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risk assessment of current-use
pesticides in a tropical drinking water source
reservoir in Hainan Province, China†

Jun Xiang,‡ab Cheng-Zhong Fu,‡bc Rong-Qin Xu,bd Qi-Yuan Lu,b Bin Tang, *b
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The agricultural sector plays a pivotal role in Hainan Province, China; therefore, the utilization of pesticides is

indispensable. The current ban on traditional pesticides and ongoing replacement of current-use pesticides

(CUPs) have not been accompanied by extensive research on the presence of CUPs in reservoirs, which are

vital centralized sources of drinking water. In this study, 26 CUPs was investigated in a drinking water source

reservoir, the surrounding watershed, and the surrounding agricultural and domestic discharge water in

Hainan Province. The predominant detected CUPs in the study area were clothianidin (CLO),

thiamethoxam (THM), acetamiprid (ACE), imidacloprid (IMI), and dichlorvos (DCH). Neonicotinoids (NNIs)

were the primary type of pesticide contamination in the study area, with a concentration ranging from

not detected (n.d.) to 755 ng L−1 (median of 71.0 ng L−1). The upstream watersheds of the reservoir were

primarily contaminated due to agricultural activities, and the highest concentration of individual CUPs,

ranging from 102 to 821 ng L−1 (median of 468 ng L−1), was found in agricultural source water. Source

identification analysis revealed that the presence of CUPs in the reservoir primarily stemmed from three

types of activities: the cultivation of fruit trees around the reservoir, the daily activities of residents, and

the agricultural practices in the upstream watershed basin. Risk assessment indicated that DCH, IMI, and

THM posed moderate or high risks to aquatic organisms, with an emphasis on the effects of NNIs. The

chronic cumulative risk assessment of NNIs was conducted by the relative potency factor approach, and

it indicated that infants and young children were the most vulnerable groups and exhibited heightened

susceptibility. The potential exposure to NNIs through drinking water was below the recommended

relative chronic reference dose, thereby posing no discernible health risks. The results of this study will

support the regulation of CUPs in drinking water sources.
Environmental signicance

A comprehensive investigation was conducted to assess the occurrence of 26 current-use pesticides (CUPs) in a drinking water source reservoir, its surrounding
watershed, as well as the discharged agricultural and domestic wastewater within Hainan Province. Results revealed that contamination primarily originated
from agricultural activities within upstream watersheds, with signicantly higher concentrations of individual CUPs detected in agricultural source water. The
entry pathways for these CUPs into the reservoir were identied as fruit tree cultivation near the reservoir area, daily human activities, and agriculture practices
within the upstream watershed basin. These ndings offer valuable insights for formulating effective regulatory measures aimed at managing CUP contami-
nation risks associated with drinking water sources.
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1. Introduction

Hainan Province, located in the tropics of China, has abundant
agricultural resources that constitute a vital sector of its
economy. Moreover, the prevalence of pests, diseases, and
weeds in tropical regions necessitates the high usage of pesti-
cides in this province.1 However, the majority of the used
pesticides do not target crops, instead, they persist in various
environmental media and are commonly detectable in soil2–4

and surface waters.5–7 Pesticide residues can be introduced into
rivers and reservoirs via the upstream precipitation and
Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073 | 1063
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agricultural practices.8,9 Therefore, pesticide residues in
drinking water sources can pose a signicant threat to the
ecosystem, necessitating urgent attention and action.

Based on their properties, pesticides can be classied into
several major groups, including organochlorine pesticides
(OCPs), organophosphorus pesticides (OPPs), and the recently
prominent neonicotinoid pesticides (NNIs).10 Most OCPs are
categorized as persistent organic pollutants (POPs) and are
prohibited globally because of their high toxicity.11 However,
certain OCPs, such as aldrin, are still used in China.12 Subse-
quent studies have demonstrated the detrimental impacts of
OPPs on both human and animal health, leading to the prohi-
bition of certain OPPs in agricultural practices.12,13 Therefore, in
recent years, the traditional pesticides characterized by high
toxicity and persistence have been widely replaced by low-
toxicity alternatives such as neonicotinoids.14 Currently, NNIs
occupy nearly a quarter of the insecticide market and have
experienced continuous sales growth in recent years.15 Research
has shown that NNI exposure poses a threat to aquatic biodi-
versity,16 and the potential human health risks associated with
NNI contamination have recently garnered remarkable
attention.

Drinking water sources play a vital role in the regional water
environment, as they serve as the crucial resources for urban
water supply.17 The formation of reservoirs through surface
runoff can lead to the pollutant accumulation, transforming
drinking water sources into the potential pesticide reposito-
ries18 and thereby causing harm to plants, animals, and
humans. The studies of pesticides in large-scale drinking water
sources, have primarily focused on the impacts of traditional
pesticide pollutants.9,19 However, few studies have examined the
effects of multiple conventional and alternative pesticides on
drinking water sources.20

