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risk assessment of acetochlor was conducted in major cities of China based on the data of
acetochlor residue concentrations in drinking water. The approach of the Species Sensitivity
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Introduction
Acetochlor, which is a selective preemergent herbicide of the
group chloroacetanillide, is widely used in the world in light
of the superiority of high efficiency, low cost, easy application
and broad-spectrum weeding (Kolpin et al., 1996). The global
sale of acetochlor was US$450 million in 2007, and it reached
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a peak sale of US$530 million in 2011. In recent years, the annual use of acetochlor in China has reached 20,000 to 30,000
tons, which is one of the most widely used herbicides in China
(Zhang, 2015). However, several studies have found that acetochlor is an endocrine disruptor that may interact with uterine estrogen receptors and cause hormonal disorders or even
endanger the female reproductive system (Frische et al., 2013;
Rollerova et al., 2011). In addition, acetochlor is easy to transfer
to the water bodies due to the medium to high water solubility
and relatively low soil adsorption (Nemeth-Konda et al., 2002),
which leads to a frequent detection of acetochlor in drinking
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water. Thus, how to manage and regulate acetochlor in drinking water to achieve the cost-benefit balance is a big challenge.
To date, studies focusing on acetochlor in water have been
conducted by many researchers (Konda and Pásztor, 2001;
Li et al., 2018; Székács et al., 2015; Yu et al., 2014). Konda
and Pásztor carried out a research on environmental distribution of acetochlor under field conditions during a fivemonth period at normal weather conditions, and found that
the maximum detected residues of acetochlor in stream water
were 1 order of magnitude higher than the maximum residue
limit of 0.1 μg/L specified by the European Union (EU) for environmental and drinking water (Konda and Pásztor, 2001).
Székács et al. (2015) analyzed ground and raw drinking water
samples in Hungary and watercourses in neighboring countries between 1990 and 2015 and found that acetochlor was
the second most frequently found water contaminant that
was detected in 4% of water samples. Li et al. (2018) investigated drinking water contamination by 11 commonly used
herbicides in sugarcane production areas in Guangxi, China
and found that the maximum residues of acetochlor was
0.311 μg/L and the detection rate was 33.3%. However, previous
studies are mainly focusing on the occurrence of acetochlor in
water, which neglect the health risks of acetochlor in drinking
water. This is mainly related to the lack of sufficient toxicity
data on acetochlor, which has also become an obstacle to the
establishment of standards for acetochlor in drinking water.
Many countries and regions have not set standard limits for
acetochlor in drinking water including the world health organization (WHO) (World Health Organization, 2011), United
States Environmental Protection Agency (US EPA), the People’s
Republic of China (Ministry of Health of the People’s Republic
of China and Standardization Administration of the People’s
Republic of China, 2006), etc.
In the process of establishing the criteria of drinking water
for pollutants, the daily intake rate of drinking water (daily
intake volume of drinking water per body weight) and the reference dose (RfD) are two key factors. Drinking water guidelines can be calculated by the ratio of RfD to the daily intake
rate of drinking water (World Health Organization, 2011). The
daily intake rate of drinking water can be obtained through
investigation (Ministry of Ecology and Environment of the
People’s Republic of China, 2016, 2013), while the reference
dose (RfD) is usually extrapolated from animal experiments
by considering the uncertainty of interspecific, intraspecific
and safe factor (US EPA, 2002). For acetochlor, the difficulty
in formulating its drinking water criterion lies in the lack of
an unified official recognized RfD. In the 1980s, US EPA firstly
used species sensitivity distributions (SSDs) to establish water quality benchmarks (He et al., 2019), which provides a clue
to solve this problem. SSD is the cumulative probability distribution of toxicity values for multiple species (Aldenberg and
Rorije, 2013). An SSD is derived by fitting a selected statistical model (e.g., log normal) to compound-specific ecotoxicity data (Posthuma et al., 2019). Then according to the assumed proportion (e.g., 99%) to protect, the predicted no-effect
concentration (PNEC) can be computed by the SSD (He et al.,
2019). Hereafter, the RfD can be calculated based on the PNEC
(US EPA, 2002).
In this study, health risk assessment was conducted on
acetochlor in Chinese drinking water and the maximum al-
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lowable residue concentrations of acetochlor in drinking water and source water were recommended. Compared to the
previous studies, the present study has the following characteristics: (i) health risk was conducted based on the acetochlor residue concentration data in the past ten years; (ii)
reference dose level of acetochlor by oral intake was estimated
according to species sensitivity distribution (SSD) method; (iii)
drinking water and source water quality criteria of acetochlor
were recommended according to the health risk results.
This study tried to assess the health risk of the widespread
used pesticide acetochlor so as to obtain a comprehensive
understanding of the chronic health hazards and provide
science basis for the formation of reliable water quality
standards.

