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Extensive use of neonicotinoid insecticides (NNIs)worldwide calls for further knowledge on their environmental
occurrence and risk. The present study highlighted the need for more research on long-term exposure of NNIs in
aquatic environment, which is important but remains elusive. Time weighted average concentrations of five
commonly used NNIs in urban waterways of Guangzhou, China were measured using newly developed polar or-
ganic chemical integrative samplers (POCIS). Acetamiprid (from 18.8 ± 1.9 to 157± 31 ng/L; mean± standard
deviation), clothianidin (from 14.8 ± 3.7 to 47.6 ± 10.0 ng/L) and imidacloprid (from 32.9 ± 11.6 to 249 ±
19 ng/L) were detectable in all samples. Thiamethoxam was found at 71.4% of the 21 sampling sites (from not
detected to 52.4± 9.4 ng/L), while thiacloprid was not detected at any site. Vegetable planting and sewage efflu-
ent were the main sources of NNIs in surface water in Guangzhou. Probabilistic environmental exposure distri-
butions were subsequently constructed using the measured concentrations and the exceedances of predicted
environmental concentrations of NNI to ecological thresholds were assessed. In Guangzhou, 63.5%, 16.2%,
87.8% and 17.2% of acetamiprid, clothianidin, imidacloprid and thiamethoxam, respectively, exceeded an interim
chronic threshold of 35 ng/L for NNIs. Further risk assessment and control measures for the use of NNIs are ad-
vocated for protecting the integrity of aquatic ecosystems.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Neonicotinoid insecticides (NNIs) are highly effective to control crop
pests and are among the most extensively used insecticides worldwide
(Jeschke et al., 2011). The NNIs have been registered in N120 countries
and shared over one-fourth of the total insecticide market in 2014.
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Asia, Latin America and North America are the main users and account
for 75% of the total global sales (Bass et al., 2015; Jeschke et al., 2011).
As NNIs have high water solubility and long half-lives in soil, they are
easily transported to surface water (Anderson et al., 2015; Hladik and
Kolpin, 2016; Starner and Goh, 2012).

Extensive use of NNIs has resulted in their continual release into nat-
ural environment. As such, nontarget organisms are continuously ex-
posed to NNIs, possibly jeopardizing aquatic biodiversity (Morrissey
et al., 2015; Hladik et al., 2018a). For instance, it has been shown that
NNI exposure caused downstreamdrift and delayed lethality for aquatic
macroinvertebrates, which in turn resulted in reduced species abun-
dance (Beketov and Liess, 2008a, 2008b; Berghahn et al., 2012;
Tennekes and Sanchez-Bayo, 2011). While ecological risk of NNIs to
aquatic non-target species is an emerging concern in many countries
(Morrissey et al., 2015; van Dijk et al., 2013), little information is
known regarding their occurrence and risk in developing countries or
regions where NNIs are also highly used (e.g., Guangzhou, China).

Most of currently available literature regarding reported NNI con-
centrations in surface water have been obtained using grab sampling
(Evelsizer and Skopec, 2016; Hladik et al., 2018b; Hladik and Kolpin,
2016; Yamamoto et al., 2012). However, these results can be biased as
water concentrations of pollutants may vary considerably over time
and a single grab sampling represents only snapshot in a givenmoment
(Zhang et al., 2008). To reflect fluctuating concentrations within a pe-
riod of time, high sampling frequency is required, which is labor-
intensive and cost-prohibitive. Passive sampling approaches measure
timeweighted average (TWA) concentrations of pollutants and provide
a more sensitive and holistic assessment of long-term exposure at a rel-
atively low cost (Arditsoglou and Voutsa, 2008). A variety of passive
samplers have been developed for monitoring waterborne pollutants
(Lohmann et al., 2017; Sanchez-Bayo and Hyne, 2014), with polar or-
ganic chemical integrative sampler (POCIS) being designed specifically
for polar compounds in water, such as pharmaceuticals and herbicides
(Alvarez et al., 2004; Harman et al., 2012). Recently, the viability of
using POCIS with hydrophilic-lipophilic balance (HLB) sorbents (pha-
POCIS) to measure waterborne NNIs was validated in several
laboratory-spiked studies (Ahrens et al., 2015; Belles et al., 2014;
Poulier et al., 2014), however, the use of this method in the field is
still quite limited. vanMetre et al. (2017) analyzed imidacloprid in agri-
cultural waterways in the U.S. with pha-POCIS. Recently, we synthe-
sized a new sorbent which has been successfully used to measure
multiple classes of insecticides with a broad polarity (including NNIs)
in surfacewater samples. Comparedwith HLB, this sorbent significantly
reduced matrix interference when analyzing insecticides, suggesting
that it might be an appropriate POCIS sorbent for NNIs as well (Xiong
et al., 2018).