A previous study indicated that the contamination of the
Tighra reservoir in India was dominantly attributed to the
utilization of pesticides in nearby agricultural elds.21 Human
activities have signicantly inuenced the environment, as
evidenced by the elevated levels of OCPs observed in the
upstream area of the Miyun Reservoir, which is predominantly
characterized by cornelds and orchards.3 Furthermore, herbi-
cides have been found to pose a serve threat to the aquatic
organisms in the tributaries and the reservoir itself.22 Addi-
tionally, NNIs are extensively used pesticides, and their pres-
ence in the rivers and lakes in recent years has been the focus of
various studies.23,24 However, research on their presence in
drinking water sources are limited.25–27

The upstream or vicinity of the drinking water source
reservoir in Hainan Province is commonly characterized by
frequent agricultural production activities. Furthermore, given
the previous studies of the pesticide contamination in the
drinking water sources primarily focused on individual tradi-
tional pesticides,19 necessitate imminent investigation into
multiple pesticides. High annual precipitation in the region
facilitates the migration of pesticides from the terrestrial envi-
ronment to the aquatic ecosystems, and their accumulation in
the reservoirs. Therefore, it is imperative to deepen the under-
standing of the pollution characteristics and the potential risks
1064 | Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073
associated with multiple pesticides in the drinking water
sources.28

The aim of this study was to investigate the abundance,
composition, and spatial distribution of multiple current-use
pesticides (CUPs) in a drinking water source reservoir and its
surrounding agricultural sources, domestic sources, and
watersheds in Hainan Province. Furthermore, the sources of
CUPs in the water environment were identied, and the
potential risks to aquatic ecosystems and humans from pesti-
cide contamination were assessed in the drinking water sour-
ces. The ndings of this study will contribute to
a comprehensive understanding of the occurrence and fate of
CUPs in drinking water sources and their surrounding aquatic
environments, thereby providing a theoretical foundation for
evaluating levels of CUP contamination in reservoirs.
2. Materials and methods
2.1 Study area and sample collection

The study area serves as a crucial centralized urban drinking
water source reservoir in Hainan Province, China (Fig. 1), which
provides a daily supply of approximately 220 000 t of water.
Surface water samples were collected from the reservoirs (n =

10), the upstream rivers (n = 4), the surrounding agricultural
sources (n = 6), and the domestic sources (n = 9). Surface water
samples were collected in May 2023. Agricultural sources refer
to the surface water in cultivation area catchments with
mangoes, longans, betel nuts, and other commercial crops
located in the upstream of the reservoirs, whereas domestic
sources refer to the effluent from the domestic wastewater
treatment plants in the residential areas around the reservoirs.
In each site, 1 L of surface water was collected and stored in
a brown glass bottle. Aerward, 50 mL of methanol (MeOH) was
added to each sample to inhibit microbial growth. All water
samples were placed in the refrigerator (4 °C) for chilling within
48 h aer the collection.
2.2 Chemicals and reagents

The target CUPs include 9 NNIs, 7 OPPs, and 10 other pesticides
(OthPs; herbicides, fungicides, etc.). Dinotefuran (DNT), acet-
amiprid (ACE), nitenpyram (NTP), clothianidin (CLO), thiaclo-
prid (THA), thiamethoxam (THM), imidacloprid (IMI),
imidaclothiz (IMT), onicamid (FLO), phoxim (PXM),
dichlorvos (DCH), malathion (MLT), dimethoate (DMT),
trichlorfon (TCF), phorate (PHT), chlorpyrifos (CPF), atrazine
(ATR), butachlor (BTC), acetochlor (ATC), metalaxyl (MLX),
carbendazim (CBZ), thiophanate-methyl (TPH), pyraclostrobin
(PCT), spirodiclofen (SPD), indoxacarb (IDC), and emamectin
benzoate (EMB) were purchased from First Standard (China).
Four isotope-labeled internal standards (ISs), namely carben-
dazim-d3 (CBZ-d3), acetamiprid-d3 (ACE-d3), clothianidin-d3
(CLO-d3), and imidacloprid-d3 (IMD-d3), were also purchased
from First Standard (China).

All other chemicals were of HPLC grade. Detailed informa-
tion is provided in the ESI† (Text S1 and Table S1).
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Sampling sites in the study area (reservoirs, upstream watersheds, agricultural sources, and domestic sources).
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2.3 Sample pre-treatment and instrumental analysis

One liter of water sample was spiked with ISs (CBZ-d3, ACE-d3,
CLO-d3, and IMD-d3; 50 ng) and passed through an Oasis HLB
SPE cartridge (Waters; 6 mL/500 mg). The SPE cartridge was
sequentially pre-conditioned with 10 mL of MeOH, 10 mL of
dichloromethane (DCM), and 10 mL of Milli-Q water. Aer
loading the water sample, the cartridge was washed with
100 mL of 5% MeOH in Milli-Q water (v/v%). The cartridge was
then subjected to vacuum drying for 1 h, followed by sequential
elution of the target chemicals using 5 mL of MeOH, 4 mL of
ethyl acetate (EtAC), and 3 mL of DCM. The eluates were
subsequently evaporated to dryness under gentle nitrogen ow,
reconstituted in 0.5 mL of MeOH, and ltered through a 0.22
mm nylon syringe lter into a glass vial.