1.

Materials and methods

1.1.

Data sources

Acetochlor residue concentrations in drinking water within
China were obtained from two water quality surveys conducted from 2009 to 2018. The water samples were taken from
the municipal supply water networks and community water
plants of 36 major cities in China. A detailed sampling description including the name, location and scale of the cities can be
found elsewhere (Yu et al., 2014).
Acetochlor residue concentrations in food within China
were obtained from a pesticide residues investigation in food
within China in 2017. A detailed sampling description including the name, location, scale of the cities and the analytical
methods can be found elsewhere (Sang et al., 2020).

1.2.

Processing of left-censored concentration data

Non-detected values have become an inevitable problem in
environmental trace contaminant analysis, and this adds to
the challenges of analyzing different sample sizes, especially
in the face of multiple detection limits. The Kaplan–Meier and
robust ROS methods (methods that calculate summary statistics with least-squares regression on a probability plot are
called “regression on order statistics,” (ROS)), which are the
nonparametric maximum likelihood estimators for constructing the survival function (Klein and Moeschberger, 2003), are
recommended for censored data with less than 50% censoring
(Helsel, 2011). Maximum likelihood estimation (MLE), multiple
imputation and zero-inflated model are recommended for the
censoring ratio larger than 50%, and these models are chosen
according to the censoring ratio. A detailed description of the
above mentioned combined left-censored handling model can
be found elsewhere (Sang et al., 2020).
In this study, a total number of 278 samples in drinking water were collected. Due to the limit of detection,
there are 89 samples under the detection limit. Considering
the censoring rate is less than 50%, Kaplan–Meier method
was used to process the data. For the sample date of acetochlor in food, combined left-censored handling models were
used.
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Health risk assessment

1.3.1.

Exposure assessment

c × IR(i, j) × funit
BWi

(1)

where i is index for age group, j is index for ingestion source
(drinking water supply or food group), CDI(i,j) is chronic daily
intake of age group i and ingestion source j, c is the concentration of acetochlor in drinking water (mg/L) or food (mg/kg);
IR(i,j) is daily ingestion rate (L/day for drinking water or g/day
for food) of age group i and ingestion source j; BW (kg) is the
bodyweight of different age groups; funit is unit conversion factor (1 for drinking water or 10−3 for food). Daily ingestion rates
(IR) of drinking water for different age groups in China were
collected from a research study focusing on environmental
exposure related to activity patterns of the Chinese population conducted by the Ministry of Ecology and Environment of
the People’s Republic of China (Ministry of Ecology and Environment of the People’s Republic of China, 2016, 2013). Daily
food consumption (IR) for minors in China was collected from
the book of Report of Environmental Exposure Related Activity Patterns Research of Chinese Population conducted by the
Ministry of Ecology and Environment of the People’s Republic
of China (Ministry of Ecology and Environment of the People’s
Republic of China, 2016). Daily food consumption (IR) data for
adults in China were collected from the 2014 report on Chinese
residents’ chronic disease and nutrition conducted by the National Health and Family Planning Commission of the People’s
Republic of China (National Health and Family Planning Commission of the People’s Republic of China, 2015) and the 2010–
2012 Chinese resident nutrition and health status monitoring
survey data (Zhao et al., 2016).