The aims of the present study were to (1) calibrate and validate the
use of POCIS with the new sorbent for measuring five NNIs
(acetamiprid, clothianidin, imidacloprid, thiamethoxam and
thiacloprid) in surface water; (2) analyze occurrence and distribution
of NNIs in urban waterways in Guangzhou, China; (3) evaluate aquatic
risk of NNIs using probabilistic ecological risk assessment (ERA) by con-
structing environmental exposure distributions (EEDs). Findings of the
present study would help to understand aquatic risk of NNIs after
long-term exposure and to advance control measures for NNIs.

2. Materials and methods

2.1. Chemicals and materials

The POCIS devices had a surface area of 45.8 cm2 and 200mg of sor-
bents were placed between two pieces of nylon membranes. Two types
of POCIS sorbents were used in the present study, including the sorbent
synthesized in-house according to our previous study (Xiong et al.,
2018) (m-POCIS) and a commercialized HLB sorbent (pha-POCIS).
Neat compounds of NNIs, including acetamiprid, clothianidin,
imidacloprid, thiacloprid and thiamethoxam were purchased from Dr.
Ehrenstorfer GmbH (Augsburg, Germany), with a purity N98%.
Imidacloprid-d4 and acetamiprid-d3 from CDN Isotopes (Quebec,
Canada) were used as the internal standard and surrogate, respectively.

Methanol and acetonitrile (HPLC grade) were purchased from
Oceanpak (Gothenburg, Sweden) andMerck (Darmstadt, Germany), re-
spectively. Glass fiber filters (0.7 μm) were obtained from Whatman
(Dassel, Germany). Nylon membranes (0.45 μm pore size, 100 mm di-
ameter, 100 μm thickness) were bought from Beihua Dawn Membrane
Separation Technology (Beijing, China). Empty polypropylene solid
phase extraction (SPE) tubes (6 mL) with polyethylene frits and HLB
sorbent were purchased from Agela Technologies (Tianjin, China). Ul-
trapure water was prepared with a milli-Q system (Billerica, MA, USA).

2.2. Site description and sampling

Guangzhou is the largest city in South China and has experienced in-
tense population and economygrowth in recent decades,with currently
N13.5 million people living in the city (http://www.gz.gov.cn/gzgov/
s2289/sq.shtml). Warm and humid weather intensified pest control is-
sues and has further promoted the use of insecticides in the region (Li
et al., 2014). Current-use pesticides have been frequently detected in
Guangzhou urbanwaterways alongwith other pollutants, posing signif-
icant threats to aquatic organisms (Cheng et al., 2017; Yi et al., 2015).
Not surprisingly, NNIs have also been found in Guangzhou surface
water during a single-time grab sampling campaign, but their risk was
inadequately understood due to the lack of long-term exposure data
(Zhang et al., 2017). Thus, Guangzhou was selected as a representative
for rapidly developing regions to study the occurrence and risk of
NNIs in surface water.

As depicted in Fig. 1, 22 sites were sampled in the Guangzhou reach
of the Pearl River and its tributaries. Sites S1–S17 and S18–S22 were in
the tributaries and the main stream, respectively (see Table S1 for de-
tailed description of each site, “S” represents figures and tables in the
Supplementary Information thereafter). Geographically, sites S1–S3,
S11 and S13 were adjacent to vegetable planting areas, sites S4–S10,
S12 and S14–S17 were in residential areas and S6 was near a sewage
treatment facility. The m-POCIS were placed in steel canisters and de-
ployed at all sites for 14 d (between November and December of
2016). For comparison, pha-POCIS were deployed in half of the sites,
with six in the tributaries (three near vegetable planting areas and
three in residential areas) and five in the main stream.

Water samples at the 22 sites were also collected twice by grab sam-
pling at the beginning and the end of POCIS exposure (Table S1). Con-
currently, water quality parameters including water velocity (inside
and outside the canisters), pH, conductivity and temperature were
also measured at deployment and retrieval of POCIS using a current
meter (Senlod, Nanjing, China), pH (Ohaus, New Jersey, NJ, USA), a con-
ductivity meter (Sanxin, Shanghai, China) and a glass thermometer
(Xingming, Hebei, China) (Table S1). Allmeasurementswere conducted
in triplicate.

2.3. POCIS extraction

After 14-d exposure, the POCIS devices were retrieved from the
water, transported back to the lab and rinsedwith ultrapurewater to re-
move solid debris. Each POCIS was carefully dismantled and the inner
membranes were rinsed with ultrapure water to transfer the sorbents
into a 6-mL SPE cartridge with polyethylene frits. The sorbents in the
cartridges were air-dried for 15 min under vacuum. After loading the
surrogate, acetamiprid-d3 (1 μg/mL, 50 μL), the cartridges were eluted
with 10 mL of acetonitrile. The effluents were concentrated to 0.5 mL,
imidacloprid-d4 (1 μg/mL, 50 μL) was added as the internal standard,
and the solutionwas passed through a 0.22-μm filter. TheNNIswere an-
alyzed using high-performance liquid chromatography tandem mass
spectrometry (HPLC-MS/MS).