Target chemicals were analyzed using a high-performance
liquid chromatography-triple quadrupole mass spectrometer
(UPLC-MS/MS; Waters, TQ-S Micro). The chromatographic and
MS parameters are described in detail in the ESI† (Text S2).
2.4 Quality control and assurance

One program blank sample (replaced with Milli-Q water) was
analyzed every 10 samples to assess the potential contamina-
tion, and the average levels of individual target chemicals
detected in the program blanks (n= 5) were subtracted from the
water samples. Additionally, 3 spiked blank samples were pre-
treated and analyzed using the same procedures as the water
samples. The accuracy was calculated as the recoveries of ana-
lytes in the natural spiked samples, i.e., 53.0–111.0%.

The method quantication limit (MQL) was dened as the
mean value in the program blank multiplied by 3 times the
standard deviation of each analyte in the program blank
sample. For the analytes of not detected (n.d.) concentrations,
in the program blank sample, the MQL was dened as the
This journal is © The Royal Society of Chemistry 2025
concentration of each analyte at a signal-to-noise ratio (S/N) of
10. The MQLs were 0.06–1.67 ng L−1 for target chemicals in the
water samples. Details are provided in the ESI† (Table S3).
2.5 Risk assessment

The aquatic risk assessment for all detected CUPs was con-
ducted using a risk quotient (RQ) approach, which involved
comparing the measured environmental concentration (MEC)
to the predicted no-effect concentration (PNEC) (eqn (1)).29

RQ = MEC/PNEC (1)

The no-observed-effect concentration (NOEC) values (or in
their absence, EC50 values) were used to calculate the PNEC
values. To mitigate the uncertainties associated with assess-
ment, including accuracy, inherent variability, model errors,
and insufficient toxicity data, the PNEC values were estimated
by dividing the lowest NOEC or EC50 value of the most sensitive
species by an appropriate safety factor (AF) for each trophic
level—sh, algae, and aquatic invertebrates.10 Hazard quotient
data for risk assessment of the same pollutant may vary across
different toxicological parameters. To avoid underestimating
the existing ecological risks, we selected the lowest PNEC from
the NORMAN Ecotoxicology Database as the input value, which
are presented in Table S4†within this study.30 The restrictive RQ
ranking is determined as follows: a value of 0 # RQ < 0.1
indicates a low risk level; a value of 0.1 # RQ < 1 indicates
a medium risk level; and an RQ value $ 1 indicates a high risk
level.31
2.6 Health risks

The chronic reference dose (cRfD) of each NNI and the corre-
sponding relative potency factor (RPF) were normalized to the
Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073 | 1065
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IMI,32 as shown in Table S5.† We utilized the RPF method to
assess the chronic cumulative risk of four NNIs (ACE, CLO,
THM, and IMI) in the reservoir water samples.

IMIeq. was calculated as follows:

IMIeq: ¼
X

i

NNIi �RPFi

¼ IMI� 1þ THM� 9:5þACE� 0:803

þCLO� 5:816þDNT� 2:85 (2)

where IMIeq. is the total IMI-equivalent NEO concentration. The
pesticide residues in the study area, which serves as a crucial
drinking water source for the city, pose a potential threat to
human health. However, the effectiveness of conventional
drinking water treatment processes is limited in terms of
pesticide removal efficiency.33 We estimated the daily intake
(EDI; ng kg−1 bw per d) of NNI in the reservoir, as follows:

EDI = IMIeq. × DIR × AR (3)

where DIR represents the daily water ingestion rate (L per kg bw
per day) (Table S6†), while AR denotes the absorption rate of
a human, which remains constant at 100%.34
2.7 Statistical analysis

The statistical analysis was conducted utilizing the SPSS so-
ware (version 22.0; SPSS Inc., Chicago, IL, USA) for the analytes
Fig. 2 Histogram of the spatial distribution of NNI, OPPs, and OthPs in

1066 | Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073
with a detection frequency (DF) > 50%. The normality of all data
was assessed prior to the statistical analysis; non-parametric
tests were employed for data that did not exhibit a normal
distribution, and to examine the correlation between the
concentrations of different compounds, a signicance criterion
of P < 0.05 was applied. For the statistical analysis, the chemical
concentrations below the MQL were replaced with 1/2 MQL.
Principal component analysis (PCA) was performed to evaluate
the potential sources of CUPs in water.

3. Results and discussion
3.1 Levels of CUPs in surface water

The DFs and concentrations of CUPs are listed in Table S7.†
Among the 26 targeted chemicals, 9 NNI, 4 OPPs, and 10 OthPs
were present in water samples, with concentrations of n.d.–
755 ng L−1 (median of 71.0 ng L−1), n.d.–297 ng L−1 (median of
3.91 ng L−1), and n.d.–439 ng L−1 (median of 28.3 ng L−1),
respectively (Fig. S1†). NNIs were the primary CUPs in the study
area, and their relative contribution (62.7%) was signicantly
higher than OthPs (27.3%) and OPPs (9.98%) (Fig. S2†).

The main NNIs in surface water samples were CLO, THM,
ACE, and IMI, with DFs of 89.7%, 75.9%, 72.4%, and 65.5%,
respectively (Table S7 and Fig. S3†). CLO, THM, and IMI have
also been detected predominantly in groundwater in Iowa,
USA35 and the Yangtze River, China 14. In this study, DNT was
detected at only one sampling site in the agricultural source (A-
the study area.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Correlation between the nine predominant pesticides detected
in water (**Correlation (Corr.) is significant at the 0.01 level (2-tailed). *
Corr. is significant at the 0.05 level).
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06), which could be related to the fact that DNT is mainly
applied in rice cultivation.36 In contrast, the study area does not
engage in rice cultivation.