1.3.2.

Until now, there is no unified official acknowledged reference
dose (RfD) for acetochlor by oral intake. Therefore, domestic and foreign literature is collected on the subchronic and
chronic toxicity of acetochlor in this study, the test animals
include rat, dog, mice, rabbits, etc. (Bergmann et al., 2010;
Bonvallot et al., 2018; European Food Safety Authority, 2011;
Doe et al., 2006; Pesticide and Fertilizer Management, 2020;
United States Environmental Protection Agency, 1993). Detailed collected data can be found in Appendix A Table S1.
If a NOAEL value was not derived from a relevant study, it
was calculated based on its average of male and female LOAEL
and an LOAEL/NOAEL ratio based on the average of male and
female LOAEL and NOAEL values found for all other studies
combined, using Eq. (2) (Nielsen et al., 2008):
LOAEL

NOAEL = 
LOAEL/
NOAELratio
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Fig. 1. – Logarithm (ln) plot for NOAEL distribution of
acetochlor by oral intake.

vert LOAEL to NOAEL. To make a conservative estimate, 10
(Dong et al., 2015) is used in this study for the LOAEL/NOAEL
ratio.
According to the SSD method, the cumulative distribution
of NOAEL can be obtained for acetochlor, as shown in Fig. 1.
The NOAEL value of acetochlor obeys the lognormal distribution, and its distribution function is Lnorm (2.5650,1.5398),
the probability density plot of the fitted lognormal distribution is shown in Fig. 1. To guarantee 99% of the species not
being affected, we choose the 1% quantile of the NOAEL distribution as the PNEC and divided it by a total uncertainty
of 100 to estimate the reference dose (RfD), which equals to
3.62 × 10−3 mg/kg/day (95% CI: 5.93 × 10−4 – 0.012 mg/kg/day).
The total uncertainty of 100 includes the default uncertainty
factors (UF) of 10 for intraspecies and 10 for interspecies differences (Dong et al., 2015). This result is close to the reference
dose of EU ECHA, which is 0.0036 mg/kg/day (European Food
Safety Authority, 2015).

1.3.3.

Toxicity assessment

of fitted distribution

0.2

CDI(i, j) =

Probability density plot

0.0

In this study, chronic daily intake (CDI) was used to quantify
the daily intake rate of acetochlor per body weight by the ingestion pathway, as Eq. (1) shows (Caylak, 2012):

Cumulative distribution

0.020

1.3.

1.0
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Health risk characterization

Hazard quotient (HQ), which is the ratio of daily potential exposure dose to a reference toxicity endpoint, is an important
metric to quantify the health risk of non-carcinogenic effects
by regulatory authorities. HQ ≥ 1 indicates an exposure exceeding the health-based guidance value, and the risk for this
to happen is unacceptable; while HQ < 1 indicates that the exposure is acceptable compared to the health-based guidance
value (Ginebreda et al., 2010).
The residue concentrations in the drinking water supply
differ for different cities, and there are also different residue
concentrations in different food groups. Therefore, the health
risk is calculated for each food group and each drinking water
supply with Eq. (3):
HQ(i, j) =

CDI(i, j)
ADI

(3)

(2)

where NOAEL (mg/kg/day) is the no observed adverse effect
level, LOAEL (mg/kg/day) is the lowest observed adverse effect level, LOAEL/NOAEL ratio is the conversion factor to con-

where i is index for age group, j is index for the ingestion
source (drinking water supply or food group), HQ(i,j) is hazard
quotient of age group i and ingestion source j, CDI(i,j) is chronic
daily intake of age group i and ingestion source j, ADI is acceptable daily intake of acetochlor by the ingestion pathway.
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Even though acetochlor has been classified as a class
C carcinogen by the U.S. Environmental Protection Agency
(United States Environmental Protection Agency, 1993), there
is a lack of sufficient toxicity data to conduct carcinogenic
health risk assessment for it, so only non-carcinogenicity risk
assessment was conducted for it in this study.