http://www.gz.gov.cn/gzgov/s2289/sq.shtml
http://www.gz.gov.cn/gzgov/s2289/sq.shtml


Fig. 1. Concentrations of individual neonicotinoid insecticides at sampling sites in urban waterways in Guangzhou, China. The measurements were conducted using a modified polar or-
ganic chemical integrative sampler (m-POCIS).
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2.4. POCIS calibration

Before field deployment, kinetic accumulation process of NNIs by
POCIS was calibrated in the laboratory. A flow-through system was set
up to maintain constant concentrations of NNIs in water throughout a
42-d testing period (25-L tank, completely refreshed every 16.7 h).
Water flowed at a rate of 0.03 m/s in the system and temperature was
kept at 22.6±0.2 °C throughout.Water concentrations of NNIs in the sys-
tem were analyzed every 7 d in triplicate and the relative standard devi-
ations (RSD) of the seven measurements over 42 d were 9.9%–16.8%
(Table S2). The POCIS were placed in an exposure tank and three devices
were randomly removed at 3, 5, 7, 14, 21 and 31 d for analyzing NNIs ac-
cumulated in the POCIS. The sampling rates (Rs, L/d) of NNIs to POCIS
were then calculated following Eq. (1) (Alvarez et al., 2004).

Rs ¼ Cs �Ms= Cw � tð Þ ð1Þ

where Cs and Cw are NNI concentrations in the POCIS (ng/g) and TWA
concentrations of NNIs in water (ng/L), respectively.Ms is mass of POCIS
sorbent (g) and t is exposure time (d).

The impacts of chemical concentration and water velocity on Rs were
evaluated. The Rs of NNIs were measured at three NNI concentrations:
low (from 25.6 ± 6.4 to 74.2 ± 10.5 ng/L), middle (from 61.8 ± 11.2 to
143±4.7 ng/L) and high (from 306±51.8 to 643±86.9 ng/L). Constant
exposure was confirmed by measuring water concentrations of NNIs in
triplicate at 1, 2, 7 and 14 d (Table S2). Three POCIS were randomly
removed at each time point for measuring NNI concentrations in POCIS
sorbents. Finally, Rs values were calculated for individual NNIs at various
concentrations (Eq. (1)). Additionally, Rs values were also evaluated at
threewater velocities (0.03, 0.05 and 0.10m/s). Similarly, NNI concentra-
tions in water remained constant throughout the 14-d exposure for all
tests with RSD for each velocity (0.03, 0.05 and 0.10 m/s) ranging from
3.3%–18.1%, 13.8%–24.0% and 19.0%–26.9%, respectively (Table S2).

2.5. Water sample extraction

Water samples were collected during POCIS calibration tests in the
laboratory and at each site in Guangzhou urban waterways. The NNIs
in the samples were extracted fromwater using a previously developed
SPE method (Xiong et al., 2018). Briefly, SPE cartridges packed with
200 mg of HLB were preconditioned with methanol and water sequen-
tially, and 1 L of field water samples (filtered through glass fiber filters)
were loaded onto the cartridges after adding 40 μL of 1 μg/mL
acetamiprid-d3 as the surrogate. The cartridges were dried under vac-
uum for 15 min, and the NNIs were eluted out of the cartridge with
5 mL of acetonitrile. The effluents were concentrated to 0.5 mL, spiked
with imidacloprid-d4 (1 μg/mL, 50 μL) as the internal standard, filtered
through 0.22 μm filters, and analyzed using HPLC-MS/MS. The water
samples dosed in the laboratory were also extracted using the same
procedures, except that water volume was 200–500 mL and the water
was not filtered through glass fiber filters.

2.6. Instrumental analysis

Analysis of NNIs was performed using a LC-30-AD HPLC (Shimadzu,
Japan) coupled with QTRAP 5500 MS/MS (AB SCIEX, USA) following a
method described by Zhang et al. (2017) with minor modifications.
The instrumentwas equippedwith an electrospray ion source andoper-
ated in positive mode and multiple reaction monitoring mode.

The analytes were separated on an Agilent eclipse plus C18 column
(100 mm × 2.1 mm × 1.8 μm) couple with a C18 guard column
(12.5mm×2.1mm×5 μm),with column temperature of 40 °C. Themo-
bile phase was water containing 0.1% formic acid (A) and acetonitrile
(B) and the flow ratewas at 0.3mL/min. The gradient elution programme
was as follows: 0–0.5 min, 10% B; 10.0 min, 55% B; 10.1 min, 90% B;
10.1–13.0 min, 90% B; 13.1 min, 10% B; 13.1–15.0 min, 10% B. The injec-
tion volume was 2 μL. Nitrogen was used as atomizing gas. The pressure
of curtain and collision gas was set at 40 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 gas was 55 psi. Entrance potential
and collision cell exit potential were 10.0 and 16.0 V, respectively. More
details including the retention time, transition mass and other mass ac-
quisition parameters of the analytes are shown in Table S3.

