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Abstract 24 

Extensive application of neonicotinoid insecticides (NNIs) in agricultural production 25 

has resulted in widespread contamination of multiple environmental media. To 26 

investigate the occurrence and fate of NNIs in the largest marsh distribution area in 27 

Northeast China, an integrated ecosystem covering farmlands, rivers, and marshes, 28 

referred to as the farmland-river-marsh continuum in this study, was chosen for soil, 29 

water, and sediment sampling. Five NNIs were detected, with imidacloprid (IMI), 30 

thiamethoxam (THM), and clothianidin (CLO) being the most frequently detected ones 31 

in different samples. Concentrations of target NNIs in soil, surface water, and sediment 32 

samples were 2.23-136 ng/g dry weight (dw), 3.20-51.7 ng/L, and 1.53-8.40 ng/g dw, 33 

respectively. In soil, NNIs were detected more often and at higher concentrations in 34 

upland fields, while the concentration of NNIs in the soybean-growing soil (71.5 ng/g 35 

dw) was significantly higher than in the rice-growing soil (18.5 ng/g dw) (p < 0.05). 36 

Total concentration of NNIs in surface water was lower in the Qixing River channel 37 

than inside the marsh, while that in sediments showed an opposite trend. Total migration 38 

mass of IMI from approximately 157,000 ha of farmland soil by surface runoff was 39 

estimated to be 2,636-3,402 kg from the application time to the sampling period. The 40 

storage of NNIs in sediments was estimated to range from 45.9-252 ng/cm2. Risk 41 

assessment revealed that 80% and 15% of the surface water samples had NNIs 42 

concentrations exceeding the thresholds of long- (35 ng/L) and short-term risks (200 43 
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ng/L), respectively, suggesting possible risks posed by NNIs to sensitive aquatic 44 

invertebrates.  45 

Keywords: neonicotinoid insecticides, wetland ecosystem, surface runoff, mass 46 

inventory, risk assessment.47 
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1. Introduction 48 

Neonicotinoid insecticides (NNIs) are synthetic chemical pesticides similar in structure 49 

and action to nicotine and have been often applied in agricultural production worldwide 50 

in recent years due to their high efficiency, broad-spectrum, and systemic activity 51 

(Morrissey et al., 2015; Mahai et al., 2021). The rapid development of NNIs has eased 52 

the tension between the growing human demand for agricultural products and the high 53 

incidence of crop pests and diseases. However, the massive use of NNIs also raised 54 

widespread global concerns over their environmental effects. For example, NNIs can 55 

cause "colony collapse disorder" for bees and seriously reduce the number of 56 

pollinators (Cox-Foster et al., 2007). Toxic residues of NNIs have been detected in 57 

water bodies, which are likely responsible for the declining populations of aquatic 58 

insects (Van Dijk et al., 2013) and insectivorous birds (Hallmann et al., 2014). In 59 

addition, there are increasing evidence from vitro and in vivo experiments 60 

demonstrating NNIs’ toxicity on hepatic, immune, endocrine, reproductive system, and 61 

growth and development of mammals (Chen et al., 2020; Han et al., 2018; Gibbons et 62 

al., 2015). Nowadays, the harm to non-target organisms caused by NNIs has led to 63 

banning or strict restrictions on their use in many European countries and North 64 

America (Liu et al., 2021, 2022; Mahai et al., 2021). 65 

NNIs can accumulate in soil as a result of their widespread and long-term use, and can 66 

migrate to aqueous environment through precipitation, runoff, and infiltration due to 67 

their high water solubility (Niu et al., 2022; Liu et al., 2021, 2022; Huang et al., 2020). 68 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

5 

 

NNIs have been detected in many rivers and lakes in China, such as the Yangtze River 69 

(Chen et al., 2019; Mahai et al., 2019; Wan et al., 2019), Pearl River (Xiong et al., 2019), 70 

Songhua River (Liu et al., 2021), Taihu Lake (Zhou et al, 2020), and Dongting Lake 71 

(Chen et al., 2019). The levels of NNIs are as high as several thousand ng/L in water 72 

bodies and several hundred ng/g in sediments (Niu et al., 2022). These existing studies 73 

mostly focused on the pollution status of NNIs in Chinese river systems, while studies 74 

on integrated ecosystems are still lacking. 75 

Wetlands are unique ecosystems not only rich in biodiversity, but also regulating the 76 

environment (Lu and Wang, 1996; Main et al., 2017). As one of the most dominant 77 

wetland types, marsh wetlands play an extremely important role in global ecological 78 

balance and security (Keddy, 2010). A large portion of China’s fresh-water marsh 79 

wetlands is located in Northeast China, among which the Sanjiang Plain is the largest 80 

marsh area nationwide (Lu et al., 1996). As most of the marsh wetlands within the 81 

Sanjiang Plain have been converted to farmlands, the existing rivers and marsh 82 

wetlands are thus surrounded by farmlands, which has substantially increased the 83 

hydrological link and material exchange between the river-marsh system and the 84 

surrounding agricultural land, and thus created a unique farmland-river-marsh 85 

continuum. The Qixing River basin in the Sanjiang Plain is a typical epitome of the 86 

farmland-river-marsh continuum. Existing pollution studies for the Qixing River basin 87 

mainly focused on heavy metals and water quality (Cui et al., 2020a; Zhang et al., 2020, 88 

2021). A systematic research on the occurrence, spatial distribution, and environmental 89 
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behavior of NNIs in water, sediments, and soils in the Qixing River basin is still lacking.  90 

To fill this knowledge gap, eight typical NNIs in the farmland-river-marsh continuum 91 

of the Qixing River basin were investigated. A major hypothesis of this study was that 92 

fluctuations of NNIs concentrations should reflect changes in land use types and 93 

hydrology in the farmland-river-marsh continuum. To test this hypothesis, samples in 94 

various environmental media, including surface water, sediment, and soil, were 95 

collected from the river, marsh, and surrounding farmland for NNIs analysis. The 96 

specific goals of this study are to (1) investigate contamination status and spatial 97 

distributions of NNIs in a typical farmland-river-marsh continuum; (2) quantify the 98 

migration mass of NNIs from the soil to water bodies through surface runoff; (3) 99 

estimate the mass of NNIs stored in sediments, and (4) assess the ecological risks of 100 

NNIs in the aquatic ecosystem. Results from this study improve our understanding on 101 

the occurrence, distribution, and environmental behavior of NNIs and provide much-102 

needed data for risk assessment related to NNIs in the largest marsh area in China.  103 

 104 

2. Methodology 105 

2.1 Study area 106 

The Sanjiag Plain, with wetlands all over and rivers running through it, is the largest 107 

and most typical freshwater marsh distribution area in China and an important 108 

ecological barrier in China and Northeast Asia. The main landforms in this plain are 109 

Class I terraces and floodplains with low and flat terrain and a wide range of 110 
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concentrated and contiguous wetlands. There are 24 wetland nature reserves above the 111 

provincial level in Sanjiang Plain, among which 6 are internationally significant 112 

wetlands. As a result of large-scale agricultural reclamation and development, the 113 

