.1080/19440049.2018.1492156

Anderson BS, Phillips BM, Voorhees JP, Deng X, Geraci J, Worcester K, Tjeerdema RS
(2018) Changing patterns in water toxicity associated with current use pesticides in three
California agriculture regions. Integr Environ Assess Manage 14(2):270-281.
https://doi.org/10.1002/ieam.2005

Basley K, Goulson D (2018) Effects of field-relevant concentrations of clothianidin on larval
development of the butterfly Polyommatus icarus (Lepidoptera, Lycaenidae). Environ
Sci Technol 52(7):3990-3996. https://doi.org/10.1021/acs.est.8b00609

Bass C, Denholm I, Williamson MS, Nauen, R (2015) The global status of insect resistance to
neonicotinoid insecticides. Pestic Biochem Physiol 121:78-87.
https://doi.org/10.1016/j.pestbp.2015.04.004

Bonmatin JM, Noome DA, Moreno H, Mitchell E, Glauser G, Soumana OS, Bijleveld van
Lexmond M, Sanchez-Bayo F (2019) A survey and risk assessment of neonicotinoids in
water, soil and sediments of Belize. Environ Pollut 249:949-958.
https://doi.org/10.1016/j.envpol.2019.03.099

Chahil GS, Mandal K, Sahoo SK, Singh B (2015) Risk assessment of mixture formulation of
spirotetramat and imidacloprid in chilli fruits. Environ Monit Assess 187(1):4105.
https://doi.org/10.1007/s10661-014-4105-y

Chen Y, Zang L, Liu M, Zhang C, Shen G, Du W, Sun Z, Fei J, Yang L, Wang Y, Wang X,
Zhao M (2019) Ecological risk assessment of the increasing use of the neonicotinoid
insecticides along the east coast of China. Environ Int 127:550-557.
https://doi.org/10.1016/j.envint.2019.04.010

Drobne D, Blazic M, Van Gestel CA, Leser V, Zidar P, Jemec A, Trebse P (2008) Toxicity of
12



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

imidacloprid to the terrestrial isopod Porcellio scaber (Isopoda, Crustacea).
Chemosphere 71(7):1326—1334. https://doi.org/10.1016/j.chemosphere.2007.11.042

Godfray HC, Blacquiére T, Field LM, Hails RS, Potts SG, Raine NE, Vanbergen AJ, McLean
AR (2015) A restatement of recent advances in the natural science evidence base
concerning neonicotinoid insecticides and insect pollinators. Proc Biol Sci
282(1818):20151821. https://doi.org/10.1098/rspb.2015.1821

Han W, Tian Y, Shen X (2018) Human exposure to neonicotinoid insecticides and the
evaluation of their potential toxicity: An overview. Chemosphere 192:59-65.
https://doi.org/10.1016/j.chemosphere.2017.10.149

Henry M, Béguin M, Requier F, Rollin O, Odoux JF, Aupinel P, Aptel J, Tchamitchian S,
Decourtye A (2012) A common pesticide decreases foraging success and survival in
honey bees. Science 336:348-350. https://doi.org/10.1126/science.1215039

Hladik ML, Kolpin DW (2016) First national-scale reconnaissance of neonicotinoid
insecticides in streams across the USA. Environ Chem 13(1):12-20.
https://doi.org/10.1071/EN15061

Hladik ML, Kolpin DW, Kuivila KM (2014) Widespread occurrence of neonicotinoid
insecticides in streams in a high corn and soybean producing region, USA. Environ
Pollut 193(oct.):189-196. https://doi.org/10.1016/j.envpol.2014.06.033

lancu VI, Petre J, Galaon T, Radu GL (2019) Occurrence of neonicotinoid residues in Danube
River and tributaries. Rev Chim 70(1):313-318. https://doi.org/10.37358/RC.19.1.6907

Jeschke P, Nauen R, Beck ME (2013) Nicotinic acetylcholine receptor agonists: a milestone
for modern crop protection. Angewandte Chemie (International ed. in English),
52(36):9464-9485. https://doi.org/10.1002/anie.201302550

Jeschke P, Nauen R, Schindler M, Elbert A (2011) Overview of the status and global strategy
for neonicotinoids. J Agric Food Chem 59:2897-2908. https://doi.org/10.1021/j£101303g

Jones A, Harrington P, Turnbull G (2014) Neonicotinoid concentrations in arable soils after
seed treatment applications in preceding years. Pest Manage Sci 70(12):1780—1784.