1.3.4.

Calculation of the contribution rate of drinking water

For dietary exposure, acetochlor can be ingested through
drinking water and food sources. Therefore, the contribution
rate of acetochlor in drinking water can be determined by the
ratio of the chronic daily intake of the drinking water route to
the total chronic daily intake of the drinking water and food
routes, as Eq. (4) shows:
CRDW =

CDIDW
CDIDW + CDIFD

(4)

where CRDW is the contribution rate of drinking water due to
acetochlor residues, CDIDW (mg/kg/day) is the chronic daily intake rate of acetochlor from drinking water, CDIFD (mg/kg/day)
is the chronic daily intake rate of acetochlor from food sources.

1.3.5. Calculation of recommended values for acetochlor concentration in drinking water and source water
The recommended values for acetochlor concentration in drinking water can be calculated according to
Eq. (5) (Toccalino, 2007):
RMCDW =

RfD × CRDW × BW
IR

(5)

where RMCDW (mg/L) is the recommended maximum concentration level for acetochlor in drinking water, RfD (mg/kg/day)
is the reference dose of acetochlor by oral intake, CRDW (kg)
is the contribution rate of acetochlor in drinking water, BW is
the bodyweight of target population, in this study 70 kg was
chosen for calculation; IR(i,j) is daily ingestion rate of drinking
water (IR= 2 L/day in this study) (Toccalino, 2007).
The recommended values for acetochlor concentration in
source water can be calculated according to the RMCDW , as
Eq. (6) (Ignatev and Tuhkanen, 2019):
RMCSW =

RMCDW ∗ CSW
CDW

(6)

where RMCSW (mg/L) is the recommended maximum concentration level for acetochlor in source water, RMCDW (mg/L)
is the recommended maximum concentration level for acetochlor in drinking water, CSW (mg/L) is the concentration of
acetochlor in source water, CDW (mg/L) is the concentration of
acetochlor in drinking water.

1.4.

Uncertainty analysis

Uncertainty in this study includes the uncertainty in deriving human RfD from animal toxicity data and the variation of
statistical description parameters, like the standard deviation
of acetochlor residue concentration in different kinds of food
groups in China.
In the process of extrapolating from LOAEL to NOAEL, conversion factor of 3 is usually used in Japan, while 10 is usually adopted by the U.S. EPA. In this study, 10 is chosen as

51

LOAEL/NAEL ratio to make the conservative estimation. For the
uncertainty factor of interspecies, the U.S. EPA recommended
using the three-quarter power of the weight (w3/4 ) as the uncertainty factor to estimate the reference dose (United States
Environmental Protection Agency, 1996) and consequently a
factor of 1–10 has always been applied for extrapolating the
equipotent human dose from animal studies. In this study,
considering the limited but different kinds of animal data, the
maximum factor of 10 is used in this study. For the uncertainty
of intraspecies, the default factor of 10 is used in this study
(Dong et al., 2015).
The uncertainty of the statistical parameters was quantified with non-parametric Monte Carlo methods in VBA by
resampling 10,000 trails. The standard deviation of the acetochlor residue concentration in drinking water was estimated with the Monte Carlo method of Oracle Crystal Ball
2000. The uncertainty of chronic daily intake (CDI), RfD and
the fluctuation of the investigation parameters for calculation, such as drinking water consumption volumes and
body weight of different age groups, were assessed by nonparametric Monte Carlo methods in VBA.

2.