Sanjiang Plain has become an important commercial grain base in China, but it has also 114 

led to the existing rivers and marsh wetlands being surrounded by agricultural land, 115 

thus forming a farmland-river-marsh continuum with unique structure and function in 116 

the largest marsh distribution area in China. The region is dominated by the continental 117 

monsoon climate, with long and cold winters and warm and humid summers. The 118 

average annual temperature is approximately 2.4℃, and the average annual 119 

precipitation is 551.5 mm. Qixing River basin (131°08′ ~ 132°45′E, 46°10′ ~ 46°54′ N) 120 

located in the center of this plain has a basin area of 2,953 km2, approximately 56% of 121 

which is farmland. This river basin has been facing increased threats to its fragile 122 

ecosystem from continued agricultural development. Nevertheless, the Qixing River 123 

wetland in the basin is a primitive marsh that survived the reclamation of farmland in 124 

the 1950s, and it is also one of the most well-preserved, representative, and typical 125 

primitive natural freshwater marsh wetlands (https://www.ramsar.org/). The 126 

surrounding of the Qixing River wetland and the river by farmland makes it the epitome 127 

of the natural landscape of Sanjiang Plain. Meanwhile, the Qixing River wetland is also 128 

one of the six internationally significant wetlands in the Sanjiang Plain, and is an 129 

important habitat and stopover for many migrating birds, including rare and endangered 130 

species.  131 
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2.2 Sample collection, processing, and analysis 132 

Samples were collected in the farmland-river-marsh continuum in October 2019 (Fig. 133 

1 and Table S1), including a total of 20 surface water samples, 20 sediment samples, 134 

and 22 soil samples. At each sampling site at least 1 L of surface water was collected 135 

in brown glass bottles using a portable water collector. All water samples were sent to 136 

the laboratory immediately and placed in a 4℃ refrigerator. Surface soil and sediment 137 

samples were obtained with a stainless steel sampler, and the overall weight of the 138 

sediment and soil samples was no less than 500 g. Sediments and soil samples were 139 

quickly wrapped in polyethylene bags, shipped to the laboratory, and placed in a 140 

refrigerator at -20°C. 141 

Eight typical NNIs (i.e., imidacloprid (IMI), thiamethoxam (THM), acetamiprid (ACE), 142 

dinotefuran (DIN), thiacloprid (THA), nitenpyram (NTP), imidaclothiz (IMIT), and 143 

clothianidin (CLO)) were determined, and their relevant properties are shown in Table 144 

S2. The surface water and sediment samples were extracted, purified, and analyzed 145 

according to the methods established by our previous study (Liu et al., 2021). The same 146 

treatment procedure as for the sediment samples was also used for soil samples. 147 

Samples after pretreatment were filtered through a 0.22 µm PTFE membrane and then 148 

analyzed by AB SCIEX Triple Quad 5500 HPLC-MS/MS (Framingham, MA, USA). 149 

The details of the chemicals and reagents, sample pretreatment, and instrumental 150 

analysis are provided in the Supporting Information (SI).  151 
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152 

Fig. 1 Sampling sites in the farmland-river-marsh continuum. 153 

2.3 Quality assurance and quality control  154 

Procedural blank, laboratory blank, and matrix spiked samples were used to ensure the 155 

sample quality before sample analysis. None of the target NNIs were detected in the 156 

blank samples. Meanwhile, three isotope-labeled compounds (CLO-d3, IMI-d4, and 157 

THM-d3) were applied to all samples before extraction and used as surrogate standards 158 

to check the efficiency of the sample preparation process. The recoveries of the eight 159 

target compounds ranged from 86.3-108.9% for water samples and from 79.8-106.5% 160 

for sediment and soil samples. The method detection limit (MDL) of target analytes in 161 

the sample was calculated from the S/N ratio of 10 (Table S3) (Mahai et al., 2019). If 162 

the detected concentration in the sample is lower than the MDL, the value is set to zero. 163 

2.4 Migrated mass by surface runoff 164 

Pesticides in the soil can be transported into the water environment through surface 165 

runoff, and the transport amount is calculated as follows (Wang et al., 2019): 166 
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flow

surf pst i

mobile

pst
pst P

w
                            (1) 167 

where pstsurf is the mass of pesticide transported by surface runoff from a unit area of 168 

surface soil (kg/ha); βpst is the pesticide percolation coefficient; pstflow is the amount of 169 

pesticide contained in the soil water flux (kg/ha); wmobile is the amount of mobile water 170 

(mm); α is the surface runoff coefficient; and Pi is precipitation amount from the time 171 

of IMI application to the last rainfall before sample collection (8th October) (mm).  172 

total surfpst pst Area                            (2) 173 

where psttotal is the total mass of pesticide transported by surface runoff (kg); and Area 174 

is the area under crop cultivation (ha). A detailed derivation process of surface water is 175 

presented in the SI. 176 

2.5 Mass inventory of NNIs in sediments 177 

The total mass of a chemical in a unit horizontal area of sediments is defined as the 178 

mass inventory of the target chemical in sediments (Pan et al., 2022). The mass 179 

inventory is calculated as follows: 180 

Mass Inventory= iC d                        (3) 181 

where Ci is the mean concentration of NNIs in sediments (ng/g dw); ρ is the density of 182 

dry sediments (g/cm3); and d is the depth of sediments (cm). The sediment depth and 183 

density were 20 cm and 1.5 g/cm3, respectively (Pan et al., 2022; Zhang et al., 2018). 184 

 185 
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2.6 Ecological risk assessment 186 

Ecological risks of a pollutant can be assessed using risk quotients (RQs) according to 187 

the Technical Guidance Document on risk assessment (European Commission, 2003): 188 

RQs=MEC/PNEC                          (4) 189 

where MEC and PNEC are the measured environmental concentrations of pollutants 190 

(ng/L) and the predicted no-effect concentrations (ng/L), respectively. NNIs toxicity 191 

data for sensitive aquatic species are presented in Table S4 and PNEC details are in 192 

Text S5. The ecological risk level is considered to be low, medium, and high for RQs 193 

of <0.1, 0.1-1.0, and >1.0, respectively, according to the RQs classification proposed 194 

by Hernando et al. (2006). 195 

2.7 Statistical analysis 196 

Statistical analysis of data was carried out using the IBM SPSS Statistics program 197 

(version 26.0). A Fisher least significant difference (LSD) of One-way ANOVA was 198 

used to analyze NNIs concentrations among different crop types. For all comparisons, 199 

differences were considered significant at p < 0.05. The relationship between NNIs and 200 

total organic carbon (TOC) in sediments and soil was analyzed using Spearman 201 

correlation analysis.  202 

 203 

3. Results and discussion 204 

3.1 NNIs contamination in soil, water, and sediments 205 

Concentrations and detection frequencies (DF) of eight NNIs in soil, water, and 206 
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sediments in the farmland-river-marsh continuum are summarized in Table 1, with 207 

details being listed in Tables S5 to S7. Among the eight examined NNIs, two NNIs 208 

(THA and DIN) were not detected in any of the three environmental compartments.  209 

Statistical data of IMI, THM, CLO, ACE, and IMIT in soil from the farmland-river-210 

marsh continuum of the Qixing River basin are displayed in Tables 1 and S5. The 211 

majority of soil samples were detected for at least three NNIs (Fig. S1). Total 212 

concentration of the five NNIs (Σ5NNIs) in soil ranged from 2.23-136 ng/g dw, with a 213 

mean of 34.8 ng/g dw for 22 soil samples, indicating strong variability (coefficient of 214 

variation (Cv=1.3)). The high Cv value of NNIs in soil samples could be attributed to 215 

the influence of crop type, specific use mode, and pest species. The mean concentration 216 

of individual NNIs in soil decreased in the following order: IMI (29.2 ng/g dw) > THM 217 

(3.65 ng/g dw) > CLO (1.88 ng/g dw) > ACE (0.004 ng/g dw) > IMIT (0.001 ng/g dw). 218 

The mean IMI concentration in soil was about 8 times higher than that of THM, which 219 

is similar to their commercial use ratio (IMI/THM: 7.88) in Heilongjiang Province in 220 