DCH was the predominant OPP in this study, with a DF of
75.9%, whereas MLT, TCF, and CPF had DFs <50% (Table S7†).
The concentrations of OPPs ranged from n.d. to 297 ng L−1

(median of 3.91 ng L−1), with the highest value was observed at
the agricultural source sites, likely due to the severe contami-
nation of utilizing DCH (Fig. S4†).

OthPs were mainly represented by the fungicides, MLX and
CBZ, with DFs of 93.1% and 86.2%, respectively. MLX and CBZ
concentrations were n.d.–69.9 ng L−1 (median of 11.4 ng L−1)
and n.d.–322 ng L−1 (median of 5.71 ng L−1), respectively (Table
S7 and Fig. S3†). MLX has been widely detected in previous
studies37,38 because of its stable structure and long half-life (115
d at pH 9).39 CBZ is a common fungicide, and the high
concentration of CBZ in this study may be related to its high
consumption and wide range of uses. However, the concentra-
tions of CBZ in our study area were lower than the Huangpu
River, China (41.9–607.0 ng L−1),40 and higher than the Vistonis
Lake, Greece (<25 ng L−1).41
3.2 Spatial distribution and source identication

3.2.1 Spatial distribution. As shown in Fig. 2, all types of
sampling sites in the upstream of the reservoir were generally
contaminated with CUPs. Pesticide levels were usually low at
the sampling sites in the reservoir, with

P
CUPs of 25.7–

108.0 ng L−1 (median of 43.6 ng L−1) (Table 1 and Fig. 2).P
CUPs showed the highest concentrations (102–821 ng L−1;

median of 468 ng L−1) in the surface runoff of the agricultural
source sites (Table 1). The detection of numerous compounds
from diverse categories primarily occurred at the agricultural
source sites in relation to the pesticide contamination—espe-
cially at sites A-04 (mango cultivation) and A-05 (longan culti-
vation). This phenomenon can be attributed to the cultivation
practices of fruit crops, and the specic pesticides employed
during different periods,42 and the persistent historical use of
pesticides at this particular site. Previous studies have demon-
strated that the primary pathway for the non-point emissions
from pesticide land use is the surface runoff into streams.15,43

Therefore, it is crucial to prioritize regulating pesticide use in
the agricultural developments near the watersheds.

NNIs were widely detected in the agricultural sources. The
highest value, 755 ng L−1, was found at the agricultural source
at site A-03 (Table 1). This site is part of the rice–vegetable crop
rotation, where NNIs are commonly utilized, and THM and CLO
are the dominant chemicals. Additionally, A-02 is mainly plan-
ted with betel nuts, and the NNI concentration there was
310 ng L−1. This suggested that these neonicotinoids from the
agricultural sources in the study area may have contaminated
the surface water through the surface runoff (Fig. 1).

Among the upstream section sites, NNIs were absent only at
site U-04, which is located downstream of site U-01. It is likely
that the degradation of NNIs occurred during the discharge
process downstream,44 resulting in the absence of NNI at this
particular site. However, in the other three upstream sampling
1068 | Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073
sites (U-01, U-02, and U-03),
P

NNIs were in the range of 160–
662 ng L−1, with IMI, THM, and CLO being the predominantly
chemicals (Fig. 3). Similarly, these CUPs were also the main
NNIs in the domestic and the agricultural sources (Table 1). It
has been shown that the activities in agricultural and urban
areas are the primary sources of NNIs in the water environ-
ment.45 The NNI pollution in the watersheds in this study
should also be closely related to human activities.

OPPs were mainly found at the sampling sites A-04 (mango
cultivation) and A-05 (longan cultivation), with DCH being the
predominant chemical (Fig. 4). According to the latest report
from the China Pesticide Information Network, despite being
classied as a group 2B carcinogen by the World Health Orga-
nization in 2017 (http://www.chinapesticide.org.cn), DCH
continues to be utilized in China because of its effective
insecticidal properties, prompt decomposition rate, and
relatively brief residual duration. Of the 7 OPPs, only DCH
was detected in the reservoirs, albeit at a low concentration
(n.d.–6.05 ng L−1; mean of 2.42 ng L−1)—lower than the
average level (17.8 ng L−1) in surface water of China in
a previous study.46

The most prominent sites for OthP concentrations, namely
sites A-04 (254 ng L−1), A-05 (439 ng L−1), and site D-07
(317 ng L−1) for the domestic sources, were included in the
dataset (Fig. 2). This could be attributed to the transition of
agricultural cultivation within the residential areas of this
locality, as indicated by the increase of vegetable acreage in
recent years (Fig. 2). The OthPs at site D-07 weremainly SPD and
MLX.

The limited presence of CUPs in the reservoir sites may be
attributed to the transfer or the degradation of CUPs from
upstream watersheds before reaching the reservoirs coupled
with their dilution through the continuous conuence of the
tributary streams.47
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Principal component analysis results based on the concentra-
tions of NNI, OPPs, and Others (PC1, 32.1% variance; PC2, 23.5%
variance). The figure legends represent the factor loadings (a) and
factor scores (b).