Results and discussion

2.1.
Acetochlor residue concentrations in drinking water
of China
There are 189 samples being detected in the 278 drinking water samples and the detection rate of acetochlor in drinking water is 67.99%. Acetochlor residue concentrations in
the drinking water of 36 Chinese cities range from ND to
9.1 × 10−4 mg/L, the average concentration of acetochlor in
drinking water is 2.71 × 10−5 mg/L. Slightly lower acetochlor
concentration level was found in the rivers and reservoirs in
Dalian of China, where the acetochlor concentrations were
in the range of ND ˜ 6.19 × 10−5 mg/L with a mean value of
2.66 × 10−5 mg/L (Dong et al., 2020). Higher average acetochlor
concentration levels were found in the rain and river water
of south-central Minnesota, United States in 1994, where the
concentrations range from 1 × 10−5 to 2.5 × 10−4 mg/L with a
mean value of 1 × 10−4 mg/L (Capel et al., 1995).

2.2.

Health risk of acetochlor in drinking water

The HQs of acetochlor in Chinese drinking water for different
age groups range from 1.94 × 10−4 to 6.13 × 10−4 , as shown
in Table 1. The HQs of all age groups are much lower than 1,
which indicates that no adverse effects are expected due to
the acetochlor residues in drinking water across China. Much
lower HQ level of 1 × 10−12 to 2 × 10−12 is found in the drinking water in Dalian, China for acetochlor, this phenomenon is
mainly due to the looser RfD of 0.02 mg/kg/day used in that
study (Dong et al., 2020), which is 5.52 times the RfD value
(3.62 μg/kg/day) in this study.
Comaring the HQs among different age groups, the HQs
of infants and teenagers are larger than the adult, this phenomenon is mainly due to the higher intake of drinking water
per unit body weight of infants and adolescents than adults.
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Table 1 – Summary of parameters for health risk calculation of acetochlor in drinking water.
Population
distribution

CDI (mg/kg/day)

10.1

1.03%

1.75 × 10−6

10.8

11.5

1.17%

2.21 × 10−6

819

13.2

13.7

1.17%

1.63 × 10−6

862

865

15.3

15.8

1.14%

1.50 × 10−6

4–5

836

864

17.4

17.9

1.14%

1.30 × 10−6

5–6

848

870

19.2

19.9

1.11%

1.19 × 10−6

6–9

1162

1206

25.5

27.3

3.15%

1.21 × 10−6

9–12

1258

1299

35.5

37.8

3.20%

9.43 × 10−7

12–15

1353

1408

45.7

48.7

3.49%

7.91 × 10−7

15–18

1291

1524

51.3

58

4.32%

6.97 × 10−7

Intake rate (mL/day)a

Body weight (kg)a

Min

Max

Min

Max

<1

170

840

6

1–2

882

936

2–3

800

3–4

Age group (year)

HQ

4.87 × 10−4
6.13 × 10−4
4.52 × 10−4
4.17 × 10−4
3.62 × 10−4
3.30 × 10−4
3.37 × 10−4
2.62 × 10−4
2.20 × 10−4
1.94 × 10−4
18–44

1750

2000

55.6

65.3

45.82%

8.43 × 10

−7

8.12 × 10

−7

8.17 × 10

−7

7.79 × 10

−7

8.91 × 10

−7

2.34 × 10−4
45–59

1750

2025

59.5

66

19.93%

2.26 × 10−4
60–79

1650

1950

56.6

62.4

11.77%

2.27 × 10−4
80+

1375

1800

51

59.1

1.57%

2.16 × 10−4
Whole population

–

–

–

–

100%

2.47 × 10−4
a
Parameters for the intake rate and body weight for different age groups are obtained from a research study focusing on environmental
exposure related to activity patterns of the Chinese population conducted by the Ministry of Ecology and Environment of the People’s Republic
of China (Ministry of Ecology and Environment of the People’s Republic of China, 2016, 2013).