2018, indicating that usage is an important factor influencing the residues of NNIs in 221 

soil. The detection frequency was 100% for IMI, THM, and CLO in soil, but only 4.55% 222 

for ACE and IMIT. IMI was the predominant compound, accounting for 3% - 95% of 223 

Σ5NNIs in soil (mean: 83.8%), followed by THM (range: 1%-69%; mean: 10.5%) and 224 

CLO (range: 1%-32%; mean: 5.41%) (Fig. 2a). Such a pattern is not surprising because 225 

IMI has been used the longest and the most among all of the investigated NNIs in China. 226 

These results indicate that IMI, THM, and CLO were the main NNIs used in the 227 
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farmlands of the study area. 228 

In water samples, five target compounds were detected, namely IMI, THM, CLO, ACE, 229 

and NTP (Fig. S1). At least two of the targeted NNIs were detected in all of the 20 water 230 

samples, with 65% and 30% of water samples containing three and four NNIs, 231 

respectively. As can be seen from Table 1, the detection frequency was high for IMI 232 

(100%), CLO (100%), and THM (95%) in the water samples. The concentration of 233 

Σ5NNIs in surface water ranged from 3.20 ng/L to 51.7 ng/L, with a mean of 21.2 ng/L, 234 

and showed moderate variability (Cv=0.5). The mean concentration of individual NNIs 235 

in water decreased in the following order: THM (9.97 ng/L) ≈ IMI (9.93 ng/L) > CLO 236 

(1.26 ng/L) > ACE (0.04 ng/L) > NTP (0.02 ng/L). The residual level of NNIs in water 237 

should be influenced by their solubility and usage frequency and amount. It is worth 238 

mentioning that although the concentration of IMI in the soil was much higher than that 239 

of THM, the higher water solubility, lower log Kow, lower soil adsorption, and longer 240 

water photolysis half-life of THM than IMI (Table S2) resulted in the extremely faster 241 

leaching of THM from the soil and its more stable presence in the water. As can be seen 242 

from Fig. 2b, IMI and THM were the dominant NNIs in wetlands and river water, with 243 

their contributions in the range of 29%-89% and 0-64%, respectively. CLO had a high 244 

detection frequency, but with low residue levels. 245 

Four NNIs were detected in sediment samples, and the only exception is NTP (Fig. S1). 246 

85% of the sediment samples contained three NNIs and the remaining ones contained 247 

four NNIs, meaning a detection frequency of 100% for three NNIs (IMI, THM, and 248 
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CLO) and 15% for the fourth one (ACE) (Fig. 2c). Σ4NNIs ranged from 1.53 to 8.40 249 

ng/g dw, with a mean of 3.66 ng/g dw, and with moderate variability (Cv=0.6). 250 

Consistent with the findings for surface water, IMI and THM were dominant NNIs in 251 

sediments with a mean concentration of 2.15 ng/g dw and 1.24 ng/g dw, respectively. 252 

CLO in sediments maintained at quite low levels, ranging from 0.08-0.73 ng/g dw with 253 

a mean of 0.25 ng/g dw. The concentration of ACE in sediments ranged from ND to 254 

0.19 ng/g dw, with a mean concentration of 0.01 ng/g dw. Since ACE concentrations 255 

and detection frequencies are lower in soil than sediment, ACE might have entered into 256 

sediments in the study area through other pathways, e.g., long-range river transport 257 

(Goulson, 2013).  258 

In summary, IMI, THM, and CLO were the most prevalently detected NNIs in the three 259 

environmental media in the farmland-river-marsh continuum of the Qixing River basin. 260 

It is worth pointing out that the use of IMI, THM, and CLO, especially N-nitroguanidine 261 

NNIs, is expected to continue to increase since traditional insecticides, such as 262 

organophosphates, pyrethroids, and carbamates, are gradually replaced. Moreover, the 263 

concentrations of NNIs in surface soils were generally higher than those in sediments 264 

(p<0.05), suggesting that the local farmland soils were an important source of NNIs. 265 

These results are consistent with those of the Songhua River, for which IMI, THM, and 266 

CLO were detected in all of the surface water and sediment samples (Liu et al., 2021). 267 

Thus, the three NNIs might have the same application pattern throughout the 268 

Heilongjiang Province of China. Note that, due to the wide range of sources of NNIs, 269 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

15 

 

such as wastewater from sewage treatment plants, agricultural runoff, and urban 270 

greening (Ke et al., 2022; Liu et al., 2021; Li et al., 2020), the concentration of NNIs 271 

was much higher in the Songhua River (62.3 ng/L) than in the present study. More 272 

importantly, strict regulations have been implemented to protect water quality by 273 

limiting agricultural activities in the marsh wetland area investigated in this study. 274 

 275 
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Table 1 Concentrations and detection frequencies (DF) of NNIs in surface water, sediments, and soil collected from the farmland-river-marsh continuum. 276 

Compound 

Water (ng/L) Sediment (ng/g dw) Soil (ng/g dw) 

Range Mean DF Range Mean DF Range Mean DF 

IMI 2.84-25.6 9.93 100% 0.57-6.36 2.15 100% 1.28-133 29.2 100% 

THM ND-24.3 9.97 95% 0.49-2.85 1.24 100% 0.52-29.3 3.65 100% 

CLO 0.36-2.47 1.26 100% 0.08-0.73 0.25 100% 0.08-14.8 1.88 100% 

ACE ND-0.28 0.04 20% ND-0.19 0.01 15% ND-0.08 0.004 4.55% 

NTP ND-0.19 0.02 10% ND ND 0 ND ND 0 

IMIT ND ND 0 ND ND 0 ND-0.01 0.001 4.55% 

ΣNNIs 3.20-51.7 21.2 100% 1.53-8.40 3.66 100% 2.23-136 34.8 100% 

ND: not detected.277 
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 278 

Fig. 2 Composition of NNIs in (a) soil, (b) surface water, and (c) sediment samples collected 279 

from the farmland-river-marsh continuum. 280 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

18 

 

3.2 Spatial distribution of NNIs 281 

The concentrations of NNIs in different media of the farmland-river-marsh continuum 282 

varied greatly among different sampling sites. Among the soil sampling sites, the 283 

highest concentration of Σ5NNIs (136 ng/g dw) was found at T22, which might be 284 

related to crop types grown on the soil since the amount and frequency of NNIs 285 

application depended on crop types, as discussed in detail in Section 3.3 below. Of the 286 

total NNIs detected in soil, IMI made up the most; therefore, the spatial distributions of 287 

Σ5NNIs were similar to those of IMI (Fig. 3). CLO and THM exhibited similar spatial 288 

distribution characteristics, and both had the maximum concentration at T5, indicating 289 

their similar application mode in the study area. Note that the registered NNIs products 290 

in China mainly include IMI, THM, and ACE, so these three pesticides had high 291 

detection rates and concentrations in most earlier studies (Cui et al., 2021; Mahai et al., 292 

2021). However, IMI, THM, and CLO were the top three detected NNIs in the soil 293 

samples of this study. The replacement of ACE by CLO was likely due to different crop 294 

types planted and different targeted pests in this than earlier studies. CLO covers a broad 295 

pest spectrum and has been widely used for seed, soil, and foliar treatment (Jeschke et 296 

al., 2011). 297 
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 298 

Fig. 3 Spatial distributions of NNIs residues in soil from the farmland-river-marsh continuum. 299 