Fig. 5 Ecological risk map of pesticides detected in reservoirs, based
on the calculation of RQ values in different ranges drawn, the darker
the color, the greater the range in which the risk value is located,
divided into four ranges corresponding to the color brother color
segments, from dark to light, respectively, RQ > 1, 1>RQ > 0.1, 0.1>RQ >
0.01, 0.01>RQ.
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3.2.2 PCA. The major compounds were subjected to corre-
lation analysis and PCA to explore potential relationships
between the CUPs and investigate the pollution patterns that
impact different areas in this study (Fig. 4a and b).

The heatmap (Fig. 4a) demonstrated the signicant positive
correlations between IMI and ACE, CLO, and THM (P < 0.01),
suggesting the potential synergistic utilization of IMI and the
other three NNIs in the study area. The PCA plot showed that
the rst two principal components accounted for 32.1% and
23.5% of the total variance, respectively. CBZ, ATR, SPD, DCH,
and ACE in the water were the main contributors to PC1,
whereas IMI, THM, CLO, and MLX were the main contributors
to PC2 (Fig. 5). A disparity in the origin of the two factors may
exist: Factor 1 primarily comprises widely employed fungicides,
herbicides, insecticides, acaricides and the only one
This journal is © The Royal Society of Chemistry 2025
neonicotinoid (ACE). Factor 2 comprises the common NNIs
(IMI, THM, and CLO) and the MLX fungicide. The molecular
structures of the compounds are closely related to Kow, and the
gure lists the nine molecular formulas mentioned above
(Fig. S6 and S7†). Additionally, based on the scatter plot
depicting the relationship between Kow and MWs, the 3 NNIs in
Factor 2 exhibit the lower Kow values, indicating a comparatively
higher solubility of these compounds in water (Fig. S7†), sug-
gesting that these compounds may be more likely to transport
from the upstream to the downstream reservoirs.

The factor score plot (Fig. 4b) indicated that the agricultural
sources are distributed across both Factors 1 and 2. In contrast,
Factor 1 is primarily associated with the agricultural source
sites A-04 and A-05, which are near the reservoir perimeter and
encompass extensive areas of fruit tree cultivation (mango and
longan). Conversely, Factor 2 was closely linked to various
agricultural and domestic sources, including the betel nut
planting, the rubber planting, and the rice–vegetable crop
rotation. Furthermore, the domestic source sites contributed to
the watershed through the discharge of treated domestic
wastewater. These ndings demonstrated that the pesticide
sources in Factor 1 were predominantly inuenced by fruit tree
planting around the reservoir, whereas pesticides from
domestic and agricultural sources dominated Factor 2. These
ndings suggest that multiple factors drive pesticide pollution
in the reservoir. The primary pesticide sources in drinking water
reservoirs are associated with the following three types of
pesticide usage: (i) the cultivation of fruit trees planted near the
reservoir, (ii) the application by residents in residential areas,
and (iii) the agricultural practices in the upstream watersheds.
This comprehensive analysis underscores the critical need for
developing targeted management strategies to address agricul-
tural and domestic sources in order to mitigate pesticide
pollution around water reservoirs.
Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073 | 1069
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3.3 Ecological risk assessment

The highest ecological risk posed by each pesticide was esti-
mated based on the concentrations of individual pesticides in
drinking water sources (Fig. 5). The presence of DCH in the
reservoir at low concentrations posed a signicant risk to
aquatic organisms, as evidenced by the high-risk classication
of all sites with DCH detection (RQ > 1; Fig. 5). This association
was attributed to the low PNEC value of DCH (0.0006 mg L−1). A
previous study48 suggested that DCH in the surface waters in
China posed a greater ecological risk to the aquatic organisms
and may jeopardize the human health. Additionally, 30% of the
sampling sites in the reservoir exhibited a high risk of IMI, and
3 of these sites were in the upstream river cross sections that
had recently converged into the reservoir, highlighting the need
for attention regarding pesticide convergence in the watershed
areas and the effect on the aquatic organisms in drinking water
sources. Similar to a previous study,49 IMI and THM exhibited
a high risk in the watershed waters in this study (Fig. 5). Certain
pesticides have the potential to impact other species within the
aquatic food chain by inuencing plankton populations.
Furthermore, these chemicals can disrupt water purication
processes and diminish the self-purication capacity of water
bodies through alterations in aquatic plant and microbial
communities.50 The potential impacts of NNIs on ecosystems
have garnered global attention, leading to an increasing
number of countries and regions implementing the restrictions
on their use. Although China acknowledges the possible risks
associated with NNIs, it has yet to enact specic policies
banning their use. The low risk posed by CBZ and SPD at
reservoir sites should also be carefully considered.
3.4 Human health exposure risk assessment