The NNIs were quantified on the HPLC-MS/MS using internal cali-
bration, with matrix-matched standards and linear ranges of 1 to
500 ng/mL. The instrument limits of detection (LOD) and the limits of
quantification (LOQ) were determined as NNI concentrations corre-
sponding to signal-to-noise ratios of 3 and 10, respectively (Table S3).
The limits of quantification of POCIS sampling (LQp) and grab sampling
(LQg) were calculated from LOQ using Eqs. (2) and (3), respectively
(Poulier et al., 2014).

LQp ¼ LOQ � V inj= Rs � tð Þ ð2Þ

LQg ¼ LOQ � V inj=Vw ð3Þ



Table 1
Octanol-water partition coefficients, sampling rates (Rs, L/d) and limits of quantification (LQp) of modified polar organic chemical integrative sampler (m-POCIS) and limits of quantifica-
tion of grab sampling (LQg) for target neonicotinoid insecticides (NNIs). Recovery and standard deviation (SD)of individual NNIs fromm-POCIS and pharmaceutical polar organic chemical
integrative sampler (pha-POCIS). The concentrations of NNIs in urbanwaterways in Guangzhou, Chinameasured bym-POCIS (Cw) are also listed. TheRs is expressed asmean± SDand Cw
is expressed as mean ± SD (range among sampling sites) (n = 3).

Compound Log Kow
a Rs (L/d) LQp (ng/L) LQg (ng/L) Recovery (%) Cw (ng/L)

m-POCIS pha-POCIS

Acetamiprid 0.80 0.081 ± 0.019 0.09 0.10 96.4 ± 0.6 90.7 ± 3.9 51.2 ± 32.5 (18.8 ± 1.9–157 ± 31)
Clothianidin 0.91 0.032 ± 0.009 1.12 0.50 83.2 ± 3.8 77.4 ± 3.5 25.6 ± 8.90 (14.8 ± 3.7–47.6 ± 10.0)
Imidacloprid 0.57 0.052 ± 0.011 0.34 0.25 86.7 ± 2.9 89.7 ± 4.1 81.1 ± 49.5 (32.9 ± 11.6–249 ± 19)
Thiacloprid 1.26 0.053 ± 0.011 0.13 0.10 96.0 ± 3.0 85.6 ± 3.7 NDb

Thiamethoxam −0.13 0.028 ± 0.007 0.64 0.25 80.1 ± 4.1 81.1 ± 3.5 10.9 ± 13.2 (ND–52.4 ± 9.4)

a http://sitem.herts.ac.uk/aeru/iupac/index.htm (Last time accessed: June 12, 2017).
b ND: not detected.
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where Vinj is the volume offinal extract (0.5mL) and Vw is the volume of
grab water samples used for extraction (1 L). Rs is the sampling rate of
the POCIS and t is the exposure time (14 d). The LQp and LQg for each an-
alyte are presented in Table 1.

A set of quality control samples were also processed along with the
samples. No target NNIs were detected in blank samples. Sorbents
(200mg)were spikedwith 0.1 μgNNIs andwent through the extraction
procedure to check the recovery of NNIs from m-POCIS and pha-POCIS
materials. The recoveries of NNIs ranged from 80.1% ± 4.1%
(thiamethoxam) to 96.4% ± 0.6% (acetamiprid) and 77.4% ± 3.5%
(clothianidin) to 90.7% ± 3.9% (acetamiprid) for m-POCIS and pha-
POCIS, respectively (Table 1). Meanwhile, acetamiprid-d3 was added
to all samples before extraction to ensure the performance of sample
preparation procedures. Recoveries of acetamiprid-d3 were from 51.6%
± 12.2% to 88.8% ± 5.1% for all water and POCIS sorbent samples, re-
spectively. Statistical analysis for calculated Rs of m-POCIS for NNIs at
different compound concentrations and water velocity and residues of
NNIs among sites were conducted using a one-way analysis of variance
(ANOVA; significance level α= 0.05) with SPSS (version 16.0, Chicago,
IL, USA).

2.7. Probabilistic ecological risk assessment

A probabilistic ERA using EEDs were conducted in the present study
(Solomon et al., 2000). The EEDs were generated using POCISmeasured
water NNIs concentrations in Guangzhou. In brief, the concentrations of
NNIs were ranked in ascending order and percentiles were assigned
using the Weibull formula (Eq. (4)).

Percentile ¼ i� 100ð Þ= nþ 1ð Þ ð4Þ

where i is the numerical rank of the datum in ascending order and n is
the total sample size. The EEDs were constructed using measured con-
centration (log-transformed) on the x-axis and percentile (probability)
of sites being affected as the y-axis (SigmaPlot version 10.0, San Jose, CA,
USA). Predicted environmental concentrations (PECs) and their 95%
confidence intervals corresponding to 5th, 50th and 95th percentiles
were determined for each distribution by using the log-normal regres-
sion function available in SAS (version 9.4, Cary, NC, USA). The
exceedances of NNI concentrations in surface water of Guangzhou
were also evaluated with previously developed interim acute
(200 ng/L) and chronic (35 ng/L) thresholds for NNIs as suggested by
Morrissey et al. (2015).