For water sampling, sites S5, S6, S8 to S13, and S17 to S20 are located in the marsh, 300 

and sites S1 to S4, S7, and S14 to S16 are located in the Qixing River channel. The 301 

mean concentration of NNIs in water was higher inside the marsh (Σ5NNIs: 22.3 ng/L) 302 

than in the Qixing River channel (Σ5NNIs: 19.6 ng/L), which was likely mostly caused 303 

by hydrological factors. The sampling period was in the wet season, with abundant 304 

replenishment of water from the upper reaches of the river. Frequent water exchange 305 

diluted the NNIs in-stream and transported the NNIs to the marsh. Inside the internal 306 

water bodies of the marsh, water flow was slow and water exchange capacity was 307 

relatively weak, resulting in relatively weak dilution of NNIs. Among all the sampling 308 

sites, S9 was most polluted with NNIs due to the highest IMI and THM concentrations 309 

(Fig. 4(a)). This may be due to the high content of NNIs in the farmland in the wetland 310 
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experimental zone, which leached NNIs to the surrounding water bodies through runoff 311 

after major precipitation events. Topography could be another factor, which controls 312 

hydrological elements within the marsh, where NNIs may pool under the influence of 313 

hydrodynamic conditions due to the relatively low topography at S9 (from Digital 314 

Elevation Model (DEM) data). 315 

In the sediments, the various NNIs presented different distribution characteristics (Fig. 316 

4(b)). For example, the mean concentrations of IMI and CLO were higher in the Qixing 317 

River channel than that in the interior of the marsh, while similar mean concentrations 318 

of THM were observed (marsh: 1.26 ng/g dw and river: 1.22 ng/g dw). In addition, 319 

ACE was only detected in the river sediment sampling sites (S1, S4, and S7), implying 320 

that NNIs can migrate through river into the marsh. The distribution pattern of organic 321 

contaminants in sediments depends on the physicochemical properties of the 322 

contaminants (Bhutto et al., 2021). For example, IMI and CLO have lower solubility, 323 

long half-life time, and higher log Kow compared to THM, resulting in their preferential 324 

accumulation in sediments due to gravity after entering the water bodies through 325 

surface runoff. The total concentration of NNIs in the sediments showed an opposite 326 

distribution trend to that in the water body, i.e., with higher concentration in the Qixing 327 

River channel (Σ4NNIs: 4.21 ng/g dw) than the interior of the marsh (Σ4NNIs: 3.00 ng/g 328 

dw). The presence of buffer zone macrophyte communities in the marsh can often 329 

“buffer” the impact of human activities (Main et al., 2017). On one hand, macrophytes 330 

can change the physical structure and environmental conditions of marsh, which can 331 
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slow erosion and filter organic pollutants (Main et al., 2017). On the other hand, 332 

macrophytes within the marsh can buffer the effects of pesticides on sediment through 333 

sorption, degradation, or root accumulation (Main et al., 2017). In summary, the 334 

farmland surrounding the study area is the major source of NNIs, which migrate to the 335 

marsh through the river, posing a serious threat to the water environment and water 336 

ecological safety of the receiving marsh. 337 
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 338 

Fig. 4 Spatial distributions of NNIs residues in (a) surface water and (b) sediment from the 339 

farmland-river-marsh continuum. 340 

The relationship between NNIs concentration and sediment/soil organic carbon content 341 

was investigated using Spearman correlation analysis (Fig. S2). In sediments, THM (r 342 
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= 0.48, p < 0.05) and the total concentration of four NNIs (Σ4NNIs, r = 0.45, p < 0.05) 343 

were significantly positively correlated with TOC, while no significant correlation was 344 

found for IMI or CLO with TOC (p > 0.05). Thus, the residue and distribution of THM 345 

and Σ4NNIs in sediments were likely driven by TOC levels. However, NNIs in the soil 346 

were not significantly correlated with TOC (p > 0.05), indicating that the residue of 347 

NNIs in the soil was hardly affected by the TOC content. The differences in the results 348 

between soil and sediment were attributed to their different organic matter properties. 349 

The sediments can be originated from the sedimentation of wind-eroded soil particles, 350 

run-off soil particles, and suspended sediments from the water bodies. The 351 

physicochemical properties of sediments were relatively more stable and less affected 352 

by external factors compared to the case of soils. In addition, NNIs in soils were mainly 353 

derived from agricultural applications, which were closely related to human agricultural 354 

activities and barely affected by TOC in soils. The above results suggest that the 355 

distribution of NNIs was influenced by usage patterns, crop types, physicochemical 356 

properties of NNIs and environmental media, and runoff conditions, all of which 357 

influence the distributions of individual NNIs in different media.  358 

3.3 NNIs residues in soils planted with different crops 359 

To further explore the effects of different crop types on NNIs residues in soil, soil 360 

samples were regrouped and analyzed based on crop type grown on the soil. Among 361 

the different crop types, soybean-growing soils contained extremely high levels of 362 

Σ5NNIs (71.5 ng/g dw), followed by maize (33.8 ng/g dw), and rice (18.5 ng/g dw) (Fig. 363 
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5), indicating that the levels of NNIs residues in soil were significantly correlated with 364 

the type of land cultivation.  365 

In soybean-growing soils, IMI was absolutely the dominant contributor to Σ5NNIs 366 

(mean: 92.5%), leaving a small fraction of Σ5NNIs from THM (mean: 4.90%) and CLO 367 

(mean: 2.57%). IMI was also the dominant contributor to Σ5NNIs in maize- (68.9%) 368 

and rice-growing soil (84.2%), although the contributions from THM (maize: 18.4% 369 

and rice: 12.6%) and CLO (maize: 12.7% and rice: 3.14%) were also significant. 370 

Significant differences in soil IMI concentrations were found between different crops, 371 

with the highest one in soybean (66.1 ng/g dw), followed by maize (23.3 ng/g dw) and 372 

rice (15.6 ng/g dw) (Fig. 5). Note that with the excessive and frequent use of IMI in the 373 

process of rice cultivation, the resistance of pests has also been continuously enhanced, 374 

resulting in the restriction of IMI application on rice fields (Bass et al., 2015). In 375 

addition, knowing that biological nitrogen fixation occurs during soybean growth, 376 

whether this process is responsible for the high residual levels in soybean-growing soils 377 

needs further investigation.  378 

In addition, of the three crops mentioned above, maize and soybean are upland crops, 379 

while rice is a paddy crop. The concentrations of all of NNIs were higher in upland 380 

fields than in paddy fields (Fig. S3). The mean concentrations of IMI, THM, CLO, and 381 

Σ5NNIs in upland fields were 2.74, 2.13, 5.48, and 2.75 times, respectively, of those in 382 

paddy fields. Compared with upland field crops, receding water behavior such as 383 

artificial drainage and rainfall runoff occurs during the main reproductive period of rice. 384 
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Due to the high water solubility of NNIs, receding water from agricultural fields often 385 

contains high concentrations of NNIs and can migrate along agricultural ditches to lakes 386 

or rivers in the lower part of the region, which was one of the main sources of 387 

contamination of water bodies. 388 

 389 

Fig. 5 Mean concentrations (ng/g dw) of different NNIs in various growing soils. 390 

3.4 Migration mass by surface runoff 391 

Once NNIs enter into various environmental media, they are transported and circulated 392 

through precipitation scouring and river confluence. Precipitation is the main driving 393 

force for the transport of NNIs in soil, accompanied by runoff process that migrate NNIs 394 

to river, which in turn pool NNIs in marsh. Considering that IMI is the dominant NNIs 395 

used in the study area, we estimated the transport amount of IMI through surface runoff 396 

based on precipitation amount, maximum usage, and planted area using Eq. (1). Monte 397 