https://doi.org/10.1002/ps.3836
13



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

Kamel A, Qian Y, Kolbe E, Stafford C (2010) Development and validation of a multiresidue
method for the determination of neonicotinoid and macrocyclic lactone pesticide
residues in milk, fruits, and vegetables by ultra-performance liquid
chromatography/MS/MS. J AOAC Int 93(2):389-399. https://doi.org/10.2527/jas.2009-
2400

Karthikeyan S, Suganthi A, Bhuvaneswari K, Kennedy JS (2019) Validation and
quantification of neonicotinoid insecticide residues in rice whole grain and rice straw
using LC-MS/MS. Food Addit Contam, Part A 36(2), 270-277.
https://doi.org/10.1080/19440049.2018.1562229

Kollmeyer WD, Flattum RF, Foster JP, Powell JE, Schroeder ME, Soloway SB (1999)
Discovery of the nitromethylene heterocycle insecticides. In: Yamamoto I., Casida J.E.
(eds) Nicotinoid Insecticides and the Nicotinic Acetylcholine Receptor. Springer, Tokyo,
pp,71-89. Springer-Verlag, Tokyo. https://doi.org/10.1007/978-4-431-67933-2 3

Li H, Zeng EY, Jing Y (2014) Mitigating pesticide pollution in China requires law
enforcement, farmer training, and technological innovation. Environ Toxicol Chem
33(5):963-971. https://doi.org/10.1002/etc.2549

LiY, Long L, Yan H, Ge J, Cheng J, Ren L, Yu X (2018) Comparison of uptake, translocation
and accumulation of several neonicotinoids in komatsuna (brassica rapa var. perviridis)
from contaminated soils. Chemosphere 200:603-611.
https://doi.org/10.1016/j.chemosphere.2018.02.104

Mahai G, Wan Y, Xia W, Yang S, He Z, Xu S (2019) Neonicotinoid insecticides in surface
water from the central Yangtze River, China. Chemosphere 229:452—460.
https://doi.org/10.1016/j.chemosphere.2019.05.040

Matsuda K, Buckingham SD, Kleier D, Rauh JJ, Grauso M, Sattelle DB (2001)
Neonicotinoids Insecticides acting on insect nicotinic acetylcholine receptors. Trends
Pharmacol Sci 22(11):573-580. https://doi.org/10.1016/S0165-6147(00)01820-4

Morrissey CA, Mineau P, Devries JH, Sanchez-Bayo F, Liess M, Cavallaro MC, Liber K

(2015) Neonicotinoid contamination of global surface waters and associated risk to
14



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

aquatic invertebrates: a review. Environ Int 74:291-303.
https://doi.org/10.1016/j.envint.2014.10.024

Naumann T, Bento CPM, Wittmann A, Gandrass J, Tang J, Zhen X, Liu L, Ebinghaus R
(2022) Occurrence and ecological risk assessment of neonicotinoids and related
insecticides in the Bohai Sea and its surrounding rivers, China. Water Res 209:117912.
https://doi.org/10.1016/j.watres.2021.117912

Octario Class 9 pesticides (2016) Classicatuon of pesticides set out under Ontario regulation
63/09. https://www.ontario.ca/page/class-9-pesticides

Pan X, Wang Z, Chen C, Li H, Li X, Zhang Q, Wang X, Zhang Y (2020) Research on the
distribution of neonicotinoid and fipronil pollution in the Yangtze River by high-
performance liquid chromatography. Anal Methods 12(46):5581-5590.
https://doi.org/10.1039/d0ay01558;

Rundléf M, Andersson GK, Bommarco R, Fries I, Hederstrom V, Herbertsson L, Jonsson O,
Klatt BK, Pedersen TR, Yourstone J, Smith HG (2015) Seed coating with a
neonicotinoid insecticide negatively affects wild bees. Nature 521(7550):77-80.
https://doi.org/10.1038/nature14420

Sanchez-Bayo F, Hyne RV (2014) Detection and analysis of neonicotinoids in river waters—
Development of a passive sampler for three commonly used insecticides. Chemosphere
99(3):143-151. https://doi.org/10.1016/j.chemosphere.2013.10.051

Schaafsma AW, Limay-Rios V, Baute TS, Smith JL (2019) Neonicotinoid insecticide residues
in subsurface drainage and open ditch water around maize fields in southwestern
Ontario. PloS one 14(4):¢0214787. https://doi.org/10.1371/journal.pone.0214787