The HQ rank-order of different age groups are as follows: (1–
2 year) > (<1 year) > (2–3 year) > (3–4 year) > (4–5 year) >
(6–9 year) > (5–6 year) > (9–12 year) > (18–44 year) > (60–79
year) > (45–59 year) > (12–15 year) > (80+ year) > (15–18 year).
Compared with other pesticides, the chronic health risks (HQ)
of Parathion Methyl in rivers and lakes of northern Greece
for child and adult are in the range of 1.40 × 10−2 to 0.246
(Papadakis et al., 2015), which are much higher than the HQ
of acetochlor in China. While relatively lower chronic health
risk are foud for Metolachlor in northern Greece, the HQ of
which for child and adult are in the range of 1.97 × 10−6 to
5.61 × 10−4 (Papadakis et al., 2015).

2.3.

in food is 1.12 × 10−2 , while the HQ of drinking water for the
whole population is 4.45 × 10−5 , thus the total health risk from
dietary exposure is 6.20 × 10−2 and the contribution rate of
drinking water is 0.4%. The detailed contribution rates of different dietary sources are shown in Fig. 2. Compared with another heavily used pesticide chlorpyrifos in China, the drinking water contribution rates of chlorpyrifos are in the range
of 0–4.4% (Sang et al., 2020), and are much higher than that
of acetochlor. This phenomenon indicates that more risk of
acetochlor may come from contaminated food.

2.4.
Proposal for the development of drinking water and
source water criteria for acetochlor

Contribution rate of acetochlor in drinking water

Acetochlor residues in food are also being investigated in this
study. A total of 201 samples were taken and the samples are
classified into eight food groups: Vegetables, Fruits, Livestock
and poultry, Fishery products, Staple food, Eggs, Milk and dairy
products and Beans. Except food groups of Fruits and Beans,
other six food groups have acetochlor being detected. Chronic
health risk expressed as HQ due to the acetochlor residues

Contribution rate plays an important role in the maximum
allowable residue concentration in drinking water and other
sources. In this study, the contribution rate of drinking water is only 0.4%, which is very low. However, as the amount
of data available is insufficient so far, in order to avoid underestimating the contribution of drinking water route, the
EPA default Relative Source Contribution (RSC) factor of 20%
(US EPA, 2018) for the contribution rate of drinking water is
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exposure monitoring and toxicity studies can be carried out.
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Appendix A Supplementary data
adopted in this study. Combined with the calculated reference
dose level (RfD) of 3.62 μg/kg/day and Eq. (5), the maximum allowable acetochlor residue concentration in drinking water is
estimated to be 0.02 mg/L. More stringent drinking water standard was found in Minnesota Department of Health, American, which developed a guidance value of 9 ppb (0.009 mg/L)
for acetochlor in drinking water (Pesticide and Fertilizer Management, 2020).
According to the collected data of acetochlor concentrations in drinking water and source water in this study
(Yu et al., 2014), the removal rate of drinking water plants is
calculated to be 18%, which means more than 82% of acetochlor residues cannot be removed from drinking water by
the water purification process of waterworks. Based on the removal rate, the source water criterion of acetochlor is recommended to be 0.024 mg/L. Since the differentials between the
source water criterion and drinking water criterion is small,
we recommend used the same criteria of 0.02 mg/L as the
drinking water and source water standards. Compared with
the recommended criteria, there are no over-marks in drinking water and source water samples.
Taking into account the economic cost and the actual removal capacity of the water plant, the 20% of drinking water
contribution rate is used in the process of deriving drinking
water and source water standards. However, with the accumulation of data on acetochlor dietary exposure, more accurate
contribution rate of drinking water pathway will be obtained,
thereout more reasonable water quality standards can be derived. Even though the contribution rate of drinking water is as
low as 0.4% in this study, acetochlor needs to be regulated by
standards considering its high detection rate and usage. Moreover, the potential exposure risks of food routes should be paid
more attention to.

3.

Conclusion

As an effective herbicide with low toxicity, acetochlor is widely
used in the world, but the chronic health risk as a result of
long-term exposure to acetochlor is lack of attention. Health
risk of acetochlor in Chinese drinking water was assessed in

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2021.03.014.
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