Carlo simulation is often used for uncertainty analysis, and this method is run here by 398 
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100,000 iterations (Tang et al., 2020). Results of the sensitivity grade correlation 399 

coefficient are shown in Fig. S4. 400 

Half-life time is one of the main parameters reflecting the residual time of a pollutant 401 

in soil; therefore, the migration flux of IMI through surface runoff is influenced by the 402 

residual time in soil. The range of the half-life of IMI (104-228 d) based on the Pesticide 403 

Properties DataBase (PPDB) reported half-life time values was used to estimate the 404 

range of IMI migration mass through surface runoff. The total amount of IMI migration 405 

through surface runoff from the time IMI was applied to the last rainfall before sample 406 

collection (8th October) was estimated to range from 2,636-3,402 kg from a total crop 407 

area of 157,096 ha, of which 2,239-2,924 kg were from maize fields (a total area of 408 

71,820 ha), 313-377 kg from rice fields (40,816 ha), and 83.8-101 kg were from 409 

soybean fields (44,460 ha). The above results suggest that maize cultivation is the 410 

priority land use that needs to be controlled to prevent IMI loss. The highest migration 411 

of IMI through surface runoff from maize planting soil was mainly caused by the large 412 

usage of IMI per unit area and the large planting area (Tables S8 and S9). Based on the 413 

IMI registration information, it was found that the application method for IMI in maize 414 

cultivation was seed coating, while for rice and soybean were mainly sprayed for pest 415 

control, and the usage amount was higher in seed coating than spray. Thus, the largest 416 

planted area, the highest usage of IMI in seed coating, and the highest IMI migration 417 

flux per hectare (pstsurf) resulted in the highest IMI mass loss from maize fields. The 418 

artificial wetland system in rice fields with soil and water conservation characteristics 419 
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resulted in a lower surface runoff coefficient (α) than that of upland fields (Table S9) 420 

(Liu et al., 2019). However, rice fields had higher migration mass than did soybean 421 

fields due to the 6 times higher usage of IMI per unit area in rice than soybean fields. 422 

It is worth noting that the migration of IMI in rice and soybean soils may have been 423 

underestimated in the current study. This is because IMI may be used more than once 424 

during the crop growth period affected by pest infestation. In addition, farmers might 425 

lack of scientific knowledge when applying pesticides, which could spray more IMI 426 

than the recommended maximum values. This inference came from our field visits, 427 

expert consultations, and the high residual IMI concentrations in soybean-growing soils.  428 

3.5 Mass inventory of NNIs in sediments 429 

NNIs migrated into the river through surface runoff would partially be transported long 430 

distances with the water flow and partially accumulated in the sediments. Based on our 431 

previous findings, sediments can act as a source of secondary release (Cui et al., 2020b; 432 

Liu et al., 2021, 2022), resulting in NNIs entering into the water bodies and 433 

accumulating in the sediments through sedimentation, and then re-entering into the 434 

water bodies through diffusion and exchange behavior. Therefore, we evaluated the 435 

mass inventory of NNIs in the sediments.  436 

The NNIs in sediments at different sites calculated using Eq. (3) ranged from 45.9-252 437 

ng/cm2, with a mean of 110 ng/cm2. The area of the Qixing River basin is about 200 438 

km2, 85% of which is water area. Using the mean value of 110 ng/cm2 for the whole 439 

Qixing River basin, the total load of NNIs in the sediments was estimated to be 187 kg. 440 
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This amount of NNIs in sediments can cause damage to the habitat of benthic organisms 441 

and thus pose an ecological risk. Furthermore, this amount is likely an underestimate 442 

because only parent compounds were considered, with metabolites being excluded. In 443 

particular, the metabolites may be more toxic than the parent compound, and can pose 444 

higher threats to aquatic organisms. Note that downward diffusion may result in NNIs 445 

penetrating into deeper sediments than the case of the actual discharge (Zhang et al., 446 

2022), which was not assessed in this study. Therefore, a stratification study of the 447 

sediments would provide a more complete picture on the contamination status and 448 

spatial and temporal distributions of NNIs in the sediments. 449 

3.6 Ecological risk assessment 450 

Table 2 shows RQs of five individual NNIs in the water bodies of the farmland-river-451 

marsh continuum in 2019. RQs of each individual NNIs in the water body were all 452 

lower than 0.1, indicating low environmental risks. The results of this study were 453 

consistent with those reported for the central Yangtze River (Mahai et al., 2019), but 454 

higher risks were reported for the rivers surrounding the Bohai Sea (Naumann et al., 455 

2022). Note that the effective concentration (e.g., no observed effect concentration 456 

(NOEC), median lethal or effective concentration (L(E)C50)) of freshwater species was 457 

higher in the Pesticide Properties Database (PPDB) than other databases, such as the 458 

ECOTOX database used by Naumann et al. (2022); thus the PNEC values based on 459 

PPDB, as generated in the present study, were higher, which led to lower RQs values. 460 

Therefore, when using RQs for risk assessment, the data source would have an 461 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

29 

 

important impact on the results, and should be taken into account in uncertainty analysis.  462 

Morrissey et al. (2015) proposed a threshold value of 200 ng/L for avoiding short-term 463 

acute and 35.0 ng/L for avoiding long-term chronic on aquatic invertebrates. NNIs in 464 

surface water were normalized by relative potency factors, as detailed in our previously 465 

reported method (Liu et al., 2021). Using the above thresholds (Fig. S5), 15% and 80% 466 

of the surface water samples exceeded the acute and chronic risk thresholds, 467 

respectively. Therefore, high environmental risks caused by NNIs to sensitive aquatic 468 

invertebrate populations likely exist in the study region, which should be made aware 469 

to policy makers for making proper environmental protection policies. 470 

Table 2 Risk quotients for NNIs in the surface water of the farmland-river-marsh 471 

continuum. 472 

Compound Most sensitive species 

Effective 

concentration 

(mg/L) 

Endpoint AF 
PNEC 

(mg/L) 
RQs 

IMI Daphnia magna (Daphnia) 1.8 NOEC 10 0.18 2.69E-04 

THM Oncorhynchus mykiss (Fish) 20 NOEC 50 0.40 2.63E-05 

CLO Daphnia magna (Daphnia) 0.12 NOEC 50 2.40E-03 5.25E-04 

ACE Daphnia magna (Daphnia) 5 NOEC 50 0.10 1.86E-06 

NTP Oncorhynchus mykiss (Fish) 10 NOEC 100 0.10 1.60E-07 

Note: AF is assessment factor. AF=10 for long-term NOECs for three species for three trophic 473 

level organisms. AF=50 for two long-term NOECs for two trophic level organisms. AF=100 474 

for one long-term NOEC for either fish or Daphnia (European Commission, 2003). 475 
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 476 

4. Conclusions 477 

This study provides the first systematic investigation on the pollution status of NNIs in 478 

the farmland-river-marsh continuum in the largest marsh distribution area of China. The 479 

high residual concentrations and detection rates of NNIs suggest that the study area 480 

suffered from NNIs contamination. IMI, THM, and CLO were ubiquitous NNIs in soil, 481 

surface water, and sediments. In terms of spatial distributions, hydrological factors led 482 

to higher concentrations of NNIs in marsh surface water than Qixing River channel, 483 

while the buffering effect of marsh macrophytes led to an opposite distribution pattern 484 

of NNIs in sediments. Crop and land use types both affect NNIs distributions in soil, 485 

which showed the highest concentrations in soybean soil, followed by maize and rice 486 

soil, and higher concentrations in upland field than paddy field. The migration of NNIs 487 

from soils of different crops were influenced by not only precipitation amount, but also 488 

the application pattern of NNIs and planting area. The continued use of NNIs in 489 

agricultural lands may lead to their accumulation in soils, and migration to rivers and 490 

marshes through surface runoff, which could potentially increase the risks of NNIs to 491 

aquatic organisms. Due to the high water solubility of NNIs, fragile water environments 492 

are extremely vulnerable to NNIs pollution. Future monitoring plans should be 493 

estimated for measuring the major NNIs such as those presented in this study in 494 

sensitive ecosystems in order to help formulate future NNIs regulations.  495 
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Text S1 Chemicals and reagents 