3. Results and discussion

3.1. POCIS calibration in laboratory

The sorption of analytes on passive sampling sorbents is propor-
tional to their concentrations inwater and the adsorption capacity is de-
pendent on physicochemical properties of each chemical (Sanchez-
Bayo and Hyne, 2014). Thus, different sorbents have been used for hy-
drophilic or hydrophobic substances (Vermeirssen et al., 2012). The
polar sorbent synthesized in-house showed good recovery for NNIs
with lower matrix effects compared with HLB sorbent (Xiong et al.,
2018), thus it was used as POCIS sorbent (m-POCIS) in the present
study. Uptake profiles of the target NNIs by the m-POCIS are shown in
Fig. S1. All NNIs exhibited an integrative uptake by m-POCIS within
the 21-d exposure period, and gradually reached a plateau afterward.
The r2 of linear regressions ranged from 0.876–0.993 for individual
NNIs over the 21-d integrative uptake period. Thus, 14 d was selected
for field deployment as it was within the linear uptake regime.

Water concentrations of NNIs have been shown to vary remarkably
in the environment (Hladik and Kolpin, 2016), so it was imperative to
check the impact of NNI concentrations on Rs. As shown in Fig. 2A, Rs
values for the same NNI were similar regardless of water concentra-
tions, except thiacloprid which had a higher Rs at the lowest concentra-
tion when compared to the Rs values at other concentrations. Similar Rs
values guaranteed the applicability of POCIS for NNIs at various concen-
trations. Other researchers have also reported that Rs for POCISwas gen-
erally independent of the concentrations of target compounds (Alvarez
et al., 2004; Arditsoglou and Voutsa, 2008; Zhang et al., 2008).

Water velocity was the other important factor that could influence
aqueous passive sampling (MacLeod et al., 2007), due to the fact that up-
take rates of pollutants to the samplers are controlled by an aqueous
boundary layer at the membrane-water interface (Alvarez et al., 2004;
Lissalde et al., 2014), but this is not the case in the present experiment.
While water velocity increased from 0.03 to 0.10 m/s, Rs of NNIs were
not significantly altered with one exception, which was an increase of Rs
for thiacloprid when water velocity increased from 0.03 to 0.05 m/s
(Fig. 2B). Overall, changing water velocity had little effect on Rs, which
has been previously reported as well. Dalton et al. (2014) found that
when water velocity increased from 0.006 to 0.59 m/s, Rs of atrazine
was not changed under field conditions. Di Carro et al. (2014) reported
that Rs of eight pollutants (atrazine, propazine, terbuthylazine, diclofenac,
ibuprofen, ketoprofen, perfluorooctanoic acid and perfluorooctane sulfo-
nate) kept constant when water velocity increased from 0.02 to
0.153 m/s. After reviewing numerous studies, Harman et al. (2012) con-
cluded that the change of Rs was generally small (b2-fold) and that
when water velocity increased from static to 0.37 m/s, there was no
need to adjust Rs, which is in agreement with our present results.

The average values of Rs for individual NNIs to m-POCIS at different
time intervals in the integrative uptake phase (3, 5, 7, 14 and 21 d)
are provided in Table 1, ranging from 0.028 ± 0.007 (thiamethoxam)
to 0.081 ± 0.019 L/d (acetamiprid). The Rs values were used in field
sampling and no adjustments were made for varying chemical concen-
tration or water velocity.

3.2. POCIS validation in field

Although seldom studied, HLB-based pha-POCIS has been validated
for estimating NNIs in laboratory-spiked water (Ahrens et al., 2015;

http://sitem.herts.ac.uk/aeru/iupac/index.htm


Fig. 2.Calculated sampling rates (Rs) ofmodified polar organic chemical integrative sampler (m-POCIS) for neonicotinoid insecticides at different compound concentrations (A) andwater
velocity (B). Different letters indicate significant differences of Rs for each neonicotinoid.
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Belles et al., 2014) and used for quantifying imidacloprid in agricultural
waterways in France and the U.S. (Poulier et al., 2014; van Metre et al.,
2017). These studies revealed the applicability of pha-POCIS for NNI
measurements. In these previous versions of pha-POCIS, polyethersul-
fone membranes (PES) were used to enclose HLB sorbents, yet PES
tended to release polyethylene glycol (PEG) compounds which would
result in increased matrix effects for analyzing pesticides with mass
spectrometry (Guibal et al., 2015). To validate the use of m-POCIS in
the field, pha-POCIS containing HLB resins were co-deployed in half of
the sampling sites in Guangzhou. Instead of PES, nylon membranes
were used for both POCIS devices in the present study, improving ana-
lytical accuracy by reducing PEG-relatedmatrix effects. TheNNI concen-
trations in Guangzhou waterways measured by passive sampling (m-
POCIS and pha-POCIS) are presented in Table S4. As shown in Fig. S2,
the measurements between m- and pha-POCIS for individual NNIs
were quite similar. The consistent results between m- and pha-POCIS
validated the performance of m-POCIS in evaluatingNNI concentrations
in surface water.