The IMI-equivalent estimated daily exposure (IMIeq EDI) of
infants, toddlers, children, adolescents, and adults to NNIs
from the reservoir water was calculated based on the U. S.
Exposure Factors Handbook (Table S8†). The results indicated
that THM has a relatively high IMIeq EDI compared to the other
NNIs because of its higher concentration in water and low cRFD
(0.006 mg kg−1 bw per d), emphasizing the need for carefully
considering THM as a concerning compound. Infants consis-
tently exhibited the highest exposure to NNIs through the
drinking water across all age groups, followed by young chil-
dren, whichmay be attributed to their higher water intake rates.
Notably, all IMIeq EDIs for the exposure to drinking water were
lower than the USEPA-published IMI cRFD (0.057 mg kg−1 bw
per d), indicating no signicant health risk associated with the
presence of NNI in reservoirs. Nevertheless, future revisions
may lead to downward adjustments in cRFDs for IMI, as studies
have suggested the potential adverse effects on animals when
recommended values are exceeded. The ingestion of low doses
of IMI has adverse effects on the sperm and testes of rats,51 and
an in vitro study has shown that NNI has endocrine-disrupting
effects.52,53 Therefore, although the IMIeq EDI indicated no
health risks, it is crucial to carefully consider potential risks in
vulnerable populations, such as infants and young children.
Infants and young children are at a higher risk of accumulating
1070 | Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073
pesticide residues following exposure, owing to their underde-
veloped organs and less efficient metabolism of toxic
substances. Furthermore, research has demonstrated that
certain pesticides may lead to developmental delays, behavioral
abnormalities, or impaired cognitive function by disrupting the
endocrine system or interfering with neurodevelopment.54–56

Given the potential toxicity of these pesticides, it is imperative
to establish effective management strategies within water
reservoirs. This should encompass stringent regulations on
pesticide usage as well as the establishment of riparian buffer
zones to mitigate their adverse effects.
4. Conclusion

In summary, CUPs were frequently detected in water samples
from the reservoir, upstream watersheds, and domestic and
agricultural sources in Hainan, China. Notably, NNIs were the
predominant CUPs, while OPPs and OthPs were present at
relatively low concentrations. The upstream watersheds
exhibited signicant contamination by CUPs, particularly at
sites with intensive agricultural activities. CUPs in the drinking
water source reservoir primarily originated from pesticides used
in fruit tree cultivation around the reservoir and human activ-
ities upstream. DCH, IMI, and THM posed substantial risks to
the watershed ecosystem, reecting the extensive use of NNIs in
agriculture and their potential long-term impacts on water
safety and ecosystems. Although the IMIeq EDI does not pose
immediate health risks, its relative prominence warrants
further attention to ensure public health in the region.
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River, Ceará, Brazil): Implications of the inuence of
sediment parameters on occurrence, distribution and fate,
Sci. Total Environ., 2016, 542, 254–263.

12 J.-Y. K. Manoharan Saravanan, K. Jin Hur and M. Ramesh,
Jang-Hyun Hur, Responses of the freshwater sh Cyprinus
carpio exposed to different concentrations of butachlor
and oxadiazon, Biocatal. Agric. Biotechnol., 2017, 11, 275–281.

13 S. Zheng, B. Chen, X. Qiu, M. Chen, Z. Ma and X. Yu,
Distribution and risk assessment of 82 pesticides in
Jiulong River and estuary in South China, Chemosphere,
2016, 144, 1177.

14 X. Li, Q. Zhao, A. Li, S. Jia, Z. Wang, Y. Zhang, W. Wang,
Q. Zhou, Y. Pan and P. Shi, Spatiotemporal distribution
This journal is © The Royal Society of Chemistry 2025
and fates of neonicotinoid insecticides during the urban
water cycle in the lower reaches of the Yangtze River,
China, Water Res., 2022, 226, 119232.

15 Y. Chen, J. Ling, W. Yu, L. Zhang, R. Wu, D. Yang, J. Qu,
H. Jin, Z. Tao, Y. Shen, R. Meng, J. Yu, Q. Zheng, G. Shen,
W. Du, H. Sun and M. Zhao, Identication of point and
nonpoint emission sources of neonicotinoid pollution in
regional surface water, Water Res., 2024, 248, 120863.

16 C. A. Morrissey, P. Mineau, J. H. Devries, F. Sanchez-Bayo,
M. Liess, M. C. Cavallaro and K. Liber, Neonicotinoid
contamination of global surface waters and associated risk
to aquatic invertebrates: A review, Environ. Int., 2015, 74,
291–303.

17 B. Lehner, C. R. Liermann, C. Revenga, C. VöRöSmarty,
B. Fekete, P. Crouzet, P. Döll, M. Endejan, K. Frenken and
J. Magome, High-resolution mapping of the world's
reservoirs and dams for sustainable river-ow
management, Front. Ecol. Environ., 2011, 9, 494–502.

18 Y. Chen, K. Yu, M. Hassan, C. Xu, B. Zhang, K. Y.-H. Gin and
Y. He, Occurrence, distribution and risk assessment of
pesticides in a river-reservoir system, Ecotoxicol. Environ.
Saf., 2018, 166, 320–327.

19 Y. Yang, Q. Xie, X. Liu and J. Wang, Occurrence, distribution
and risk assessment of polychlorinated biphenyls and
polybrominated diphenyl ethers in nine water sources,
Ecotoxicol. Environ. Saf., 2015, 115C, 55–61.