The analytical standards of the eight NNIs, including imidacloprid (IMI, purity 99.8%), 

thiamethoxam (THM, 99.2%), acetamiprid (ACE, 99.8%), dinotefuran (DIN, 99.8%), 

thiacloprid (THA, 99.3%), nitenpyram (NTP, 98.6%), imidaclothiz (IMIT, 99.2%), and 

clothianidin (CLO, 99.8%), were purchased from Alta Scientific Co., Ltd. (Tianjin, 

China). The isotope-labeled internal standards, including imidacloprid-d4 (IMI-d4, 

99.5%) and thiamethoxam-d3 (THM-d3, 99.5%), were obtained from CDN Isotopes 

(Quebec, Canada), and clothianidin-d3 (CLO-d3, > 98.5%) was from Dr. Ehrenstrofer 

(Augsburg, Germany). All standard solutions were stored at -20℃. Acetonitrile and 

methanol (HPLC-MS grade) were purchased from Fisher Chemical, Inc. (Waltham, 

MA, USA), and the primary secondary amine (PSA) was obtained from Agela 

Technologies (Tianjin, China). 

 

Text S2 Sample pretreatment 

The target NNIs in water samples were extracted using the previously described method 

(Liu et al., 2021; Mahai et al., 2019). Briefly, water samples (each in 1 L) were filtered 

through a Teflon filter and spiked with an internal standards mixture (50 μL of 1 mg/L) 

before being processed using Waters Oasis HLB solid-phase extraction (SPE) 

cartridges (500 mg, 6 cc, Milford, MA, USA). The cartridge was preconditioned with 

5 mL methanol and 5 mL ultra-pure water in sequence. After being loaded on the water 

samples, the target compounds were eluted with 5 mL ultra-pure water, followed by 5 

mL methanol. The eluents were evaporated at 35℃ under a gentle nitrogen stream until 
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nearly dry, then redissolved in 1 mL of 25% acetonitrile in water and passed through a 

0.22 µm filter for analysis. 

 

The sediment and soil were pretreated using the dispersive solid-phase extraction 

procedure (Liu et al., 2021; Zhou et al., 2018; Dankyi et al., 2014). In detail, a 5 g 

freeze-dried sample was transferred into a PTFE centrifuge tube, spiked with 50 μL 

mixed internal standard (1 mg/L), and left to stand for 45 min. After adding 5 mL of 

ultrapure water and 10 mL of acetonitrile, the tube was shaken for 1 min and vortexed 

for 1 min. A 4 g MgSO4 and 1 g NaCl were added into the tube, followed by vortexing 

for 1 min. Then the tube was centrifuged at 5000 rpm for 5 min. A 6 mL supernatant 

was separated into a clean PTFE tube containing 200 mg primary secondary amine 

(PSA). The extract was vortexed for 2 min and centrifuged at 5000 rpm for 5 min. An 

aliquot (5 mL) of the upper organic solution was evaporated to near dryness by a gentle 

nitrogen stream at 35℃ and reconstituted in 1 mL of 25% acetonitrile in water. The 

extract was filtrated through a 0.22 µm PTFE membrane for HPLC-MS/MS analysis. 

 

Text S3 Instrumental analysis 

The chemical analysis was carried out on AB SCIEX Triple Quad 5500 HPLC-MS/MS 

(Framingham, MA, USA) using an electrospray ionization source in the positive ion 

mode (ESI+) with multiple reactions monitoring (MRM) mode. The injection volume 

was 2 μL. The analytes were separated at 25°C using a Phenomenex Kinetex® C18 

column (100 mm × 2.1 mm, 1.7 μm). The mobile phase was 0.1% formic acid-water 



 

4 

 

solution (A) and acetonitrile (B), and the flow rate of the mobile phase was set at 0.3 

mL/min. A gradient program of the mobile phase began with 95% A and 5% B, 

followed by a linear decrease from 95% to 65% A in 3 min, then to 45% A in 6 min, 

and finally reverted to 95% in 9 min before ending the program in 12 min. In the 

MS/MS analysis, nitrogen was used as atomizing gas. The pressure of curtain and 

collision gas was set at 35 and 7 psi, respectively. Ion spray voltage was set at 5500 V. 

The temperature of drying gas was set at 550 °C. The pressure of ion source gas1 and 

gas2 was set at 55 and 60 psi, respectively. Collision cell exit potential and entrance 

potential were 16.0 and 10.0 V, respectively. 

 

Text S4 Surface runoff 

Pesticides can migrate in soil water or adsorb on soil particles, depending on the 

adsorption coefficient (Kp) of pesticides in soil (Eq. (1)) (Wang et al., 2019): 

= =
100

solidphase

p oc

solution

C orgC
K K

C
                             (1) 

where Csolidphase (mg/kg) and Csolution (mg/L) are the concentrations of pesticide within 

soil solid and liquid phases, respectively; Koc is the soil adsorption coefficient 

normalized for the soil organic carbon content (m3/ton); and orgC is the concent of 

organic carbon in the soil. 

The overall degradation of pesticide in the soil environment can be calculated by half-

life time (DT50) using Eq. (2): 

, , , ,0

0.693
exp( )s ly t s lypst pst t

hlife
                            (2) 

Where psts,ly,t and psts,ly,0 are the amounts of pesticide in the soil layer at times t and 0 
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(kg/ha), respectively; and, hlife is the half-life time of the pesticide in the soil (d). We 

assumed that 90% of the sprayed IMI enters the soil and that the uptake of IMI by maize 

after the seed treatment is approximately 20% (Li et al., 2018; Sur and Stork, 2003). 

The amount of pesticide in the soil soluble phase that is ready for transport is calculated 

using Eq. (3): 

, ,= 1 exp mobile
flow s ly t

ly p b ly

w
pst pst

SAT K depth

  
  

      

                (3) 

where pstflow is the amount of pesticide contained in the soil water flux (kg/ha); wmobile 

is the amount of mobile water (mm); SATly is the amount of water in the soil layer at 

saturation (mm); ρb is the 

bulk density of the soil layer (g/cm3); and depthly is the depth of the soil layer (mm). 

The amount of soluble pesticide transported by surface runoff is calculated using Eq. 

(4): 

flow

surf pst i

mobile

pst
pst P

w
                           (4) 

where pstsurf is the mass of pesticide transported by surface runoff from soil on per 

hectare basis (kg/ha); βpst is the pesticide percolation coefficient; α is the surface runoff 

coefficient; and Pi is precipitation amount from the time of IMI application to the time 

of sample collection (mm). 

 

Text S5 Calculation of PNEC 

50PNEC=L(E)C  or NOEC/AF                    (5) 
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where NOEC is the lowest no observed effective concentration; EC50 and LC50 are the 

median effective concentration and the median lethal concentration, respectively; and 

AF is the assessment factor. NOEC and L(E)C50 of NNIs were obtained from the 

Pesticide Properties Database (PPDB) (Table S5). 
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Table S1 Sampling sites of soil, surface water, and sediment from the farmland-river-marsh continuum. 