Grab samples at all sites were collected when deploying and retriev-
ing the POCIS in the field as well (Table S5). The individual NNI concen-
trations quantified bym-POCIS were compared with their counterparts
by grab sampling (Fig. S3). The POCIS measured TWA concentrations of
NNIs over the 14-d exposure, while NNI concentrations obtained by
grab samplingwere the average values of two instantaneous concentra-
tions at the time of deployment and retrieval of m-POCIS. As such, NNI
concentrations measured by m-POCIS were several times different
from those in concurrent grabwater samples, with concentration ratios
ranging from 0.26 to 2.15 (acetamiprid), 1.35 to 2.94 (clothianidin),
0.65 to 4.16 (imidacloprid) and 0.16 to 4.21 (thiamethoxam). The devi-
ation between passive and grab samplingwould likely be reduced if the
frequency of grab sampling increased, although this would also mean
increased sampling labor and cost (Ahrens et al., 2015).

In the field, contaminant concentrations in water fluctuated due to
changing flow and episodic input (Ahrens et al., 2015) and grab sam-
pling just measured the instantaneous concentration at the sampling
moment, which was reflected by the larger standard deviations of NNI
concentrations measured by grab sampling when compared with m-
POCIS for most samples (Fig. S3). Comparatively, TWA from POCIS bet-
ter represented long-term exposure and had less uncertainty than con-
centrations obtained through the use of grab sampling. In summary, the
calibration and validation data showed that the modified version of
POCISwith the new sorbent (m-POCIS)was viable tomonitor TWA con-
centrations of NNIs in field water with laboratory-calibrated Rs values.
3.3. Occurrence and distribution of NNIs in Guangzhou

The TWA concentrations of NNIs in Guangzhou urban waterways
were assessed using m-POCIS. The samplers at site S9 went missing,
so this site is excluded from the discussion. As shown in Table S4, the
mean concentration of all NNIs across the 21 sites was 169 ± 89 ng/L,
with the minimum and maximum values being 73.1 ± 6.9 and 375 ±
78 ng/L, respectively. Acetamiprid, clothianidin, imidacloprid and
thiamethoxam were detected at frequencies of 100%, 100%, 100% and
71.4%, respectively, yet thiacloprid was not found at any site. In all
sites, acetamiprid (from 18.8 ± 1.9 to 157 ± 31 ng/L) and imidacloprid
(from 32.9 ± 11.6 to 249 ± 19 ng/L) were the dominant NNIs with a
mean concentration of 51.2 ± 32.5 and 81.1 ± 49.5 ng/L, respectively.
The concentrations of clothianidin ranged from 14.8 ± 3.7 to 47.6 ±
10.0 ng/L, with a mean value of 25.6 ± 8.9 ng/L. The highest detected
concentration of thiamethoxam was 52.4 ± 9.4 ng/L (site S1) with a
mean value of 10.9 ± 13.2 ng/L. It was not surprising to detect NNIs in
Guangzhou urban waterways with high frequencies. Guangzhou is lo-
cated in a subtropical zonewithmild temperature andheavy rainfall. In-
tensive anthropogenic activity and warm and humid weather have
encouraged the use of insecticides in this region to combat pest issues
(Li et al., 2014). Various current-use pesticides have been detected
and identified as one of the main sources of risk to aquatic organisms
in Guangzhou urban waterways (Li et al., 2011; Qi et al., 2017; Yi
et al., 2015).



Fig. 3. Environmental exposure distributions of water concentrations of neonicotinoid
insecticides in Guangzhou, China. Vertical lines represent chronic and acute ecological
thresholds for NNIs water concentrations proposed by Morrissey et al. (2015).
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As shown in Fig. 1, NNI concentrations varied among the sampling
sites. The highest concentration of total NNIs (375 ± 78 ng/L) was de-
tected at site S1, which is a tributary site near a vegetable field. Due to
an unbalanced urbanization process in Guangzhou, patches of urban vil-
lages are interspersed in the modernized areas of the city. Heavy pesti-
cide usage for vegetable planting is a common practice in these villages
and has become an important source of pesticide residues in aquatic en-
vironment (Li et al., 2013). The average value of total NNI concentra-
tions at the sites near vegetable fields (S1–S3, S11 and S13) was 232
± 86 ng/L, which was significantly higher than the average concentra-
tion of 102 ± 43 ng/L at sites adjacent to residential areas (S4, S5, S7,
S9, S10, S12 and S14–S17) (p b 0.05).