20 C. Panis, L. Z. P. Candiotto, S. C. Gaboardi, S. Gurzenda,
J. Cruz, M. Castro and B. Lemos, Widespread pesticide
contamination of drinking water and impact on cancer
risk in Brazil, Environ. Int., 2022, 165, 107321.

21 Mamta, R. J. Rao and K. A. Wani, Monitoring of
organochlorine and organophosphorus pesticide residues
in water during different seasons of Tighra reservoir
Gwalior, Madhya Pradesh, India, Environ. Monit. Assess.,
2015, 187, 684.

22 S. Acharya, H. R. Upadhayay and B. P. Spanoghe, Occurrence
of Unapproved Pesticides and their Ecotoxicological
Signicance for an Agriculturally Inuenced Reservoir and
its Tributaries in Nepal, Water, Air, Soil Pollut., 2023, 234,
561–517.

23 X. Zhang, Y. Cao, J. Cao, Q. Li and Y. Yan, Occurrence,
source, and risk assessment of neonicotinoid insecticides
in the Huai River, China, Environ. Pollut., 2023, 333, 122068.

24 M. L. Hladik, S. R. Corsi, D. W. Kolpin, A. K. Baldwin,
B. R. Blackwell and J. E. Cavallin, Year-round presence of
neonicotinoid insecticides in tributaries to the Great
Lakes, USA, Environ. Pollut., 2018, 235, 1022–1029.

25 S. Stehle, V. Ovcharova, J. Wolfram, S. Bub, L. Z. Herrmann,
L. L. Petschick and R. Schulz, Neonicotinoid insecticides in
global agricultural surface waters–Exposure, risks and
regulatory challenges, Sci. Total Environ., 2023, 867, 161383.

26 Z. Xiong, Y. Wu, Y. Zhou, S. He, D. Huang, M. Zhang,
Y. Jiang, L. Cheng, Z. Zhao, H. Zhao and H. Lin, Rapid
determination and health risk assessment of
neonicotinoids in source water and tap water of the
tropical Hainan Island, China, Environ. Sci. Pollut. Res.,
2023, DOI: 10.1007/s11356-023-27026-w.
Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073 | 1071

https://doi.org/10.1007/s11356-023-27026-w
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00676c


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

7/
07

/2
5 

06
:5

4:
48

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
27 X. He, S. Song, Y. Huang, X. Huang, H. Huang, T. Zhang and
H. Sun, Contamination of neonicotinoid insecticides in
source water and their fate during drinking water
treatment in the Dongguan section of the Pearl River, Sci.
Total Environ., 2023, 901, 165935.

28 D. Chai, K. Cui, K. Yu, X. Chen, Z. Guo and Y. Chen,
Comprehensive insights into the occurrence, distribution,
risk assessment of typical pesticides and their
environmental driving effects in a large drinking water
reservoir, J. Environ. Chem. Eng., 2023, 11, 110513.

29 X. Y. Tang, Y. Yang, N. F. Tam, R. Tao and Y. N. Dai,
Pesticides in three rural rivers in Guangzhou, China:
spatiotemporal distribution and ecological risk, Environ.
Sci. Pollut. Res., 2019, 26, 3569–3577.

30 Z. Vryzas, C. Alexoudis, G. Vassiliou, K. Galanis,
E. J. E. Papadopoulou-Mourkidou and E. Safety,
Determination and aquatic risk assessment of pesticide
residues in riparian drainage canals in northeastern
Greece, Ecotoxicol. Environ. Saf., 2011, 74, 174–181.

31 M. Sultan, N. Hamid, M. Junaid, J. J. Duan and D. S. Pei,
Organochlorine pesticides (OCPs) in freshwater resources
of Pakistan: A review on occurrence, spatial distribution
and associated human health and ecological risk
assessment, Ecotoxicol. Environ. Saf., 2023, 249, 114362.

32 C. Lu, C. H. Chang, L. Tao and M. C. Chen, Distributions of
neonicotinoid insecticides in the Commonwealth of
Massachusetts: a temporal and spatial variation analysis
for pollen and honey samples, Environ. Chem., 2015, 15064.

33 H. Dong, L. Xu, Y. Mao, Y. Wang and Z. Qiang, Effective
abatement of 29 pesticides in full-scale advanced
treatment processes of drinking water: From concentration
to human exposure risk, J. Hazard. Mater., 2021, 403, 123986.

34 G. Mahai, Y. Wan, W. Xia, A. Wang and S. Xu, A nationwide
study of occurrence and exposure assessment of
neonicotinoid insecticides and their metabolites in
drinking water of China, Water Res., 2021, 189, 116630.

35 D. A. Thompson, D. W. Kolpin, M. L. Hladik, K. K. Barnes,
J. D. Vargo and R. W. Field, Prevalence of neonicotinoids
and sulfoxaor in alluvial aquifers in a high corn and
soybean producing region of the Midwestern United States,
Sci. Total Environ., 2021, 782, 146762.

36 E. Watanabe, K. Baba and S. Miyake, Analytical evaluation of
enzyme-linked immunosorbent assay for neonicotinoid
dinotefuran for potential application to quick and simple
screening method in rice samples, Talanta, 2011, 84, 1107–
1111.