Sampling site Longitude Latitude Crop types Sampling site Longitude Latitude 

T1 131°44′19″ 46°32′17″ 
maize 

S1 131°41′48″ 46°33′42″ 

T2 131°48′27″ 46°34′56″ 
maize 

S2 131°48′18″ 46°36′29″ 

T3 131°49′58″ 46°37′39″ 
maize 

S3 131°55′11″ 46°38′44″ 

T4 131°52′38″ 46°40′13″ 
rice 

S4 132°1′17″ 46°42′08″ 

T5 131°52′20″ 46°34′49″ 
maize 

S5 132°2′33″ 46°41′49″ 

T6 131°56′16″ 46°34′45″ 
maize 

S6 132°6′07″ 46°42′16″ 

T7 131°56′18″ 46°37′26″ 
soybean 

S7 132°7′08″ 46°43′06″ 

T8 131°56′37″ 46°42′52″ 
rice 

S8 132°8′10″ 46°42′54″ 

T9 131°59′30″ 46°45′30″ 
rice 

S9 132°9′28″ 46°42′16″ 

T10 132°0′23″ 46°40′01″ 
soybean 

S10 132°10′55″ 46°42′24″ 

T11 132°0′16″ 46°37′21″ 
rice 

S11 132°11′33″ 46°42′52″ 
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T12 132°4′22″ 46°39′56″ 
soybean 

S12 132°10′12″ 46°43′31″ 

T13 132°4′41″ 46°45′20″ 
rice 

S13 132°9′11″ 46°43′28″ 

T14 132°4′43″ 46°47′59″ 
rice 

S14 132°9′14″ 46°45′12″ 

T15 132°8′39″ 46°47′55″ 
rice 

S15 132°10′47″ 46°47′00″ 

T16 132°7′37″ 46°40′12″ 
soybean 

S16 132°12′26″ 46°48′22″ 

T17 132°11′29″ 46°37′11″ 
rice 

S17 132°17′25″ 46°43′42″ 

T18 132°11′45″ 46°39′52″ 
rice 

S18 132°17′16″ 46°43′26″ 

T19 132°15′44″ 46°41′13″ 
rice 

S19 132°24′09″ 46°43′18″ 

T20 132°20′06″ 46°41′09″ 
rice 

S20 132°23′51″ 46°43′00″ 

T21 132°23′24″ 46°42′00″ 
maize 

   

T22 132°28′22″ 46°47′23″ 
soybean 

   

Note: T means soil sampling sites; S means water and sediment sampling sites
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Table S2 Physicochemical properties of neonicotinoid insecticides. 

Neonicotinoids 
Molecular 

formula 

Molecular 

weight 

Water solubility 

(20℃, pH=7) 

/(mg/L) 

Vapor 

pressure 

(20℃) 

/(mPa) 

Water-

sediment 

DT50/(d) 

Soil 

degradation 

(typical) 

DT50/(d) 

Water 

photolysis 

DT50/(d) 

log Koc 

a 
log Kow 

b GUS 

Imidacloprid C9H10ClN5O2 255.70 610 4×10-7 129 191 <1 2.19~2.90 0.57 4.33 

Thiamethoxam C8H10ClN5O3S 291.72 4,100 6.6×10-6 40 50 2.7~39.5 1.75 -0.13 3.82 

Dinotefuran C7H14N4O3 202.21 39,830 1.7×10-3 NA 82 <2 1.41 -0.55 4.31 

Acetamiprid C10H11ClN4 222.67 2,950 1.73×10-4 NA 1.6 34 2.30 0.80 0.35 

Thiacloprid C10H9ClN4S 252.72 184 3.0×10-7 14.8 0.88 10~63 3.67 1.26 -0.02 

Clothianidin C6H8ClN5O2S 249.68 340 2.8×10-8 56.4 545 <1 2.08 0.91 5.25 

Nitenpyram 

Imidaclothiz 

C11H15ClN4O2 

C7H8ClN5O2S 

270.71 

261.69 

590,000 

5,000 c 

1.1×10-3 

NAd 

NA 

40 

8 

3.1 

NA 

NA 

1.78 

0.93e 

-0.66 

NA 

2.00 

1.51 

Data source: Pesticide Products Database (PPDB), University of Hertfordshire, available at http://sitem.herts.ac.uk/aeru/ppdb/index.htm and the Hazardous Substances 

Data Bank (HSDB), available at http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB  

a Koc: organic carbon-water partition coefficient 

b Kow: octanol-water partition coefficient 

c 25℃ 

d NA: not available 

http://sitem.herts.ac.uk/aeru/ppdb/index.htm
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
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Table S3 Related information of individual neonicotinoid insecticides for HPLC-MS/MS analysis. 

Compound Precursor ions (m/z) Product ions (m/z) tR (min) 
Regression 

equation 
Linearity  

Recovery (%) MDL 

Water 
Sediment 

and soil 

Water 

(ng/L) 

Sediment and 

soil (ng/g) 

 

Imidacloprid 256.1 175.0 3.61 Y=21873X+12861 0.999 92.1±3.3 95.2±6.5 0.01 0.03 

Clothianidin 250.0 169.1 3.45 Y=17265X+2605 0.999 86.3±4.2 79.8±4.3 0.02 0.06 

Thiamethoxam 292.2 211.0 3.08 Y=30714X+47702 0.997 88.3±4.1 96.2±6.8 0.01 0.03 

Dinotefuran 203.1 114.1 2.13 Y=14625X+8106 0.999 98.5±2.5 85.6±3.9 0.10 0.30 

Nitenpyram 271.2 126.1 2.64 Y=9637X+2414 0.999 108.9±6.6 84.6±5.3 0.05 0.15 

Thiacloprid 253.1 126.1 4.29 Y=125143X+33171 0.999 95.3±3.1 89.3±5.2 0.01 0.03 

Acetamiprid 223.0 126.0 3.85 Y=82214X+18452 0.999 91.4±3.6 106.5±6.8 0.01 0.03 

Imidaclothiz 261.9 181.0 3.74 Y=26010X+1470 0.999 89.5±4.6 92.4±4.5 0.01 0.03 

tR: retention time; MDL: method detection limit. 
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Table S4 Toxicity data of NNIs to the sensitive aquatic species. 

Compound Species trophic levels Effective concentration (mg/L) Endpoint AF 

IMI Oncorhynchus mykiss Fish 9.02 NOEC 

10 Daphnia magna Daphnia 1.8 NOEC 

Scenedesmus subspicatus Algae 10 NOEC 

THM Oncorhynchus mykiss Fish 20 NOEC 

50 Daphnia magna Daphnia 100 NOEC 

Pseudokirchneriella subcapitata Algae 100 EC50 

CLO Pimephales promelas Fish 20 NOEC 

50 Daphnia magna Daphnia 0.12 NOEC 

Pseudokirchneriella subcapitata Algae 55 EC50 

ACE Pimephales promelas Fish 19.2 NOEC 

50 Daphnia magna Daphnia 5 NOEC 

Scenedemus subspicatus Algae 98.3 EC50 

NTP Oncorhynchus mykiss Fish 10 NOEC 

100 Daphnia magna Daphnia 10,000 EC50 

Pseudokirchneriella subcapitata Algae 26 EC50 
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NOEC and L(E)C50 of NNIs were obtained from the Pesticide Properties Database (PPDB), available at http://sitem.herts.ac.uk/aeru/ppdb/index.htm. According to the 

Technical Guidance Document (European Commission, 2003) evaluation factors are selected based on biological toxicity data. The acute toxicity data AF is 1,000; 

when the chronic toxicity data meets three trophic levels, AF is 10; when two trophic levels are satisfied, AF is selected 50; when a trophic level is met, AF is taken as 

100. 