Shao X, Liu Z, Xu X, Li Z, Qian X (2013) Overall status of neonicotinoid insecticides in
China: Production, application and innovation. J Pestic Sci 38(1):1-9.
https://doi.org/10.1584/jpestics.D12-037

Simon-Delso N, Amaral-Rogers V, Belzunces LP, Bonmatin JM, Chagnon M, Downs C,
Furlan L, Gibbons DW, Giorio C, Girolami V, Goulson D, Kreutzweiser DP, Krupke CH,

Liess M, Long E, McField M, Mineau P, Mitchell EAD, Morrissey CA, Noome DA, Pisa
15



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

L, Settele J, Stark JD, Tapparo A, Van Dyck H, Van Praagh J, Van der Sluijs JP,
Whitehorn PR, Wiemers M (2015) Systemic insecticides (neonicotinoids and fipronil):
trends, uses, mode of action and metabolites. Environ Sci Pollut Res Int 22(1):5-34.
https://doi.org/10.1007/s11356-014-3470-y

Struger J, Grabuski J, Cagampan S, Sverko E, McGoldrisk D, Marvin CH (2017) Factors
influencing the occurrence and distribution of neonicotinoid insecticides in surface
waters of southern Ontario, Canada. Chemosphere 169:516-523.
https://doi.org/10.1016/j.chemosphere.2016.11.036

Sultana T, Murray C, Kleywegt S, Metcalfe CD (2018) Neonicotinoid pesticides in drinking
water in agricultural regions of southern Ontario, Canada. Chemosphere. 202:506—513.
https://doi.org/10.1016/j.chemosphere.2018.02.108

Tao Y, Jia C, Jing J, Zhao M, Yu P, He M, Chen L, Zhao E (2021) Uptake, translocation, and
biotransformation of neonicotinoid imidaclothiz in hydroponic vegetables: Implications
for potential intake risks. J Agric Food Chem 69(14):4064—4073.
https://doi.org/10.1021/acs.jafc.0c07006

Todey SA, Fallon AM, Arnold WA (2018) Neonicotinoid insecticide hydrolysis and
photolysis: Rates and residual toxicity. Environ Toxicol Chem 37(11):2797-2809.
https://doi.org/10.1002/etc.4256

Tomizawa M, Casida JE (2003) Selective toxicity of neonicotinoids attributable to specificity
of insect and mammalian nicotinic receptors. Annu Rev Entomol 48, 339-364.
https://doi.org/10.1146/annurev.ento.48.091801.112731

Tosi S, Costa C, Vesco U, Quaglia G, Guido G (2018) A 3-year survey of Italian honey bee-
collected pollen reveals widespread contamination by agricultural pesticides. Sci total
environ 615:208-218. https://doi.org/10.1016/j.scitotenv.2017.09.226

USEPA, 2016. Aquatic life benchmarks for pesticide regulation. US Environmental Protection
Agency, Office of Pesticide Products, Washington, DC USA. https://www.epa.gov/ pesticide-
science-and-assessing-pesticide-risks/aquatic-life-benchmarks-pesticide-

registration#benchmarks

16



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

Wang X, Anadon A, Wu Q, Qiao F, Ares I, Martinez-Larrafiaga MR, Yuan Z, Martinez MA
(2018) Mechanism of neonicotinoid toxicity: impact on oxidative stress and metabolism.
Annu Rev Pharmacol Toxicol 58:471-507. https://doi.org/10.1146/annurev-pharmtox-
010617-052429

Whitehorn PR, O'Connor S, Wackers FL, Goulson D (2012) Neonicotinoid pesticide reduces
bumble bee colony growth and queen production. Science 336(6079):351-352.
https://doi.org/10.1126/science.1215025

Yamamoto A, Terao T, Hisatomi H, Kawasaki H, Arakawa R (2012) Evaluation of river
pollution of neonicotinoids in Osaka City (Japan) by LC/MS with dopant-assisted
photoionisation. J Environ Monit 14(8):2189—2194. https://doi.org/10.1039/c2em30296a

Yi X, Zhang C, Liu H, Wu R, Tian D, Ruan J, Zhang T, Huang M, Ying G (2019) Occurrence
and distribution of neonicotinoid insecticides in surface water and sediment of the
Guangzhou section of the Pearl River, South China. Environ pollut 251:892-900.
https://doi.org/10.1016/j.envpol.2019.05.062

Zhang Y, Zhang L, Feng L, Mao L, Jiang H (2017) Oxidative stress of imidaclothiz on
earthworm FEisenia fetida. Comp Biochem Physiol C Toxicol Pharmacol 191:1-6.

https://doi.org/10.1016/j.cbpc.2016.09.001

17



420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

Figures and Tables Captions

Fig. 1 Geographic focuses of field studies investigating concentrations of NEOs in water
worldwide.