37 Y. Zhang, P. Qin, S. Lu, X. Liu, J. Zhai, J. Xu, Y. Wang,
G. Zhang, X. Liu and Z. Wan, Occurrence and risk
evaluation of organophosphorus pesticides in typical water
bodies of Beijing, China, Environ. Sci. Pollut. Res., 2020, 28,
1454–1463.

38 P. J. Phillips and R. W. Bode, Pesticides in surface water
runoff in south-eastern New York State, USA: seasonal and
stormow effects on concentrations, Pest Manage. Sci.,
2004, 60, 531–543.

39 D. A. Glinski, S. T. Purucker, R. J. V. Meter, M. C. Black and
W. M. Henderson, Analysis of pesticides in surface water,
1072 | Environ. Sci.: Processes Impacts, 2025, 27, 1063–1073
stemow, and throughfall in an agricultural area in South
Georgia, USA, Chemosphere, 2018, 209, 496–507.

40 L. Xu, C. Granger, H. Dong, Y. Mao, S. Duan, J. Li and
Z. Qiang, Occurrences of 29 pesticides in the Huangpu
River, China: Highest ecological risk identied in Shanghai
metropolitan area, Chemosphere, 2020, 251, 126411.

41 E. N. Papadakis, A. Tsaboula, A. Kotopoulou,
K. Kintzikoglou, Z. Vryzas and E. Papadopoulou-
Mourkidou, Pesticides in the surface waters of Lake
Vistonis Basin, Greece: Occurrence and environmental risk
assessment, Sci. Total Environ., 2015, 536, 793–802.

42 A. Derbalah, K. Tahara and H. Sakugawa, Monitoring
sources, discharges, and uxes of, and assessing the risks
from, pesticides in the Kurose and Ashida Rivers, Japan,
Int. J. Environ. Sci., 2019, 17, 1035–1050.

43 Y. Chen, L. Zang, G. Shen, M. Liu, W. Du, J. Fei, L. Yang,
L. Chen, X. Wang, W. Liu and M. Zhao, Resolution of the
Ongoing Challenge of Estimating Nonpoint Source
Neonicotinoid Pollution in the Yangtze River Basin Using
a Modied Mass Balance Approach, Environ. Sci. Technol.,
2019, 53, 2539–2548.

44 Q. P. Jia, Y. P. Cai, X. Yuan, B. W. Li and B. Li, The
Degradation Process of Typical Neonicotinoid Insecticides
in Tidal Streams in Subtropical Cities: A Case Study of the
Wuchong Stream, South China, Toxics, 2023, 11, 203.

45 D. Pietrzak, J. Kania, E. Kmiecik, G. Malina and K. Wtor, Fate
of selected neonicotinoid insecticides in soil–water systems:
Current state of the art and knowledge gaps, Chemosphere,
2020, 255, 126981.

46 J. Gao, L. Liu, X. Liu, H. Zhou, J. Lu, S. Huang and Z. Wang,
The Occurrence and Spatial Distribution of
Organophosphorous Pesticides in Chinese Surface Water,
Bull. Environ. Contam. Toxicol., 2008, 82, 223–229.

47 S. Acharya, H. R. Upadhayay, M. Houbraken,
R. M. Bajracharya and P. Spanoghe, Occurrence of
Unapproved Pesticides and their Ecotoxicological
Signicance for an Agriculturally Inuenced Reservoir and
its Tributaries in Nepal, Water, Air, Soil Pollut., 2023, 234,
565.

48 J. Wang, Z. Wang, Y. Dou, J. Cong, H. Sun, L. Wang and
Z. Duan, Ecological risk assessment for typical
organophosphorus pesticides in surface water of China
based on a species sensitivity distribution model, Sci. Total
Environ., 2024, 913, 169805.

49 Q. Jia, Y. Cai, X. Yuan, X. Zhang, B. Li and B. Li, Spatial
distribution and ecological risks of neonicotinoid
insecticides for an urban tidal stream of Guangzhou City,
South China, Ecol. Indic., 2023, 146, 109836.

50 M. Kodama, T. Onduka, I. Tanita, M. Takahashi, T. Sanda,
T. Iwasaki and H. Yamada, Disturbance of epifauna in
seagrass-seaweed mixed beds by pesticides discharged into
the coastal area: Asymmetric effect on crustaceans and
molluscs, Mar. Pollut. Bull., 2024, 209.

51 D. A. Thompson, H. J. Lehmler, D. W. Kolpin, M. L. Hladik,
J. D. Vargo, K. E. Schilling, G. H. Lefevre, T. L. Peeples,
M. C. Poch and L. E. Laduca, A critical review on the
potential impacts of neonicotinoid insecticide use: current
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00676c


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

7/
07

/2
5 

06
:5

4:
48

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
knowledge of environmental fate, toxicity, and implications
for human health, Environ. Sci.:Processes Impacts, 2020, 22,
1315–1346.

52 Q. Sun, X. Xiao, Y. Kim, D. Kim, Y. A. Park and F. Chemistry,
Imidacloprid Promotes High Fat Diet-Induced Adiposity and
Insulin Resistance in Male C57BL/6J Mice, J. Agric. Food
Chem., 2016, 64, 9293–9306.
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