 

http://sitem.herts.ac.uk/aeru/ppdb/index.htm
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Table S5 Concentrations of NNIs in soil (ng/g, dw) from the farmland-river-marsh continuum. 

Sampling site IMI THM THA IMIT NTP DIN CLO ACE TOC (%) 

T1 25.2 0.52 ND 0.01 ND ND 0.68 ND 3.99  

T2 2.26 1.28 ND ND ND ND 0.25 ND 4.22  

T3 1.45 0.55 ND ND ND ND 0.24 ND 4.35  

T4 2.02 1.18 ND ND ND ND 0.26 ND 3.62  

T5 1.55 29.3 ND ND ND ND 14.8 ND 3.11  

T6 69.7 4.73 ND ND ND ND 7.70 ND 4.70  

T7 7.60 4.54 ND ND ND ND 1.76 ND 3.99  

T8 1.28 0.77 ND ND ND ND 0.08 ND 3.49  

T9 10.7 1.48 ND ND ND ND 0.34 ND 3.83  

T10 51.3 1.00 ND ND ND ND 0.59 ND 6.70  

T11 3.33 8.24 ND ND ND ND 0.38 ND 4.88  

T12 17.0 3.86 ND ND ND ND 1.55 ND 6.83  

T13 3.05 1.46 ND ND ND ND 0.08 ND 4.98  

T14 3.53 0.96 ND ND ND ND 0.15 ND 4.76  

T15 121 6.72 ND ND ND ND 3.30 ND 4.89  

T16 122 6.89 ND ND ND ND 2.95 ND 6.89  

T17 5.13 1.31 ND ND ND ND 0.51 ND 6.33  

T18 6.47 2.08 ND ND ND ND 0.88 ND 6.60  

T19 11.6 0.89 ND ND ND ND 0.34 0.08 4.46  

T20 2.98 0.56 ND ND ND ND 0.09 ND 3.49  

T21 39.4 0.80 ND ND ND ND 2.11 ND 3.89  

T22 133 1.20 ND ND ND ND 2.37 ND 3.74  
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Table S6 Concentrations of NNIs in water (ng/L) from the farmland-river-marsh continuum. 

Sampling site IMI THM THA IMIT NTP DIN CLO ACE 

S1 6.09 4.17 ND ND ND ND 0.70 ND 

S2 13.3 10.2 ND ND ND ND 1.18 0.28 

S3 8.80 6.48 ND ND ND ND 0.96 0.12 

S4 11.0 11.7 ND ND ND ND 0.85 0.19 

S5 10.3 8.86 ND ND ND ND 1.24 ND 

S6 7.97 8.30 ND ND ND ND 1.64 ND 

S7 11.5 10.2 ND ND ND ND 1.24 0.16 

S8 10.1 6.51 ND ND ND ND 0.97 ND 

S9 25.6 24.3 ND ND ND ND 1.82 ND 

S10 7.27 6.86 ND ND ND ND 1.29 ND 

S11 7.40 6.06 ND ND ND ND 1.10 ND 

S12 6.91 6.65 ND ND ND ND 0.97 ND 

S13 6.73 5.20 ND ND ND ND 1.15 ND 

S14 12.9 4.05 ND ND 0.19 ND 0.81 ND 

S15 7.78 5.07 ND ND 0.13 ND 0.96 ND 

S16 12.0 12.9 ND ND ND ND 1.39 ND 

S17 12.6 22.9 ND ND ND ND 2.39 ND 

S18 10.5 23.8 ND ND ND ND 2.47 ND 

S19 6.85 15.4 ND ND ND ND 1.72 ND 

S20 2.84 ND ND ND ND ND 0.36 ND 
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Table S7 Concentrations of NNIs in sediment (ng/g, dw) from the farmland-river-marsh continuum. 

Sampling site IMI THM THA IMIT NTP DIN CLO ACE TOC (%) 

S1 3.85 1.27 ND ND ND ND 0.47 0.19 8.26  

S2 0.98 0.54 ND ND ND ND 0.08 ND 5.01  

S3 3.40 1.42 ND ND ND ND 0.41 ND 4.31  

S4 4.37 1.84 ND ND ND ND 0.73 0.01 3.98  

S5 2.52 1.48 ND ND ND ND 0.22 ND 4.08  

S6 1.53 0.49 ND ND ND ND 0.14 ND 2.81  

S7 4.79 1.53 ND ND ND ND 0.70 0.06 4.32  

S8 1.83 2.85 ND ND ND ND 0.15 ND 3.93  

S9 2.18 1.39 ND ND ND ND 0.13 ND 3.40  

S10 0.89 0.56 ND ND ND ND 0.09 ND 1.81  

S11 1.95 0.60 ND ND ND ND 0.08 ND 3.10  

S12 1.92 0.59 ND ND ND ND 0.13 ND 2.27  

S13 0.89 0.60 ND ND ND ND 0.32 ND 2.48  

S14 0.80 1.06 ND ND ND ND 0.36 ND 3.83  

S15 1.19 1.41 ND ND ND ND 0.31 ND 3.64  

S16 1.04 0.72 ND ND ND ND 0.16 ND 2.75  

S17 0.57 1.87 ND ND ND ND 0.12 ND 5.28  

S18 1.10 0.96 ND ND ND ND 0.14 ND 3.98  

S19 6.36 1.92 ND ND ND ND 0.13 ND 3.74  

S20 0.81 1.81 ND ND ND ND 0.12 ND 3.70  
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Table S8 IMI is used for agricultural production scenarios in the study area. 

crop types date of application usage pattern Maximum usage Number of daysb 

rice June 15th spray 63 g/ha 132 

maize May 5th seed coating 183.7 g/haa 173 

soybean June 15th spray 10.8 g/ha 132 

a The usage of IMI on maize is mainly by seed coating (490 g IMI for 100 kg maize seeds), and the 

maximum use amount of IMI is calculated by the use of maize seeds per hectare (37.5 kg maize 

seeds). 

b The number of days from the date of IMI application to the last rainfall before sample collection 

(8th October). 

 

Table S9 Input parameters to characterize the pstsurf values. 

Parameters Value Parameters Value 

βpst 0.8 depthly 10 mm 

Pi
 a 

685.8 mm (paddy fields) 

876.3 mm (maize fields) 

685.8 mm (soybean fields) 

cultivated area 

40,816 ha (paddy fields) 

71,820 ha (maize fields) 

44,460 ha (soybean fields) 

α 
34.70% (paddy fields) 

49.69% (upland fields) 
SATly 2 mm  

wmobile 1 mm orgC 4.71%  

ρb 2.65 g/cm3   

Parameters are derived from default values, measured values, or statistical data. 

a Precipitation amount is the sum of rainfall from the date of IMI application to the last rainfall 

before sample collection (8th October). 
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Fig. S1 Venn diagram of NNIs detected in water, soil and sediment samples collected from the 

farmland-river-swamp continuum. 
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Fig. S2 Spearman correlation coefficients between TOC and NNIs in (a) soil and (b) sediment. 
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Fig. S3 The concentrations of NNIs in different type of land use soils. NNIs for upland fields were 

calculated as the mean of the concentrations in maize- and soybean-growing soils, while NNIs for 

paddy fields were the mean of the concentrations in the rice-growing soils. 
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Fig. S4 Sensitivity of calculated parameters of migration flux by surface runoff. (a) paddy fields; 

(b) maize files; (c) soybean fields 
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Fig. S5 Environmental exposure distributions of NNIs in surface water. 
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