In addition to vegetable planting, sewage effluent was also found to
be a significant source of NNIs in Guangzhou waterways. The total NNI
concentration detected at site 6 was 354 ± 30 ng/L. This tributary site
is adjacent to a sewage treatment plant, suggesting that sewage effluent
could also likely be a source of NNIs in surface water. Similar finding has
also been reported in previous studies investigating NNIs in water
(Klarich et al., 2017; Münze et al., 2017; Sadaria et al., 2016). Münze
et al. (2017) concluded that treated wastewater was possibly the exclu-
sive source of acetamiprid and imidacloprid in the streams in central
Germany.

Collectively, the average water concentration of NNIs in the tribu-
taries (164 ± 99 ng/L) was comparable to that in the main stream of
the Pearl River (201 ± 56 ng/L) (p = 0.164). This is in stark contrast
to the distribution of sediment-bound pyrethroid insecticides, whose
concentrations in the main stream of the Pearl River were much lower
than those in the tributaries (Cheng et al., 2017). Compared with pyre-
throids, NNIs aremore polar andwater soluble, thus it is likely that they
are transportedmore easily from the small tributaries and into the large
river, resulting in a more homogenous distribution in surface water.
Among the five main river sites (S18–S22), the highest concentration
of NNIs was detected at S21 (271 ± 64 ng/L) (Fig. 1 and Table S4).
Site S21 is just located downstream of site S6 which is the tributary
site near the sewage treatment plant. The NNI concentration was
much lower at site S22 (upstream of the tributary outlet) when com-
pared to S21, and then again after S21 the concentrations gradually de-
creased along the river, suggesting the strong influence of NNI input
from the tributaries on their distribution in the main stream.

The concentrations of NNIs in Guangzhou were compared with
those in other regions, althoughmost of these previous reportswere ob-
tained using grab sampling (Table S6). The TWA concentrations of NNIs
bym-POCIS in Guangzhou were slightly higher than the concentrations
previously measured by grab sampling in Guangzhou (Xiong et al.,
2018; Zhang et al., 2017). This may be partially explained by the differ-
ent sample size (more sampleswere collected in the present study) and
sampling techniques (TWA by POCIS vs. instantaneous concentrations
by grab sampling). Geographically, NNI concentrations in Guangzhou
were in the moderate range when compared to other sites in the
world. For instance, the concentrations were greater than those in agri-
cultural catchments in Queensland, Australia (Smith et al., 2012) and
streams in the U.S. (Hladik and Kolpin, 2016), but lower than those in
rivers around Sydney, Australia (Sanchez-Bayo and Hyne, 2014), wet-
lands in Canada (Main et al., 2014) and other U.S. sites (Evelsizer and
Skopec, 2016) (Table S6).

The NNIs were ubiquitous in surface water with high detection fre-
quency. In the present study, detection frequencies were 100% for
acetamiprid, clothianidin and imidacloprid, and 71.4% for
thiamethoxam, with the maximum concentrations of individual NNIs
across sites being 157 (acetamiprid), 47.6 (clothianidin), 249
(imidacloprid) and 52.4 ng/L (thiamethoxam). Among the samples col-
lected from Sacramento and Orange County in the U.S., clothianidin and
imidacloprid were detected in approximately 50% of samples
(Ensminger et al., 2013). Hladik et al. (2014) analyzed NNI residues in
streams on a nationwide scale in the U.S. and found that 53% of the sam-
ples contained at least one NNI. In wetlands of prairie pothole region in
Canada, NNIs were detected in 91% of the samples, with the maximum
concentration of clothianidin, imidacloprid and thiamethoxam reaching
3110, 260 and 1490 ng/L, respectively (Main et al., 2014). In agricultural
regions of California, the detection frequency of imidacloprid was 89.3%
with a maximum concentration up to 3290 ng/L (Starner and Goh,
2012). The high detection frequency and high concentrations of NNIs
in surface water showed the need for further research on the risk of
NNIs to aquatic organisms.

3.4. Probabilistic ecological risk assessment

To assess the potential risk of NNI exposure to aquatic organisms,
EEDs were constructed for individual NNIs detected in Guangzhou
urban waterways (Fig. 3). As shown in Table 2, imidacloprid had the
highest 5th PECs (26.2 ng/L), followed by acetamiprid (15.0 ng/L) and
clothianidin (13.1 ng/L), while thiamethoxamwas detected at relatively
low concentrations with a PEC5 of 0.98 ng/L. Interestingly, although
their PEC5 values were similar, the high end of PECs (e.g., PEC95) for
acetamiprid (127 ng/L) and clothianidin (44.9 ng/L) varied consider-
ably, implying distinct distribution patterns for individual NNIs.