Fig. 2 Number of papers focused on each NEO concentration in water.

Fig. 3 Distribution of mean concentrations of each NEO (a: ACE; b: CLO; c: DIN; d: IMI; e:
IMZ.; f: NIT; g: THL; h: TXM). The top and bottom of the diamond (graph on the right)
are a 95% confidence interval for the mean. The bottom and top of the box show the
25" and 75" quantiles, and median is the horizontal line inside the box.

Fig. 4 NEO concentration responses to the effects of stream discharge (a), turbidity (b), pH
(c), temperature (d), DO (¢), ORP (f), precipitation (g), conductivity (h), and the percentage of
cultivated crops (i). p < 0.05: statistically significant change; p < 0.001: highly
statistically significant.

Table 1 Summary of the dataset indicating the number of observations for different NEO
types (ACE, CLO, DIN, IMI, DIN, IMZ, NIT, THI, TXM), and statistics (Mean * standard
error (SE), lower 95% confidence interval (LCI), upper 95% confidence interval (UCI)) and
the ranges of concentrations of each NEO type.

Table 2 Description of the models that explain the relationships between mean concentrations
of NEOs and stream discharge, turbidity, pH, temperature, dissolved oxygen, ORP,

precipitation, conductivity, and the percentage of cultivated crops.

Supplementary data

Table S1 Raw data.
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Fig. 4 NEO concentration responses to the effects of stream discharge (a), turbidity (b), pH (c), temperature (d), DO (e), ORP (f), precipitation (g),
conductivity (h), and the percentage of cultivated crops (i). p < 0.05: statistically significant change; p < 0.001: highly statistically significant.



Table 1. Summary of the dataset indicating the number of observations for different NEO types (ACE, CLO, DIN, IMI, DIN, IMZ, NIT, THI,

TXM), and statistics (Mean + standard error (SE), lower 95% confidence interval (LCI), upper 95% confidence interval (UCI)) and the ranges of
concentrations of each NEO type.

Type n Mean (ng L) SE Range (ng L) LCI UCI
ACE 428 23.360 4.015 [0.0025, 1527.6] 15.469 31.252
CLO 1056 222.320 46.692 [0.001, 45100] 130.700 313.939
DIN 122 31.086 9.275 [0.11,1022.2] 12.725 49.448
IMI 879 119.542 15.656 [0.004, 9140] 88.813 150.270
IMZ 37 24.542 2.906 [0.002, 81.92] 18.648 30.436
NIT 29 88.076 27.144 [2,672.9] 32.475 143.678
THI 295 11.493 5.095 [0.003, 1370] 1.466 21.520
TXM 863 59.752 9.068  [0.002,3820]  41.960  77.543

Table 2. Description of the models that explain the relationships between mean concentrations of NEOs and stream discharge, turbidity, pH,
temperature, dissolved oxygen, ORP, precipitation, conductivity, and the percentage of cultivated crops.

Model R? Adjusted R? F value p n
Mean Concentration = 10.545 - 0.000368*Stream discharge 0.0510 0.0433 F1,1256.658 0.011 126
Mean Concentration = 141.816 - 0.0639*Turbidity 0.000187 -0.00781 F1.126=0.0234 0.879 127
Mean Concentration = 607.822 — 73.932*pH 0.0248 0.0225 F1,420=10.872  0.0011 430
Mean Concentration = -53.602 + 3.708 * Temperature 0.0839 0.0811 F1339=30.954  <0.0001 340
Mean Concentration = 124.006 — 12.910*DO 0.0906 0.0794 F1,8=8.0743 0.0057 83
Mean Concentration = 77.593 + 0.817*ORP 0.104 0.0931 F18=9.421 0.0029 83
Mean Concentration = 10.796 - 0.0497*Precipitation 0.0236 0.0223 F1,734=17.736 ~ <0.0001 735
Mean Concentration = 52.817 - 0.024*Conductivity 0.0104 0.00456 F1,170=1.778 0.184 171

Mean Concentration = 7.237 + 0.314*Cultivated crops (%) 0.0336 0.0307 F1331=11.480  0.0008 332