Severalwater quality reference values havebeen proposed for deter-
mining acceptable levels of NNIs in surface water, most of which are
limited to imidacloprid; toxicity thresholds for other NNIs are not well
established due to a lack of data availability (Morrissey et al., 2015;
Smit et al., 2015). This would be especially concerning considering the
known variation in toxicity of individual NNIs to aquatic organisms.
However, as imidacloprid is more potent than the other NNIs, toxicity
thresholds established mainly based on imidacloprid data are generally
considered to be conservative and sufficiently protective for aquatic
species (Guy et al., 2011; Morrissey et al., 2015). Recently, Morrissey
et al. (2015) used probabilistic approaches, on the basis of available
NNI studies which used similar study designs (using LC50 and EC50 end-
points), to recommend200 and 35 ng/L as acute and chronic thresholds,
respectively, for protecting aquatic invertebrate community. As evaluat-
ing the quality of thresholds of NNIs for aquatic risk assessment was be-
yond the scope of the present study, these acute and chronic values
proposed by Morrissey et al. (2015) were directly used to compute
the percent probabilities of NNI concentrations in Guangzhou surface
water that exceeded these thresholds (Table 2).

Aquatic risk of acute exposure toNNIs in the study areawas low, and
the probability for any NNI concentrations over the acute thresholdwas
b4.2%. However, as TWA concentrations are the average concentrations
over a period of time, theymay fail tomonitor acute risk at peak concen-
trations. Overall, this may result in a source of uncertainty in evaluating
acute risk using POCIS. On the contrary, TWA concentrations do provide



Table 2
Slope and intercept for regression lines and values corresponding to 5th, 50th and 95th centiles of predicted environmental concentrations (PECs) for individual and total neonicotinoid
insecticides (NNIs) in Guangzhou, China. Percent probabilities of environmental concentrations higher than the proposed ecological thresholds of NNIs (acute and chronic thresholds
of 200 and 35 ng/L, respectively) are also included.

Compound n r2 Slope Intercept PECs (ng/L) Percent probability

5% 50% 95% Acute Chronic

Acetamiprid 21 0.95 3.54 −5.81 15.0 (13.3–16.7) 43.6 (41.5–46.0) 127 (115–145) 1.0% 63.5%
Clothianidin 21 0.98 6.13 −8.48 13.1 (12.5–13.7) 24.2 (23.8–24.8) 44.9 (43.2–47.4) 0% 16.2%
Imidacloprid 21 0.95 3.83 −7.08 26.2 (23.6–29.2) 70.4 (67.6–74.2) 189 (174–215) 4.2% 87.8%
Thiamethoxam 15 0.91 1.67 −1.63 0.98 (0.60–1.37) 9.53 (7.93–11.3) 92.5 (64.3–145) 1.4% 17.2%
Total NNIs 21 0.96 3.86 −8.38 55.6 (48.6–62.1) 148 (141–157) 396 (356–453) NAa NA

a ND: not applicable.
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a strong estimation of chronic risk. A high probability of chronic risk
existed in the Guangzhou surface water evaluated for acetamiprid
(63.5%), clothianidin (16.2%), imidacloprid (87.8%) and to a lesser de-
gree thiamethoxam (17.2%), suggesting that NNIs would pose long-
term impacts on aquatic organisms (Table 2 and Fig. 3). Acetamiprid
and imidacloprid contributed the greatest degree of risk of those studied
(Table 2). Future studies, should not only study imidacloprid, which is a
common focal point, but also acetamiprid. As not only did acetamiprid
show high frequency and high concentrations in these water, but it
also is still being intensively used in this areas, as acetamiprid was
regarded as one of three most widely used insecticides in China (Jin
et al., 2015). It is highly likely that other streams and rivers in China
would be exhibit potential chronic risk from NNIs contamination, thus
it is imperative to conduct long-term monitoring for their occurrence
in surface water, and the development of POCIS method provided
herein helps in providing accurate results that can be achieved in a
labor efficient and cost savings manner.

4. Conclusions

A newly validated m-POCIS method was used to assess the occur-
rence and distribution of NNI residues in surface water in a rapidly de-
veloping city (Guangzhou, China). At all the sampling sites, at least
three NNIs were detected, with acetamiprid and imidacloprid being
the dominant contaminants. The total concentrations of NNIs for a
given site ranged from 73.1 ± 6.9 to 375 ± 78 ng/L with a mean value
of 169±89 ng/L. Vegetable plantingfields and sewage treatment plants
were the main sources of NNIs in Guangzhou urban waterways. Con-
structed EEDs indicated that PEC5 varied for individual NNIs, with
15.0 ng/L for acetamiprid, 13.1 ng/L for clothianidin, 26.2 ng/L for
imidacloprid and 0.98 ng/L for thiamethoxam. The probability of indi-
vidual NNIs, particularly acetamiprid and imidacloprid exceeding
chronic thresholds was high. The results present here show the need
for more measures to assess and control risk of NNIs in surface water,
especially in developing areas, to provide appropriate protections for
functions and biodiversity of aquatic ecosystem.
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